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PREFACE
 

The reader who expects to pick up this book and find all the
 

answers to how plant science will solve relevant agroforestry
 

problems will be disappointed. In the first place, although many
 

agroforestry land use systems are age-old, and some of the prac

tices well known, agroforestry research is a 'new' science and
 

the problems are still being defined. In the second place, che
 

purpose of the meeting from which these contributions arose was
 

definitely exploratory. What did a group of experienced plant
 

scientists, with a wide range of individual expertise to offer,
 

think about the contributions that their subject could make to
 

the development of agroforestry? Some of these plant scientists
 

had first-hand practical experience of agroforestry land use
 

systems, and some not. Even the scope of 'plant science' was
 

chosen to include mainly those areas that link the knowledge of
 

how plants grow and develop to management practices. Several
 

other very important applied aspects, such as pest management
 

or plant breeding, are yet to be explored.
 

Vast amounts of knowledge and technical/experimental know

how are available, and can be tapped, from conventional agricul

tural and forestry research experience. What then is different
 

about agroforestry land use systems that they generate problems
 

that require any change in our research approach? To answer this
 

we have to appreciate the fundamental characteristics inherent
 

in all such systems: that they provide multiple outputs fi m the
 

same unit of land in a sustainable way; and that there are, in
 

some form or another, interactions between the two or more con
(and by definition)
stituent plant species one of which at least 


is a woody perennial (tree, bush, palm, vine, or bamboo). We are
 

dealing with relatively elaborate systems for which programmes
 

of investigation need to be established that encompass more com

plex space and time dimensions than those normally found in
 

agriculture and forestry. The kinds of thing we find when we
 

explore the problems and possibilities of intimately mixing
 

trees and agricultural crops and/or grasses, sometimes in con

junction with animals as secondary producers.
 

If we understand enough about the way the component plant
 

species share environmental resources, and interact both with
 

one another and the soil in such systems (the 'tree/crop inter

face'), then at least the technical background will be estab

lished from which to integrate the other social and economic
 

aspects which are inextricably part of the success or failure of
 

agroforestry in the field. This essential requirement to con

sider plant science research, at all times, as derived from and
 

leading to the understanding and optimization of a land use sys
tem was a leading theme of the meeting, as it is of ICRAF's
 

Programme of Work (available on request).
 

Agroforestry research has to be focused on priority
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issues and it must provide at least some indicative information
 
quickly. There are great pressures to obtain rapid solutions to
 

the many land use problems for which agroforestry may provide an
 

answer. If, in any porticular set of circurbstances, possibilities
 

exist that agroforestry is likcly to be better than existing
 

forms of land use, or conventional improvements of it, we need
 

to know. And similarly whether agroforestry is not a suitable
 

solution. How then can these decisions be reached? Clearly plant
 

science is just one component of the multidisciplinary approach
 

needed but, in order to set our house in order, we should try to
 

establish how much of the existing knowledge about plants, and
 

the methods used to study them, is relevant to our specific
 

needs. And, especially, whether available research methodologies
 

need to be modified or nit.
 
The reader will have to judge to what extent this first
 

meeting has achieved, or rather partially achieved, these goals.
 

In some subject areas it may well be easier than others. We
 

know, for example, a good deal about how plants of all kinds
 

qrow, and how to manage them. Also about the ways that they may
 

interact in different environmental circumstances. Even so we
 

are cleaily, as the various authors concerned point out, sadly
 

lacking in many details for agrofornstry intercropping situa

tions. In agroforestry, the more complex plant associations, and
 

the wide range of plant- environment interactions that are pos

sible, make it essential that we understand how, and to what
 
extent, the major plant growth and development processes will be
 

modified by a change of species, climate, soil and management.
 

Otherwise, the site specificity of any one set of experimental
 

results will severely restrict its value. Some of this informa

tion has been considered by various authors, in other cases it
 

is still a question of exposing the wealth of information that
 
che agroforestry researcher can tap once he has defined his
 
problems and needs more clearly. Since this meeting was held
 

(in April. 1981) some progress has been made. In particular, in
 

outlining at least, suitable research methodologies for the
 
exploration and evaluation of multipurpose tree species, both
 

as sole crops and in agroforestry mixtures (see ICRAF's Tech

nology Programme).
 
A broad range of contributions were invited for our meeting.
 

The first part of the volume 'sets the scene' by describing some
 

examples of how plants are used in agroforestry and of the plant
 

associated potentials and problems. ICRAF's current work on an
 

agroforestry systems inventory, together with that of many
 

others who are collecting and collating such data, should short

ly provide considerably more substantial and detailed informa

tion about a wide range of agroforestry land use systems around
 
the world.
 

Part two of the volume suggests the needs for systems ana

lysis / systems synthesis methods that will be essentially sup

portive of all the other kinds of investigations. The authors
 
themselves would be the first to agree that, once again, they
 

can rapidly intensify the application of systems methodology to
 

specific problems, once these problems become more precisely
 

exposed. In this respect, the last two years have seen a con

siderable 'clearing away of the undergrowth in order to expose
 

the trees' (not necessarily a good agroforestry practice!). The
 



PREFACE vit 

diagnostic methodologies to evaluate land use potentials and
 

problems with regard to the possibilities for agroforestry
 

interventions or improvements has been brought into much sharper
 

focus through the work of ICRAF's Systems Programme. Although
 

much remains still to be done to define how we approach a full
 

technical analysis for the diagnostic and design processes,
 

physical-environmental as well as social-economic infrrmation
 

can now be fairly well handled.
 
In the third section, a series of specific plant related
 

subject areas are e:cplored in order to expose and evaluate,
 

where possible, their relevance to the development of agrofor
estry research. There are still some topics of considerable
 

practical value that have been covered only cursorily and which
 
yet require a deeper exposition. For example, the practical
 
issues of plant nutrition in relation to management practices
 
and, especially, the possibilities of exploiting di-nitrogen
 

fixation and the benefits of mycorrhizal associations tn the
 

best advantage in these more complex systems. Or again, specific
 
examples of what initiatives plant breeders should undertake in
 

order to provide more appropriate genotypes for particular agro

forestry plant associatinns.
 
The authors were asked to start with the fundamentals of
 

plant behaviour and relate these, as far as possible, to brief
 

explanations of how and why associations of plants in agrofor
estry might be better or worse than those in other sole crop
 

land use systems; to suggest what potentials there were in such
 
plant associations, and to outline what problems they could en

visage. The wealth of ideas, information and comment that emer
ges from this collection of papers will,, it is hoped, form a
 
basis from which to progress further. The various contributions
 

should offer both a stimulus, and some guidelines, for those who
 

wish to undertake plant research for agroforestry. More specific
 
guidance is offered, at the end of the volume, in the recommen
dations of the various working groups.
 

Finally, I would like to thank all those who took time off
 
from very busy schedules to come to the Consultative Meeting,
 
and who offered the benefits of their experience and delibera

tions so enthusiastically. Also to those who helped to implement
 
it. Our gratitude is due to the Swiss Development Co-operation
 

for generously providing the major part of the funding for both
 
the meeting itself and the printing of these proceeaings.
 

In editing so much informative material I have, necessarily,
 
had to exercise some discretion over length and content, but I
 
have tried not to interfere too much with the style of individual
 

authors. Where changes have had to be made I hope they have not
 
detracted from the original in any significant way. A sincere
 
note of thanks goes to Mrs Riet Cannell of Publication Prepara
tion Service, who dealt with the layout editing, typed the
 

camera-ready copy, proofread it and dealt with a multitude of 
queries; as well as with reading my atrocious handwritingl The 
errors that remain must be blamed fairly and squarely where they 
belong - on mel 

P.A. Huxley 

Nairobi, May 1983
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Plants and Agroforestry:
 
Some Examples
 



SOME CHARACTERISTICS OF TREES
 

TO BE CONSIDERED IN AGROFORESTRY
 

P.A. HUXLEY
 
International Council for Research in Agroforestry,
 
Nairobi, Kenya.
 

ABSTRACT. As mainly dominant overstorey plants, trees
 

and shrubs play a key role in agroforestry systems. Agro
forestry land use practices can be at various levels of
 
scale but a key to understanding agroforestry systems
 
starts with an appreciation of the environmental and bio
logical processes which occur at the 'interface' between
 
two or more plant components, at least one of which is a
 

woody perennial.
 
In order to do this satisfactorily it is necessary to
 

have an understanding of the relevant characteristics or 

the various plant components. Those relating to trees and
 

shrubs are noted in the form of a list of points to con

sider concerning qermplasm, propagation, planting-out,
 

the juvenile phase of growth, mature growth and senes
cence and replanting; all in relation to technical,
 
managerial and socio-economic considerations.
 

INTRODUCTION
 

Agroforest-y involves the more or less intimate association of 
different plant components, aiways including woody ones, on the 

same unit of land. Whether the plant components are arranged 

zonally o in mixtures they will be associated closely enough
 

to interact with one another in nome way. Either through envi

ronmental processes or through management, for example the 
transfer of plant material or litter from one zone to another. 

CONSIDERATIONS OF SCALL 

When examining existing agroforestry land use, or when consider

ing its potential value in place of land use systems of other 

kinds, we may be involved with different levels of scale. Con

ceptually we need only three components: two different plant
 

species (one at least woody), and man. Some agroforestry systems
 
can, additionally, include animals of course. In practice any
 
small patch of land with these three (or four) components that
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is providing multiple outputs in the form of products and/or
 
environmental benefits may be considered the basic agroforestry
 
unit for purposes of study. Next in the hierarchy is the com
plete holding or farm. Then any aggregation of land use systems
 
with some common feature (a complete watershed, for example).
 
Finally, the region or, better still, agro-ecological zone.
 

The problems and potentials of aoroforestry will require
 
attention at all four of these levels, and there is no reason
 
why, from the farm up, agroforestry should be considered a sole
 
solution to any existing land use problem. It is merely one
 
logical option which may or may not be valid depending on the
 
circumstances.
 

AGROFORESTRY AND TREES
 

In agroforestry we are concerned with the place of trees in the
 
landscape (Steppler, 1981). And these will be in a variety of
 
land use systems some of which, if not all, are providing out
puts other than just tree products. However, where isolated
 
plots of trees are being grown as sole enterprises, for example
 
as fuelwood lots, this might more properly he considered as an
 
example of 'mini-' or 'micro-forestry'. This is not just a dis
tinction without a difference because, at least where such fuel
wood lots are being established on a community basis, the re
source base could be quite different from that available to the
 
individual land user. The tree species chosen may be almost
 
identical to those used by foresters, for example. Nevertheless,
 
when considering larger land units, and even individual farms in
 
some cases, such tree plots may well form part of the overall
 
soil and water conservation strategy for that parcel of land,
 
and thus be generally included within general agroforestry
 
practice.
 

Again, some managed plant associations, especially in the
 
wet tropics, may consist only of woody species. As long as we
 
are concerned with optimizing the outputs from all the compo
nents, it may be better to define such systems as 'agroforestry'
 
rather than just 'tropical agriculture'. Certainly, the biologi
cal and environmental processes to be evaluated, as well as the
 
socio-economic considerations to be made, will closely approxi
mate to those diagnostic procedures required to understand
 
multiple plant component - multiple output agroforestry systems
 
involving trees/shrubs and herbaceous species or grasses.
 

The key to understanding what is, or what is not, agrofor
estry is the appreciation 'hat we start with the environmental
 
and biological processes which occur at the interface between
 
two or more plant components, one of which at least is a woody
 
perennial. Where we draw the boundaries of any classification
 
can then be decided according to the purpose for which it is to
 
be used.
 

TREE CHARACTERISTICS TO CONSIDER
 

Trees, shrubs, palms and in the wet tropics woody vines and bam
boos as well, are the dominant feature of mature agroforestry
 
systems, and usually the dominant partner of any plant associa
tions within them. The challenge is then to decide: what species?
 



CHARACTERISTICS OF TREES 5 

How many trees? And how should they be arranged? (See Huxley,
 
p.257, this volume). Underlying all three questions is a require
ment to understand and appreciate those characteristics of woody
 
perennial species which may, on the one hand, enhance their value
 
or on the other diminish their suitability for any particular
 
agroforestry system.
 

The lists which follow in Table 1 are intended simply as an 
aide-m~moire for those looking at the role of trees in agrofor
estry systems, and Figure 1 serves to remind us, simplistically, 
of the stages that have to be considered. 

REFERENCE 

Steppler, H.A. (1981). An identity and strategy for agroforestry.
 
Paper presented at the Workshop in Agroforestry in the Afri
can Humid Tropics, Ibadan. ICRAF, Nairobi, Kenya.
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Fig. 1. Diagrammatic representation of the stages in the
 
growth and development of trees related to the sets of con
siderations listed in Table 1.
 



Table 1. SOME CHARACTERISTICS OF TREES (AND OTHER WOODY PERENNIALS) FOR CONSIDERATION IN AGROFORESTRY.
 

Technical 


GERMPLASM 


* Is this species outbreeding and
 

the germ plasm therefore hetero-

zygous? 


* Are there seed viability problems? 

If so, does it pay and are there 

facilities to investigate them? 


* Are there seed dormancy problems? 

If so, does it pay and are there 

facilities to investigate them? 


" Are seeds commonly attacked by 

pests and/or diseases? 


* Are there specific seed-borne 

diseases? 


" If tree seeds are not the best or 

most convenient method of propaga-

tion, then what other materials 

can be tried? 


Aanagerial 


- Does a mixture of genotypes 

matter? 


- Is qermDlasm easily and cheaply 

available? And through what
 
sources?
 

Will someone have to carry out seed 

testing? If so, are the necessary 

skills and equipment available?
 

Is any special equipment or 

technology required to break seed
 
dormancies?
 

Are special storage facilities or 

conditions required? 


- Is any special treatment of the 

seed required? 


- Will th, and user have to watch 


out to eiadicate these diseases
 
or treat young seedlings?
 

Are the skills and equipment avail-

able for collecting and storing 

propagules (cuttings, bud wood, 

etc.). Will there be problems ass--


ciated with using clones, for
 

example, viruses?
 

Socio-economic
 

Can the land user collect and/or
 
distribute his own seed?
 

Or does he have to buy it?
 

Can a farmer easily store seed?
 
Does this put up the cost of seed?
 

Does this hinder adoption?
 

Will this be a major hindrance to
 
issuing farmers with seed?
 

Will the land user need special
 
help or advice? And will this be
 

effective and/or costly?
 

What are the comparative costs? And
 
does the farmer already have
 
expe rience in handling cuttings
 
etc.? (And see next section.)
 



Table 1 continued 

Technical Managerial Socio-economic 

- for as long as he wants them in 
sufficient quantities and of a type 
which will survive the distribution 
and planting systems available? 

PLANTING OUT 
* What are the soil/environmental 
conditions needed? What is the best 
season? And are there special soil 

What site preparation 
there? 

problems are How does it fit in with labour 
availability and other family 
needs? 

conservation requirements in this 
phase? 

" What is the optimum plant size, 
and condition, at planting out? 

Are proper handling facilities 
available, and the necessary 

Can the necessary care be given? 

(See also above.) skills? 
" Is shelter/support required for 
the young plants? 

What is the easiest to arrange? 
For example, what local materials 

Will the farmer bother? Can he 
afford it? Will he maintain and 

are available? manage it and finally remove it? 
" Do the young plants need watering, 

fertilizing or mulching? 
Can it be provided? What is the cost and likelihood of 

the land user adopting these pro
dures? 

* Are pests/diseases/weeds likely to 
be a problem (and animals/birds)? 

Are special chemicals or protec-
tive methods needed? 

What cost? How does it fit with 
labour requirements and available 

skills? 



Table 1 continued 

Technical Managerial Socio-economic 

PROPAGATION - What facilities are there for - What are the relative cost advan

" What methods of propagation are 

available? (And see above.) 

establishing nurseries and 
distributing plants? 

tages of direct planting vs using 
nurseries (transplants and con
tainer grown plants)? 

Seeds 
gratin;cutins 

cuttngs;uddin 
culture 

and-
et. 

What types of nursery are best? 
Central, village schools, 
commercial, etc. 

tmrgonpat) 
- What propagating method best 
suits the land user? 

- What skills/labour/materials are - What will the costs be of using 
there for setting up nurseries and different methods? 
distributing plants? And what 
national organisations and/or 
infrastructure can help? 

0 

* What are the specific environmental Are the facilities (labour and Will the land user easily under
requirements for germinating seeds skills) available? stand the requirements? 
and/or rooting cuttings, etc.,
for early seedling growth? 

and 

" Are there requirements for seed Will this be done 'on-farm' or for Will seed be sown in time, and with rn 
inoculation (rhizobium, issued seeds? care, so that inoculation is 
mycorrhizal fungi)? effective? 

" Are there specific pests and dis- Are special procedures involving Will the land user suffer severely 
eases in the nursery phase? materials and skills required? from a failure to control these 

properly? 

* What is the likely (and optimum) Can the nurseries supply plants What are the costs of seedlings? 
duration of the nursery phase? - when the farmer wants them, and What are the costs of maintaining 

unsold/undistributed plants? 



Table 1 continued 

Technical anagerial Soc io-economic 

JUVENILE PHASE - Does this affect crops growing Will the land-user understand what 

d - What is the morphology and early nearby? What are the tree/cropinteractions? is required? 

growing habit of the species? 

- How does it respond to training/ - What training is possible and What are the costs of training vs 

pruning, and what growth responses 
are there from buds of differentkindr
kind? 

desirable? 

- Are plant training skills available? 

not training? 

" Is the species slow or fast growing If slow growing will this increase Will a slow growing species be 

in its early stages? the burden of management operations? acceptable, however useful and 

(See also above.) productive later? 

* What are the rooting character- - How does this affect management 

istics of the tree species? practices (watering, weeding. 
fertilizing)? 

0 
Do early, deep-rooting character
istics affect associated crops and 
what are the tree/crop interactions 
atsbelow-ground level? 

Is the land user prepared to allo
cate a special site to the trees 

Will this affect choice of site? if needed? 

* Is the tree palatable? What is - Are there any effects on animal - What are the land user's habits 
the need for animal protection? production if browsing is with regard to his (or others') 

restricted? browsing animals? 

- Are people, methods, etc., avail- - What are the 'costs' of protect
able for animal protection ing the trees from animals? 

measures? 
VD 



Table 1 continued 

Technical Akanageria1 Socio-economic 

" What are the plants' requirements What materials, labour and skills - What are the costs/benefits? 
and responses to shEge/shelter, are available? 
watering, fertilizing, weeding? - What is the lkelihood of adoption of these techniques? What 

will happen if this is not done? 
* 'qat is the duration of the time What management procedures can be 

to flowering/fruiting? (Is the adopted to induce early flowering? o e i c e s 
species being grown for fuits?) plant? 

* How susceptible is this tree What materials and skills are Will a failure to control these end 
species to pests and diseases? required? in disaster? 

" What is the phenology of this How do the time-of-planting How does all this fit with labour 
species? How does this affect restraints and/or other management availability ana social needs? 
the associated crop plants? factors affect the overall management 

plan, especially with regard to the 
associated agricultural crop? 

MATURE GROWTH PHASE AND PERIOD OF MATURITY 

* - What are the morphology and - Are skills/labour available to - Are there any land user prefer
branching habit? deal with training/pruning? ences? 
What is the phenology? - What are the tree/crop interactions - What cf'ects are there on the 

regulation 
" leaf flush/leaf fall sequences 

implicit in the trees' morphology/ 
phenology and cropping sequences? 

land user's immediate environment 
(does he want shade/shelter)? 

" flowering and fruiting cycles 
" general source - sink relationships 



Table 1 continued
 

Technical Mznage ria7 Socio-economic 

* Competitiveness (from morphology, What possible operations (for - What dces the land user see as
 

etc., above), example, lopping) might reduce this his needs to 'control' the tree?
 
and what are the timings? - What are the costs/benefits of
 

doing so?
 

" Harvestability (single, terminal How does this fit into the pattern How does this fit into social re

harvest/sequential harvests), of farming operations? quirc.ients or market opportunities?
 

* Needs for weed control. - Is the necessary labour/equip- - What methods are best suited?
 
ment available?
 - Will the land-user adopt some s0
 

- How does this fit in with weed form of weed control? 
control timing and methods for the - What is the cost/benefit to him? 

agricultural crop? 

* Soil management and soil conser- - Is the necessary labour/equip- - Does the lane user perceive a need? 

ment available?
 vation. - Will the land user adopt the
 

- How does this fit in with weed appropriate soil management?
 
control timing and methods for the - What is the cost/benefit to him?
 

crop?

agricultural 


" Pests and/or diseases - Is the necessary labour/equip- - Does the land user perceive a need?
 
ment available? - Will the land user adopt the
 

- How does this fit in with weed necessary control measures? 
control timing and methods for the - What is the cost/benefit to him? 

agricultural croE? 
- Will there be a disaster if he
 

neglects pest control with these
 
species combinations?
 

0 



TabZe I continued 

TechnicaZ 	 AnageriaZ Socio-economic
 

e Biennial (seasonal) bearing- for Are the necessary skills and under- To what extent do variations in
 
fruiting crops. standing available to obviate this? seasonal output affect the land

user/markets?
 
SENESCENCE AND REPLANTING PREPARATIONS
 

* What is likely time of onset of What decisions have to be taken on How will the land-user perceive the
 
ageing/senescence? how to remove trees? need to remove trees?
 

" What is the duration of this phase Especially on associated agricultural - What are the effects of declining
 
and its effects? crops and farm management? productivity?
 

- Is there a need for credit/help
 
or alternative sources of income?
 

" 	What are the options for technical What are the effects on adjacent Are there alcernative choices of
 
solutions to final harvesting crops and on the soil? h
 
sequences and/or tree removal?
 

* Are there pests/diseases associated
 
Is the knowledge of what to 'ook 
 Is there a willingness to take
with cutting down trees (including for available? care?
 

general and specific replant
 
prGblems)? - What place does this occupy in the - What costs are there?
 

" What land preparation is required whole farming programme? - Are there any social implications? 

for replanting? 	 - What is the availability of
 

labour for this?
 

" What crop/soil management is What labour/resources are needed, - Is there a willingness to adopt a
 
required in the transition period especially for soil conservation a sound plan?
 
before replanting trees? in this period? - Are there any extra costs?
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ABSTRACT. Indonesian village-forest-gardens are distinc

tive types of agroforestry land use. They are species
 

rich and possess sophisticated spatial structures and
 

dynamics. Although mainly centred on subsistence produc

tion surplus products can provide a valuable cash income.
 

Sustained yields are achieved under the present system of
 

home-gardens and village-forest-gardens without any sig

nificant input of fertilizers or pesticides. They repre

sent, for the mass of the rural population, the only
 

asset for survival and material autonomy. Until recently,
 

they have been studied only cursorily but these systems,
 

which are far from 'primitive', have many lessons to
 

teach, and they are still susceptible to improvement if
 

we learn enough about them. The two types of gardens are
 

described in some detail and their importance to the
 

farmer is discussed.
 

INTRODUCTION
 

Traditional land use systems of the tLopical world have long
 

been, and often still are, somewhat despised by agriculturists
 

or economists. That is particularly true with regard to indig

anous 
'mixed gardens' which too often have been termed 'primitive'
 

or 'archaic'. Nevertheless, most of such systems have survived
 

throughout centuries as the result of long-term adaptations of
 

cultivated plants and cultural techniques to local ecological
 

conditions; and Lhey have, in many cases, reached a noticeable
 

degree of harmonization with the natural environment. The func

tional relationships of these systems is, in general, little
 

understood.
 
Examples of some of these age-old land use systems are the
 

Malayan kebun, the Indonesian kampung, the jardin cr6ole of the
 
West Indies, and the dooryard gardens of Central America. Such
 

systems display many agroforestry concepts: their multistoreyed
 

structure and the high diversity of their cultivated species
 

evoke the configuration of tropical forest ecosystems;
 



14 G. MICHON
 

diversified agricultural crop types and multipurpose production
 
aims fulfil most of the fundamental needs of local populations.
 
Furthermore, because they have been producinq with sustained
 
yields for centuries without causing environmental deterioration
 
they are both ecologically and economically viable and efficient
 
agroecosystems; they are 'sustainable'.
 

On the island of Java, indigenous village-forest-gardens
 
are mentioned from the tenth century. They have developed up to
 

the nineteenth century but were endangered because of the exten

sion of colonial cultivations and of the establishment of new
 
agricultural systems. However, they are still rather widespread
 

throughout the whole island in spite of an excessively high
 
-2


population density (more than 1000 people km in some rural
 
areas), and they make up from 20 to 60 per cent of the total
 
cultivable land of villages.
 

These Indonesian village-forest-gardens have reached a
 

highly elaborate stage in the imitation of natural forest eco
systems. The Javanese peasant farmer has reproduced in his small
 

parcel a sophisticated producing ecosystem, conditions of which
 

simulate the forest environment, and which is well integrated
 

into the original landscape. In this island, where the tropical
 

rainforest has been almost completely depleted, those artificial
 

'harvestable forests', which do not deplete natural resources,
 

are a model of land use strategy able to preserve the endangered
 

biological and genetic potential of the environment.
 

Besides their interest as agroecosystems, their socio

cultural and economic importance is meaningful too. They are
 

both a production unit and a dwelling place and can be considere
 
the result of human cultural activities and traditions.
 

STRUCTURE OF THE VILLAGE-FOREST-GARDENS IN WEST JAVA
 

The different typr, of gardeno 

From a distance, the village appears as a tangle of houses and
 
disorderly, luxurious vegetation amidst rice fields (sawah). In
 
fact, the houses, isolated in groups of two to five, are sur
rounded by various trees, shrubs, bushes and herbs which fully
 

occupy the space from the ground up to 30 m high. Many animals:
 
sheep, goats and chick.'n-, freely feed among the plants. A fish
pond is a common feature of the gardens, and various kinds of
 

fish are fed with vegetable and human wastes. Along the rice
 
fields the village is fenced by a small channel, or by a belt of
 
mixed vegetable fields and of clove, cassava, papaya or banana
 
gardens.
 

These apparently randomly arranged gardens are, in fact,
 

aach a cleverly structured system: every component of which has
 
a precise place and a well-established role. Two main schematic
 
types of garden can be distinguished, and a third is sometimes
 
found.
 

The home-garden or pekarangan (Figures 1 and 2) is a clean
 

and carefully tended system, jurt surrounding the house. It
 
is often small (one tenth of a hectare), fenced and planted
 
with various plants from herbaceous vegetable species to
 

medium sized trees up to 20 m high. It has originated in
 
central Java, but has found acceptance in West Java as far
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Pekarangan Tegalan Sawah 

house---------------- ..M......
 

................
 

.........
.. .
 

............
... .. 
path o C f:.!:::i 

. . .. . . . . - - a. ..........
 

\ house \
 

Home garden Dry fields Rice fields
 
(additional food) (supplementary (rice and
 

staple food) subsidiary
 
crops)
 

Fig. 1. Layout of a home garden in relation to other fields.
 

Height (m) 
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°
 

-' S / *
 

15 
-- --- - - S1 

Fig. 2. A schematic aspect of the vegetation in a home
 
garden in West Java. Replacement trees are shaded.
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TaZun 	 Tegalan Sawah
 

S. . . . . . . . . 
........ 

: u f .s ....... •• .................... 

.... ... . ... ... .......
... .


Village-forest-garden Dry fields Rice fields
 

Fig. 3. Lyout of a village-forest-garden in relation to
 

other fields. (Kanzdanq = cattle stall.) 

back as the eighteenth century.
 
The village-forest-garden (ni stricto) or taun (Figures
 

3 and 4) is much larger, less densely planted and not so well
 
tended as the home garden. It is planted with higher trees,
 
up to 35 inhigh, and often contains several spontaneous spe
cies of herbs or lianas. It is derived from ancient orchards,
 
and is very common in West Java.
 

" 	A third type can sometimes be found in some villages. It is a
 
more homogeneous garden with one dominant species such as
 
clove or papaya, and various herbaceous species. It is often
 
on the edge of the village.
 

It is actually difficult to differentiate the home garden
 
from the village-forest-garden in Nest Java. In fact, the suc
cession of gardens that are unfenced, or barely fenced, in those
 
villages forms a continuity, more or less homogeneous, with
 
plots of different aspects reflecting influences or tastes of
 
the owners. But in spite of these local variations, or of dif
ferences from one village to another due to sociocultural or
 
ecological factors, the salient features of the village gardens
 
remain uniform throughout the whole island.
 

Thle :patiaZ organi,.ation
 

In these gardens the cultivated crop species, from small herbs
 
to taller, emergent trees, perfectly occupy the available space.
 
Many plant species, of different heights and of different archi
tectural types, not planted in any apparently orderly manner,
 
forn. a multistoreyed and close cover vegetation. Three to five
 
vegetation layers can usually be found (Figure 5).
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Height (m) 
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-30 

/ 25 

P .... ' n# 


Fig. 4. A schematic aspect of the vegetation in a village
forest-garden . rw ,tri(ctc in West Java. Replacement treeq 
are shaded. 

%area of 

%species % individuals canopies 
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11 27 20 
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Fig. 5. Structure of kampungn vegetation in the home garden 
(pokarangan) in the Citarun watershed in West Java from 
Karyono ot al., 1978). Layers: I - < I m; II from 1 to 2 m; 
III - from 2 to 5 m; IV - from 5 to 10 m; V > 10 m. 
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The ground layer, below 1.5 m, is usually dominated by veg
etables such as spinach, beans, cucumbers, tomatoes, and so
 
on, by species of the Zingiberaceae or Liliaceae families, by
 
medicinal plants such as Orthosiphon stamineus, and Piper
 
betel, and by spontaneous nerl. The composition, the specific
 
richness, and the plant density of this level depend on the
 
available light reaching the ground.
 

* 	The second layer, from 1.5 to 5 m, is occupied by food plants
 
such as taro, cassava, banana, papaya, salak, and by orna
mental bushes and shrubs, such as Cordyline spp. and frangi
pani (Plumeria spp.).
 

* 	The upper levels consist of trees of different heights, the
 
crowns of which form several layers, all more or less dis
tinct.
 

- A lower layer may be formed by small trees such as citrus
 
species, guava, coffee or cacao.
 

- Th- intermediate layer is dominated by various fruit trees 
such as jack fruit, mango, rambuttan, leguminous species, 
sugar palm, arek, mangosteen, for example, and also by 
bamboos. 

- A high layer of taller or emergent trees such as durian or 
coconut sometimes reaches 35 in above ground. 

The height of each level depends on the type of the garden. 

Also close to the houses trees are usually smaller with medium 
sized trees about 10 m and taller trees between 10 and 20 m high.
 

Higher branches often are cut away to make the harvest easier,
 
or for safety reasons.
 

In other gardens which are more distant from the houses,
 
trees are taller (more than 20 m). There can be found tall emer
gents, and sometimes, wild forest species that seem to be a
 
relic of the ancient tropical forests that have disappeared from
 

these areas during the last century.
 
The appearance, the structure, the number of plants and the
 

way they occupy the different layers depend on many factors.
 

Sometimes, a layer is incompletely occupied, or is missing; under
 

higher trees, in the village-forest-gardens, the ground layer
 

often is essentially occupied by spontaneous species (germinated
 

seedlings and 'weeds'). In the home gardens, on the contrary,
 
this ground layer is fully planted with vegetables, whereas the
 
upper layers are less occupied and of lower height. Plant diver
sity, as in forest vegetation, decreases as the height of the
 
plants increases; more species and more plants are found in
 
lower as compared with upper layers.
 

Tih tceporal oivganiiation 

The maintenance and the reproduction of these permanent land use
 
types depend on the temporal organization of the cultivated
 
crops, on the replacement rhythm of the perennial plants, and on
 

having a combination of plants with different biological cycles.
 
The villager has to combine short-term and long-term aspects of
 

this production system in order to assure both sustained yields
 
and the durability of his garden.
 

The permanency of production throughout the year results in
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a combination of crops with different production rhythms. Most
 
of the fruit and vegetable species are producing during the
 
rainy season, from November to April. But the flowering and
 
fruiting seasons differ from one species to another, thus allow
ing a spread of production. For example, the fruiting season of
 

mangoes is September to November, of durians from October to
 
February, and of limes from December to April. However, because
 
of the humid climate of Java, annual plants are grown all the
 

year round, and a certain continuation is obtained, for peren
nial plants, by the growing of aseasonal species such as cassava,
 
coconut, banana and jack fruit.
 

The permanency of the producing landscape is a result of a
 

number of factors. Although there is usually no plan for repla

cing old, unproductive trees or to recolonize new 'chablis'
 
(gaps in a canopy where trees have fallen), the maintenance of a
 

pool of adult, productive species occurs by a mixture of tradi

tion, custom, circumstance and precise observation. A tree may
 
be planted to meet a precise need, for example for economic rea
sons in the case of commercial tree crops (clove, coconut, cof

fee, and so on), or in order to replace a valuable buc dying
 
tree. But in most cases the young, planted tree is the result of
 
a spontaneously germinated seedling that has been kept and is
 

eventually moved to a more suitable site. It may also be a cer
emonial gift on the occasion of wedding or birth.
 

As in the forest, trees are 'trees of the future', 'of the
 

present' or 'of the past' or, in a different connection, 'not
 
yet productive trees', 'fully productive trees' or 'no longer
 
productive trees'. The layered structure observed is not static,
 
but is an 'episode' in the life of garden vegetation, and the
 
'producing structure' is also dynamic. Because of the pool of
 
replacement species, the producing landscape is in constant evo

lution, but its overall structure and function are maintained.
 
The dynamics of such gardens are rapid compared to the turnover
 
in primary forests, both because of the importance of plants 
with short or intermediate biological cycles, and because of
 

man's intervention in natural processes.
 

FUNCTIONING OF THE VILLAGE-FOREST-GARDENS
 

The ecoZogical stability
 

In these various types of garden the ecological constraints are
 
the same as in natural forest ecosystems. The layered structure
 
of the garden vegetation creates a gradient of light and humidity
 

that plants have to exploit according to their ecological and
 
phytosociological requirements. In spite of the high specific
 

richness of the gardens' vegetation (more than 500 cultivated
 
species can be found in a single village), the place of each
 
plant is carefully chosen, and often corresponds to its ecolo
gical niche in the natural forest. Enquiries have shown that
 
people have a certain ecological knowledge in planting their
 

gardens. This knowledge goes together with an individual care
 
towards each plant that is in contradistinction to the mass
 
treatment of cultivated crops in monoculture.
 

This knowledge and respect of ecological constraints,
 
resulting in a 'natural' configuration of garden vegetation,
 

ensures that environmental processes work optimally and render
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an ecological stability. Solar energy is well distributed to the
 
plant components of the system, and there is a high level of
 
mineral and organic matter cycling. A recycling of wastes through
 
animals and fishponds maintains soil fertility, and the diversi
fied root systems allow a better use of water anC nutrients, and
 
give rise to a good soil structure. The natural specific rich
ness and diversity are a safeguard against pests and diseases.
 
The multistoreyed, relatively dense canopy structure efficiently
 
protects the soil against erosion and leachinq; indeed, within
 
the villages erosion is often hardly noticeable, whereas it can
 
be a major problem outside the gardens in some regions of Cen
tral Java. These gardens can certainly be considered an ecolo

gical 'success' as compared with some other agricultural systems
 
and detailed work is now being undertaken to increase our know
ledge of them (Otto Soemarwoto, Institute of Ecology, Padjadjaran
 
University, Bandun, pers. comm.).
 

A 	 'man-nade ' foraot 

From the original forest ecosystem to these artificial gardens,
 

plants have developed under the influence of human pressures and
 
disturbances. Wild species have been replaced by their domesti
cated relatives and new species have been introduced, thus pro
ducing an environment according to people's needs, as we can see.
 

The ground layer has been modified. It is no longer composed,
 
as in the forest., of low shade plants or seedlings of taller
 

trees, but is often partly cleared, except under thinly foli

ated trees where it is planted with sun- or semishade-loving
 

vegetable species. Such a qround layer may become a free eco
logical niche opened to colonization. In fact, this popula
tion of spontaneous, and often useful 'weed' species, is
 
partly controlled, and the part that is not taken away can
 
serve as fodder for livestock.
 

" 	Man has perturbed the reproduction cycles by gathering fruits
 
and seeds, and by favouring vegetative propagation. In a vir
gin forest seed dispersal occurs naturally by the action of
 
wind, rain and animals, and most of the many seedlings perish
 
because of competition. In the villages, people are respons
ible for regeneration, and they control this by choosing the
 
place, the time of planting and the number of replacement
 
trees.
 

" 	In the gardens plants are not so tall as their wild relatives
 
and trees usually have a rather spheric crown, different from
 
the usual 'umbrella crown' of forest species. In fact, the
 
plant population of the gardens is not as high as in the for
est so that soil resources and light are not so limiting, and 
trees can easily reach a level of sufficient energy to 
reiterate. 

* 	The colonization of chablis is controlled. When a tree is
 
eliminated tile wood is taken away by the farmers for fuelwood
 
or for building material so that the opened place is cleared.
 
It may be kept clear by the villager for growing vegetables,
 
or planted with 'pioneer' cultivated species such as bananas,
 
or some leguminous species (4Zbin;sia spp., Parkia spp.) under
 
which new semishade-loving species will be grown, thus
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restoring the 'forest-garden'.
 

The 'forest-garden' is protected and perpetuated by a wealth
 
of knowledge that the local farmers have acquired empirically
 
as well as by custom, superstition and religious laws. Others
 
have tried to imitate it by selecting and siting plant spe
cies according to architectural and biological complementar
ities, but these efforts have usually led to errors, or to
 
badly managed gardens.
 

In most cases the natural ecological stability, and the
 

integration of sensible management practices, are sufficient to
 
maintain and protect these systems without any significant input
 
of chemical fertilizers or pesticides. Sustained yields have
 
been obtained for centuries and, at the present time, the gardens
 
together with the rice fields, produce enough food for dense
 
settlements without any overexploitation of the natural rer-urces
 
or any deterioration of the system itself.
 

Importance of the gardon for the farmir 

Such gardens are essential to support the villagers' life and
 
life style. The cultivated plants, jointly with the products
 
from the rice fields, fulfil most of the fundamental needs of
 
the families.
 

" 	Staple foods such as taro or cassava are provided which can,
 
at any time, replace the basic plate of rice. Also various
 
fruits and vegetables that are essential to supply the diet
 
with vitamins and minerals. Such produce may assure more than
 
40 per cent of the whole calorific requirement (Terra, 1953,
 
1959; Stoller, 1975). The gardens also provide spices and
 
flavourings, and are a source of raw materials for building
 
and handicrafts, and of fuelwood. The medicinal plants grown
 
in the gardens are the basis for traditional preparations
 
that are the only available medicine. Finally, industrial
 
crops such as coffee, clove, pepper or cacao are a source of
 
cash.
 

" 	The combination of the different cultivated plants in the 
gardens allows permanent production throughout the year. 
There is daily something to harvest, even if it is only a 
small amount. In the first instance this production is for 
consumption but any surplus can be sold to local markets, 
thus representing a safeguard against risk of failure and a
 
security for the interval between rice harvests. This con
tinuous flow of small quantities assists in maintaining an
 
economic and nutritional stability for the villagers; it is,
 
perhaps, the last guarantee against rural poverty (Figure 6).
 

" 	The upkeep of a garden requires only a relatively small
 
amount of working time (Table 1). The labour requirement is
 
more or less constant throughout the year, and consists
 
mainly of daily tasks of cleaning or harvesting. Each member
 

of the family, from children to old parents, has a share in
 

this labour.
 

A village garden is not only an agroforestry system, but also a
 
reflection of the character of a rural society because it hac
 
been modelled by social traditions and customs. The ecological
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Fig. 6; 	 Distribution of produce from a karpung (from Hisyam,
 
1978).
 

Tablc 1. Partition of activities in a Sundanese kampung (from
 

Hisyam, 1978). Each member of the family is given a share of
 

the work devoted to each task, as a percentage of b.is total
 

available time (other activities are not listed). 

Old 

Activities 
Father Mother 

parents 
Sons Daughters 

0.9
 

Work on the pond 1.8 1.7 3.5 0.7 1
 

Looking after cattle 0.1 0.6 1.9 0.1 0.1
 

Selling of products 24.2 0.1 - - 4.2
 

Work in the garden 13 17 14.3 3 


6.2
Total 	 39.1 19.4 19.7 3.8 
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features of such a system can and should not be dissociated from
 
its social and historical background. The present evolution of
 
these garden types expresses a response to the societies' main
 
socio-economical problems, and its aspirations for development
 
along sound agroforestry lines.
 

PLATES illustrating this paper can be found elsewhere in this
 

book.
 

NOTE: This contribution was originally presented as a poster
 

1-per. For a fuller account see Michon et at., 1983.
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DISCUSSION
 

During the discussion on Javanese village-forest-gardens two
 
different opinions became obvious. One group of participants
 
expressed their interest in these systems, which were new to
 
them, but they did not realize either the need for further re

search in this field, or the direct contribution of these crop
ping systems for development in the framework of agroforestry.
 
Some thought that the highly sophisticated structure of those
 
village-forest-gardens made them unsuitable as a model of land
 
use. Others considered them to be very specialized systems,
 
adapted to subsistence agriculture, buL without any opportunity
 
for development. Obviously the opinion and the criticisms of
 
this group reflected a traditional agricultural outlook in
 

favour of monoculture, or other monotypic systems.
 
Others, with personal experience in such systems, immedi

ately recognized the similarities between mixed gardens that
 



24 G. MICHON
 

they knew from their own experiencp in Nigeria, Latin America,
 

and Southeast Asia. They readily acknowledged the need for fur

ther investigations, and the wealth of information that could be
 

extracted from these systems concerning the way mixtures of spe

cies grow together. (Editor's summary.)
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ABSTRACT. The characteristics of the farming systems
 

found in West Africa are briefly outlined and the short

comings.of current land development strategies noted.
 
food production
These include inadequate emphasis on 


area

research resulting in a continuing expansion of 

the 

resources
under cultivation at the expense of forest 


which are, themselves, increasingly needed for timber 
and,
 

especially, fuelwood. A solution is to develop integrated
 

systems which involve both woody perennials and
land use 

herbaceous crops and/or grasses. Some suggestions 

are
 

systems can be improved in
 made on how existing land use 


this way.
 

INTRODUCTION
 

In many African countries, since independence, the food situa

tion has deteriorated and per capita food production has
 

a rapid increase in food produc
decreased. Attempts to achieve 


tion have relied mainly on the extension of area of land under
 

cultivation. The newly cleared land has eithir 
continued to be
 

exploited through outmoded bush fallow systems, 
which are no
 

longer ecologically stable and productive, or 
through large

scale farms patterned after the production systems of 
developed
 

countries. The latter have often produced disappointing results.
 

The current rapid rate of deforestation in West 
Africa and
 

other parts of the tropics is largely the outcome of continuing
 

competition from agriculture. It is against this background that
 

recent efforts to improve agroforestry techniques 
aimed at the
 

integration of compatible components of forestry 
and agricul

tural production systems should be viewed.
 

This paper briefly reviews the rapidly changing 
traditional
 

farming systems of the major ecological zones 
of West Africa,
 

and the place of various crop plants, especially trees, 
in the
 

rapidly changing and evolvinj land use systems. it develops a
 

conceptual framework for rianning and establishing 
priorities in
 

research aimed at rational, ecologically sound 
and economically
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viable multi-use management of plant resources, with emphasis
 
on the role of agroforestry.
 

ENVIRONMENTAL SETTING AND TRADITIONAL FARMING SYSTEMS
 

General description
 

The relevant area of West Africa extends from latitude 40N to
 
150N, and from longitude 150E to 160W. Topographically it con
sists of undulating plateau of less than 400 m elevation bounded
 
by a coastal plain of varying width and generally from 0 to 90 m
 
'levation. A few hilly and mountainous areas exceeding 400 m,
 
and reaching 1200 m in some places, include the Fouta Jallon
 
Highlands, the Togo-Atakora mountains, the Jos Plateau, the
 
Cameroon mountains, and the Adamawa Highlands.
 

The region is an area of relatively high annual insolation;
 
mean annual incoming short-wave radiation decreases from about
 

2 -1 2 110 Kcal cm- yr (7.67 GJ m- yr 1 ) near the coast to over 200
 
2 -1 2 -
Kcal cm- yr (14 GJ m- yr 1 ) on the edge of the desert. There
 

is a uniformly high temperature, rarely below 18'C throughout
 
the year and with annual means of around 25 to 27°C. Rainfall is
 
high on the coast and, with the exception of the coastal savanna
 
areas of Benin, Togo and Ghana and coastal areas of Senegal, the
 
usually unimodal annual rainfall may reach 4000 mm with almost
 
no dry season. Further inland rainfall is bimodal, ranging from
 
1250 mm to 2000 mm, with up to three months of dry season. The
 
rainfall continues to decrease rapidly inland and, at latitude
 
12'N, it consists of a single peak of less than 500 mm with up
 
to seven months of dry season.
 

The vegetation consists of climatic climax vegetation zones
 
that have been very much modified by man. These run almost paral
lel to each other starting from the mangrove and freshwater
 
swamps along the coast, followed by tropical rainforest of
 
mainly broadleaved evergreens which has, in places, been re
placed by oil palm bush. This is followed by the forest savanna
 
mosaic, or derived savanna, the southern and northern Guinea
 
savanna woodlands of tall grasses and deciduous vegetation and
 
finally, the Sudan and Sahel savannas of thorn scrub vegetation
 
on the southern border of the Sahara desert.
 

The soils are highly weathered and of low inherent fertil
ity except where there are young volcanic soils, alluvial flood
 
plains or valley bottom soils. Those formed from pre-cambrian
 
basement complex rocks in well-drained upland areas consist
 
mainly of alfisols of coarse and medium surface texture with a
 
clayey horizon of more than 50 pei cent exchangeable base satu
ration; ultisols, which are similar to alfisols but are highly
 
aciu with less than 50 per cent base saturation; oxisols, con
sisting of strongly weathered soils in parts of southern Benin,
 
Nigeria and the Cameroon Republic; vertisols, which are dark
 
coloured cracking clay soils of the Accra plains, Lake Chad and
 
savanna areas that are difficult to work w"en wet, and entisols
 
formed from alluvial or colluvial materials in valley bottom
 
soils. Acid sulphate soils (sulphaquents) occur in mangrove
 
swamps near the coast.
 

There are 18 countries in the region which gained independ
ence within the last 25 years. They all have high rates of popu
lation growth (2.5 per cent net increase or above), with over
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40 per cent of the population in the 0 to 15 years age bracket,
 

and over 60 per cent of the population engaged in agriculture.
 

They exhibit considerable regional specialization in cash crop
 

production.
 

&in characteristics of the agriculture of the region
 

Agricultural activities of the region 4re related to the pre

vailing climatic conditions, and the commodities produced are
 

correlated with the vegetation 
zones and associated agro-eco

logical conditions. Broadly speaking, the Bandama river forms
 

the dividing line between an indigenous yam dominant staple food
 

crop in the humid and subhumid areas to the east, and a rice
 

dominant area to the west. In general, the farming systems con

sist of complex enterprises in which there are major staples,
 

cash crops and minor crops, usually associated in some way with
 

varying numbers and kinds of livestock as listed in Table 1.
 

Other 1elevant characteristics
 

Other characteristics of the farming systems encountered in West
 

Africa include the following:
 

* 	farm sizes are generally small, with over 70 per cent below
 

5 ha;
 
" 	thcre .s a reliance on bush or grass fallows for the mainte

nance of soil fertility;
 
* 	widespread slash and burn clearance systems exist;
 

* 	crupping systems are highly dependent on prevailing rainfall
 

regimes, except for some irrigated agriculture in the Sudan/
 

Sahel savanna;
 
" simple hand tools and manual labour are used;
 

" mixed cropping systems aimed at maintaining stable yields of
 

a range of crops to satisfy subsistence and increasing cash
 

requirements at minimum risk are widespread (for example see
 

Lagemann, 1977);
 
" 	nomadic herding is common in the Sudan/Sahel zone but, in the
 

southern Guinea and rainforest zones, endemic tsetse borne
 

trypanosomiasis makes cattle keeping and the use of cattle
 

for work and in mixed farming systems imposib]h;
 
• 	there is considerable division of la',ui: 1)Lweern th sexes,
 

in growing certain commodand specialization of either sex 


ities and in some farm operations.
 

In general the farming systems are complex. with each
 

farmer or farm family operating several field systems located at
 

various distances from a compound oarden on which are grown
 

vegetables and various tree crops providing, for example, fruits
 

and nuts (see Fig. 1). The different field systems are devoted
 

.o major staples and some cash crops. Dotted about these fields
 

are 
stumps of fallow trees and protected, useful trees such as
 
(Butyrothe locust bean (Parkia spp.) and shea butter tree 


savanna, and the oil palm, breadfruitspermum paradoxn) in the 
oil bean(Treculia ajrieana), African pear (Dacryodes edulis), 

African mango (Irvingia spp.) in the(Pentaclethra macrophylia), 

trees and shrubs are grown either
rainforest areas. Many of the 


in the compound gardens or are maintained in a protected, semi

wild or wild state. The various field systems are not only
 

sources of food but are often also useful as sources of fibre,
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Table 1. Farming systems in West Africa.
 

HUMID TROPICS/RAINFOREST 
" Dominant crops 

- Subsistence 


- Cash crops 


* Minor crops 


" Livestock 


FOREST/SAVANNA MOSAIC
 
0 Dominant crops
 

- Subsistence 


- Cash crops 


& Minor crops 


• Livestock 


GUINEA SAVANNA WOODLAND
 
* Dominant crops 

- Subaistence 


- Cash crops 


* Minor crop, 


* Livestock 


SUDAN AND SAHEL SAVANNA
 
" Dominant crops
 

- Subsistence 


- Cash crops 


• Minor crops 


" Livestock 


TROPICAL HIGHLANDS
 
* Dominant crops 

- Subsistence 


- Cash crops 

" Minor crops 


* Livestock 

Yams, rice, cassava, maize, plantains
 
and cocoyams in some locations
 

Cacao, rubber, oil palm, bananas,
 

coffee, coconut
 

Vegetables, cocoyam, tree crops,
 
bananas, sweet potatoes
 

Sheep, goats, poultry
 

Sorghum, millet (Digitaria sp.),
 
cassava, yams, rice
 

Soybean, sesame, sugar cane, cotton,
 
tobacco
 

Cocoyam, cassava, cowpeas, vegeta
bles, groundnuts, sweet potatoes
 

Goats, sheep, poultry, few cattle
 
and horses
 

Sorghum, millet, rice, maize, cowpea
 

Groundnuts, sesame, cotton, tobacco,
 
soybean, sugar cane
 

Sweet potatoes, vegetables, bananas,
 
cassava, tree crops
 

Cattle, goats, sheep, horses,
 
poultry, pigs
 

Millet, sorghum, cowpea
 

Groundnuts, cotton, some rice, wheat
 

Vegetables, rice, sweet potatoes,
 
sesame, tree crops
 

Cattle, goats, donkeys, sheep,
 
horses, poultry, camels
 

Maize, beans, sorghum
 

Arabica coffee, tobacco, Irish potato
 
tea, subtropical vegetables, cotton
 

Sweet potato and Hausa potato (Plcc
tran thu, and Solonospeirum spp.) 
vegetables, cowpea, tree crops
 

Cattle, sheep, goats, poultry,
 

horses, donkeys
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fuelwood, drugs, fodder, and so on. Soil fertility in the com

pound or homestead garden is often maintained with animal
 

manure, kitchen and compound refuse and crop residues. Thus
 

facilitating a more or less intensive 'garden' or horticultural
 

production system. Two examples of the complexity of farms, in
 

the rainforest zone and in the savanna area, respectively, are
 

shown in Figures 2 and 3.
 

CONSERVATION VERSUS DEVELOPMENT
 

Where production objectives were mainly subsistence, original,
 

traditional bush fallow systems were largely in equilibrium with
 

the prevailing ecosystems under low population density, and with 
fallow periods of more than five years. With increasing pressures 
of modernization and commercialization, the transitional farming 
systems of today cannot operate to provide sustainable produc
tion, especially where they are based on an arable row crop pro
ducticn technology developed for crops in temperate countries. 
This is; largely because such systems arc sustained by mechaniza
tion and costly inputs of chemicals, including fertilizers, in 
areas of low erosion hazard. Similar cropping systems in the 
tropics po)st , many problems, especially where fertilizers are not 
used. 

In West Af-rica, as elsewher,e, there currently exist some 

conflicts betweern developer. and conservationists because of a 
misinterpretation of objectives. Conservatuion activities usually 
tend to b- rarrowly int,_rpreted to mean the restricted or non

use of rusources. Oftten this arises in response to previous mis
use of mm smarmagement. It is then that drastic measures are neede, 

to save what remirns and if possible restore output. We know of 
many examples for rhis. For instance, conservation of vegetation 
in watersheds may be necessary in order to ensure an adequate 
supply of q(old qual i ty water. Conservation of vegetation may be 
necessary to ensure: the survival of particular, useful plant 
species, or in order to study and collect information on the 
evol ut ion and dynamics of a particular ecosystem so that it can, 
eventually, be exploited soundly. 

By and large conservation measures are not well planned in 

most West African countries and they are generally limited to 
the remedial aspects of conservation. More studies and surveys 
of natural resource.s are needed which include not only an 

assessment of the currenat st-atus but predictions of future ways 
to devlop and exploit the resources prudently and sustainably. 

COMMENTS ON SOME IMPERATIVES FOR MULTIPI,E LAND USE PLANNING AND 
RESEARCH 

Reserves for huiting ard tourism are only just beginning to 

receive renewed attention in West Africa. Higher priority is 

F . ,t. ) Compound farming, intensive cultivation 

and bush [allowing in a tropical rainforest region, Imo State, 
southeastern Nigeria. (Based on lagemann (1977) , adapted from 
McDowell and Hildebrand (1980).)
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invariably given to tourism as a means 	of earning foreign ex

change than to providing recreational. facilities for the local
 

population. However, there are a number of forest reserves
 

established in different countries, principally to supervise
 

forest exploitation. Such reserves are under constant pressure
 

from agriculture and are often damaged by annual fires that are
 

rarely controlled. For example, 'Forest reserves' in Nigeria
 

constitute about 10 per cent of the total land area, but some
 

four-fifths of this is actually savanna, where annual forest
 

fires are difficult to control, and only one-fifth is rainforest
 

which yields most of the timber. Properly planned and supervised
 

reserves are urgently needed to satisfy the needs for vegetation
 

and species conservation, studies of management for sustained
 

exploitation, and for environmental and recreational purposes.
 

Tbnber fore atar 

In Vest Africa, although timber is of considerable comrmercial 

importance in national and international trade, some 80 to 85 

per cent of the harvested wood from forests is used fuelwood.as 

The kind of forest and the constituent 	 species are dependent on 

is Usually thethe climatic zones in which the torcrst located. 

higher the ra.infall the higger t.he trees and the greater the 

the area of the humid troptiiber yield. Similarly, the wetter 
number of plantics whore a farec!t I:; a aited, the greater the 

specie a and, ient rally, th, more ecologically stable the eco

sy9tem.
 
new developtalnagcmenet o tropical forests is a relatively 

ment, and much Il;tagvhas occurred in the past because e.:ploi

tation ha a, Le-n ]initedI t,, only a ft-; species: those that have 

been wellI -thrii::,i, t at.tod and proven t-o he of economic 

valu,. For du:r'I,,during th latter half of the nineteenth 

rentury, c1tc(detdl, distruct ion of the tropical forest 

resultOid fro dt truct iVke fxplaoit ation 	of wild rubbers such as 

Lv Id.! o W;:,:e' pp. as well as 5-.pecius for timber. 

There aro nw in) 1omiqer vi rnin forests in most. of tropical 

Africa, aino ,vei. tht iaurvi'.,itq aeiondary bush has been very much 

disturbed. 
where forests areDestruct ion of fori,st :; ia iiott acute 

popalaunmanlaged arid ep.pecially whore they alr under increasing 

tion preossure. Even where the- for ests are managed, the prevail

ing taungya 7y:Ak'is uir;ied t , t.iilai] forest plantations are in 

t ian o;hiItl n, cult ivation except that. legislation 

is us(d t ii nit' casaid ,bly 	 periods of fallow and 
no way betti-.r 

toIng 
estali i hi on veje1t io 	 a subsequent harvest-ingOt th it ifore 

;: par toi. t t ilr)erI!ha itt U:;IIiI I , I I Iirveat in( of species 

and th, arible top produ:t ii, y!;,teniw; pract.ised resa tradi
t i on a i . 

Priorit y lhouhl, tht-refore, he given to improvement of 

ta ungy0 :syl;tems of VAr iou a kinds through research involving the 

cooperation ,fag o i : t , silviculturi'ats, economists arid 

meimbrs 4t other I-) lVint iiacip] iti i. Research 11i this area 

17;f. ,.. ( ~.', ) farming rudimentary. " C(iiplound with seden

tary agriculture aind bu;h fallowing in 	 the northern Guinea 

savanna of northern Nigeria. (Adapted from McDowell and
 

Hildebrand (1980) .)
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should be related to:
 

" development of agroforestry systems in which efficiency of 
harvesting and utilization of the forest products prior to 
the re-establishment of a plantation is maximized; 

" intercropping of various food crops, nonfood industrial 
crops, or perhaps forage crops in some situations, is carried 
out with forest trees at the early stage of plantation estab
lishment, with the arable crops gradually being phased out as 
the tree canopy closes; 

" intercropping of arable or perennial food crops, such as 
plantains, with forest trees on a continuing basis by deter
mining critical planting patterns in time and space. 

Tree ooJ1 L as tat foss 

Tree crop plantations have been found to he ecologically sound 
production enterprises in the humid tropics, but they are suo
ject to various socio-economic risks related to unstable world 
market prices and competition with synthetics. Many farming sys
tems that are widely practised in the himid and subhumid tropics 
involve trees and shrubs. Yet development efforts have mainly 
been put to convrting stable forest ecosystems into fragile 
food crop product ion syst ems involving hebaceous species. These 
arable crop product. on system.; invariably require higher inputs 
for sustained high yields that the resource endowment of small 
farmers permits, resulting in a total breakdown of the system 
due to soil degradation and weed infestation. This in turn leads 
to more end more bush or forest clearing, and soil erosion and 
degradat ion. 

Since the maiL problem is that of how to provide for sub-
Sistence while at the same time ensuring somne cash returns to 
the farmer arid some improvement of human welfare, there is need 
co determine in a given situation in the humid and subhumid 
tropics what tree crops or forest species can be profitably 
grown by t.u f'm. e. Where farm size is not limiting, one or 
more plantation tree crops can provide enough returns for the 
farmer to purchase food and fulfil other social obligations. 
E% n fuelwood is now becoming a cash crop in some parts of the 
world. The situation becomes more complex where, as is oftpn the
 
case, farm size z.; limiting and the requirements for subsis ice, 
cash and sustainability have tobe carefully evaluated (see 
Huxley, page 2.57, this volume) 

There is a case to evaluate the potentials of plantations 
of indigenous or exotic tree species grown in mixtures as com
pared to pure stands, exploring the possibilities of manipulating 
planting patterns of forest trees in such a way that shade 
tolerant, use![ul or economic species can be grown with forest 
trees and shrubs 'as in agricultural relay intercroppiug). 
Furthermore, staple food crops can always be intercropped with 
commercial tree crops during the early period of plantation 
establishmornt, and during renovation and re-establishment of 
unproductive or imoribund plantations in such a way as to minimize 
the cost of plantation establishment. Sparnaai.j (1957) has 
demonstrated this in oil palms and WAIFOR (1960) also reconmmends 
planting patterns for growing food crops permanently with oil
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palms. Similar systems can be developed for almost all planta
tion crops. The techniques used for plantation crops can also
 
be practised for fruit trees and horticultural crops consisting
 
of trees or shrubs such as citrus, mango, papaya, and so on,
 
that can be grown for their fruits or processed into products
 
such as jams and jellies which are currently being imported. The
 
fruit trees serve to support agro-based industries aimed speci
fically at import substitution.
 

Fa low o,,yscmrse with trc- 'r'uho - hfeib8 

Traditional shifting cultivation is a slash and burn agricultural
 
system in which generally about one to three years of cropping 
alternates with more than five years of fallow, during which 
impoverished soils are rejuvenated. At the end of each cropping 
phase the farmer shifts to another location and, in classical 
shifting cultivation, the homestead may be relocated each time 
the farm is moved. With increas ng population pressure and 
establishment of more sedentary agriculture, shifting cultiva
tion has ben replaced by still intermittent bush fallow systems. 
True shifting cultivation was reported by K-organ (1969) to be 
restricted to small Areas of the Ivory Coast and to the Nigerian/ 
Cameroon border. 

In the humid and subhumid areas of tropical West Africa the 
fallow consists noinly of perennial. trees and shrubs with some 
herbaceous weeds. in the savanna zones the fallow vegetation is 
made up of natural vegetation but, in southeastern Nigeria, 
planted fallows may be us(ed of .oc t., ori, Ac t;bonothu rncr'Po
pJlhlla and .4:,50? : /> a and, in parts of southwestern 
Nigeria, i ,' ', . T1. 

Wherever it o×ists, either as bush or grass fallow systems, 
troes feat:ure in shiftting cultivation in the following ways. 

9 	 Cultivated plant components of the compound or homestead 
gardon systems, consitring, for example, of oil. palm, breao
fruit, coconut, and so on, in the rainforest zone, and baobab 
mango and so on, in the savanna belt. 

0 	 Cultivated o protected food crop components of the outlying 
field systems assoc iated with a qiven compound garden (Figure 
1) and consisting, for example, of oil bean, Pontaolcthr2a 
ctn: tt)ptO (..: ,?'471:,z,.ic i)>] 	 in the humid tropics and 

spp. in the savanna zone. 

0 	 Semiwild and wild useful trees and shrubs such as velvet 
oh:q .:,,tamarind, /)1*l1 It.,71 Vii,sr d)Lm ana in the rainforest 

zono, and t to4i ,s,?Wflrr /, Z o'hii'a,. and ZjoioJ) spp. in the 
savanna zone. 

a Browse trees and shrubs that may be eaten by livestock, or 
which are of no specific economic importance except in keep
ing the soil covered and for mineral cycling and soil improve
ment, for example, PaviL a ,it:i,La pollona spp. and Utari 
spp. in the forest zone of eastern Nigeria, and many differ
ent shrub species in the .avanna. 

There is need for research aimed at analysis and study of 
various components of the existing farming systems, such as the
 
compound farm system and the various field systems shown in 

http:471:,z,.ic
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Figures 1, 2 and 3. Such studies should be aimed not only at
 
determining the respective roles in a farming system, but also
 
at identifying targets for improvement; since improvement of
 
each component will give rise to a range of alternative systems
 
that can replace the outmoded traditional or transitional ones.
 

As an example, a compound farm system that contains trees pro
ducing fruits, edible seeds, nuts, and so on, also contains
 
herbaceous vegetables and other arable crops. Both the tree and
 
arable crop components may be improved and integrated into an
 

intensive food production, or specialized horticultural system
 
that could satisfy both subsistence and market requirements.
 
There are options for planting patterns in time and space that
 
involve sole crops, inter- and relay cropping systems.
 

Various field systems contain semiwild, protected or wild
 

edible or useful plant components such as TrLculia africana,
 
DiaZiwn qnguirseau,-, Daoryodcn cdali, Butyron,;pormrm paradoxum and 
Parkia spp. which would well merit further study and development
 
for systems of horticultural plantations of sole crops, mixtures 
or special agroforestry systems. In southern Nigeria the African 
or native mango (fiviryia qabonennin var. cxcoL.Ma) is grown for 
its highly nutritious nuts, and financial returns from it car be 

higher than that from cacao. 
Apart from purely edible plants there are fallow plants
 

such as Dialiuri :esat; that can fulfil multiple uses as 
browse plants, wood for charcoal or fuelwood, and the seeds are 

high in vitamin C. Some of these plants may not grow as fast as, 

for example, Loucauna but there is need to study both exotic and 
indigenous trees and shrubs.
 

In agroforestry land use systems, cropping design may in
volve comparative studies of production systems cons;sting of: 

" modifications of the existing farming or production systems; 

" cropping or production systems that mimic natural ecosystems; 
" totally new, innovative production systems involving patterns 

of planting in time and space based on a knowledge of the 
life cycles and potential uses of the component species. 

In all these studies, aspects of both productivity and sustain

ability are equally important-. 

Spcia aqreofo'j tl qytny tin' 

Apart from the development of improved agroforestry systems 
along the lines discussed in previous sections there is a need 

to test spccilized systems which have been shown to be success
ful. elsewhere. For example, the rearing of livestock in pastures 

under coconuts; is widespread in southeast Asia; it is also 
practised on the East African coast, and in Mauritius and Fiji. 

Various aspectls of this practice in Zanzibar and elsewhere have 
been reviewed by Reynolds (1980). Similar production systems 

involving trypanostmlasis resistant animals or small livestock 
should be explored for West Africa. Some pre]iminary studies in 
this area are, be ing initiated by the Inte rnational ILivestock 

Centre for Africa (ILCA) in cooperation with the International 
Institutc, of rropical Agriculture (IITA). There is also a pos

sibil ity of developing systems with browse trees arid shrubs 

grown in mixtures with grasses, legumes or both, the species 

used being related to the ecological zone in each location. 

http:cxcoL.Ma
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Short term herbaceous perennial and annual fallows
 

The use of short duration fallows or perennial or annual fallow
 
crops in arable crop production has been tried in the humid and
 
subhumid areas of Nigeria, and reported not to be as efficient
 
in the restoration of soil fertility and productivity as those
 
with deeply rooted shrubs. Moreover, these systems have not
 
gained the acceptance of farmers who prefer trees and shrubs as
 
fallow plants because they fulfil a range of uses in addition to
 
rejuvenation of the soil.
 

The potential of leguminous and grass cover crops in the
 
rejuvenation of degraded soils in reduced tillage has been
 
reported by Lal et al., (1978); Ruthunburg (1980) reviewed
 
various ley systems in the tropics. Some live mulch systems for
 
maize production involving permanent ground covers of perennial
 
legumes have been studied at IITA. Leguminous shrubs may also be
 
grown along bunds to stabilize the soil and they may serve as
 
windbreaks.
 

Graning land 

Grazing systems are of widespread use in savanna areas. In such 
systems trees and shrubs will often feature as browse plants on 
ranges, and as shade plants in pastures. This important and 
rapidly developing area is not dealt with here but the extensive 
literature on the subject is being reviewed by ICRAF (Torres, 
pers. comm.). 

Annual Orop.; 

Although many permanent arable crop production systems in the 
humid tropics require high levels of fertilizers and other in
puts if output is to be sustained, there is a new, low input 
approach that seems promisirig. This is alley cropping of maize 
or other seasonal crops between rows of Lczca na lcucocephala. 
The leuceana supplies fuelwood in addition to mulch rich in 
nitrogen and other plant nutrients. Thus this system, in addi
tion to ensuring stable production with minimum soil degradation,
 
helps minimize the use of nitrogen fertilizers. Leucaena -an 
also be grown as a source of in ,,itu stakes for yams and other 
climbing crops (see also Rachie, this volume). 

Much remains to be done in determining the potentials of 
exotic and indigenous tree or shrub species in arable crop pro
duction. Comparative studies are needed on management systems 
in alley cropping as well as a thorough evaluation of the poten
tials of various species in different ecological zones. Problems 
of mechanization and appropriate technologies for such produc
tion systems also need to receive some attention. 

This aspect of land use may be regarded as of minor importance 
but it definitely has a place in multiple land use planning, 
research and development. Apart from the use of trees as a 
source of poles in industry and mining, no serious attention has 
been given to their potential for special purposes related 
either to landscaping or dealing with pollution in urban areas. 
Similarly, the reclamation of surface and stripmined areas has 
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received little attention in West Africa. For example, consider

able areas near Jos in the Plateau state of Nigeria, which have
 

been dug during tin mining operations remain unreclaimed.
 

Research programmes should be developed for enhancing use
 

of plants for specific goals in environmental quality mainte

nance. The high rates or urbanization in West Africa require
 

that more priority should be given to these problems and the
 

trees and shrubs used should not be limited to exotics selected
 

on 	the basis of research and experience elsewhere. The problem
 

of landscaping is often very serious and it is an aspect of a
 

world culture that should be developed in various parts of
 

Africa.
 

GUIDELINES FOR RES7 \RCH IN AGROFORESTRY
 

Renewable resources have to be managed on a sustained basis,
 

with minimum adverse effects on the environment. Agroforestry is
 

a form of land use which will help to do this. The following
 

guidelines constitute a good starting point in establishing
 

strategies and priorities for research in aqroforestry.
 

" 	In the humid tropics the exploitation of cash crops, mainly
 

tree species, has far outstripped advances in forest manage

ment. Furthermore, to ensure that the increased need for food
 

production is not met at the expense of forestry, ways must
 

be found to increase productivity per unit area by including
 

the very wide range of woody perennial species available.
 

Efforts directed at improving integrated environmental
 

resource manacement should, therefore, involve manipulation 

of trees to ensure that maximum advantage is taken of their
 

multiple roles.
 

" 	This should begin with a knowledge of the status of trees and 

their roles in different land use systems, including histori

cal developments, the impact of present activities and pro

jections for future trends.
 

• 	The existing forest resources in West Africa cannot' satisfy
 

the increasinq demands for wood, especially fuelwood, and it
 

is mainly through forms of agroforestry research, training
 

and development that systems of production attractive to
 

small farmers can be developed.
 

" 	The alternative agroforestry systems that hold promise of 

most rapidly providi]Lg solutions to the problems being 

encountered may be developed in three ways: 

- modification of farmers' current or traditional practices; 

- development of new systems which mimic natural ecosystems, 

(see Oldeman, this volume); and
 

- new production systems designed on the basis of our im

proved knowledge about agroforestry.
 
small farmers it will also be necessary
To be attractive to 


that agroforestry systems yield returns in a relatively short
 

time.
 

" 	Some alternative land use systems that may be developed to
 

satisfy the above objectives include:
 

- tree crop plantations in the humid regions which involve 
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intercropping with arable food or cash crops, either
 
restricted to the first two to three years of plantation
 
establishment or on a permanent basis;
 

- specialized horticultural production systems based on
 
fruits, nuts, and so on, with or without arable crop
 
production;
 

- arable crop production systems involving the use of shrubs 
such as leucaena, grown with the food crop but managed to 
serve useful purposes in nutrient cycling, nitrogen fixa
tion, stakes for viny crops, livestock feed, fuelwood, and 
so on; 

- trees, shrubs and/or arable crop production systems inte
grated with livestock production, involving rangeland or
 
improved pasture management systems.
 

Other land use systems involving trees and shrubs to which
 
planning, research and development activities should be
 
directed at a lower level of priority include: conservation
 
programmes; special reserves for tourism and recreation; the
 
use of trees and shrubs in landscaping; and reclamation.
 

Research on multiple land use wich emphasis on agroforestry
 
is essentially multidisciplinary. It involves the manipula
tion of trees, shrubs, vines and herbaceous species or
 
grasses to different patterns in both time and space. The
 
production systems involved range in complexity from one or
 
two species to many. There is an urgent need to look into the
 
underlying principles of designing and managing such land use
 
systems, to develop research methodology and to undertake
 
training (Okigbo, 1980).
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for and feed your oil palms."
WAIFOR (1960). "How to plant, care 

West African Institute for Oil Palm Research, Benin.
 

DISCUSSION
 

CONNOR - What about improvement of the woody species in the com

pound farm?
 

OKIGBO - In the compound farms in the humid areas of Nigeria and
 

Ghana one finds at least ten useful trees on a single farm. How

ever, there has been practically no research on them. People
 

interested in doing research on well-known speseem to be more 

cies. If resources are available investigations on less well

known species would rapidly give valuable results in terms of
 

enhanced production and utilization.
 

CONNOR - Is it not a characteristic of such species that their
 

produce cannot be stored?
 

OKIGBO - It varies fro,: species to species, but these aspects
 

have not been investigated.
 

BUDOWSKI - Some species of woody plants are more useful in cer
as intertain specific environments than in others, especia ly 


crop components. But will the situation be changed where animals
 

are part of the system?
 

OKIGBO - Most compound farms in Nigeria have at least two or
 

three species of livestock. However, the number of animals, and
 

the intensity of production on the compound farm, varies from
 

to another. Studies conducted by IITA in
 one ecological zone 

the number of livestock
southeastern Nigeria have indicated that 


kept increases with human population density. In the humid
 

areas of Nigeria, where small livestock are kept, their
tropical 

uses vary somewhat from those of the savanna areas where cattle
 

may be kept together with small livestock, and the cattle can be
 

as work animals. In these different Lituations the roles of
used 

the woody components have to be carefully evaluated within each
 

system as a whole.
 

tree systems, as exem-
STEPPLER - The multiple food crop / food 


plified by compound gardens, are obviously highly integrated. If
 

a single species, would
research attention is focussed on, say, 


it not destroy the structure of the farm?
 

OKIGBO - Probably not, because the compound farms in the humid
 

and subhumid areas of Nigeria consist of multilayered canopies
 

resembling a tropical rainforest, and there is plenty of scope
 

to manipulate such a system. Research wurk at IITA, and in
 

national research institutes, has given little consideraLion to
 

the compound farm as one of the target production systems for
 

improvement. Research on arable crops in West Africa is only
 

relevant to some of the outlying field systems located at vary
only a few
ing distances from the compound farm, which contain 


trees dotted about them. In the compound farm
protected, useful 

trees and arable crops, including vegetables, are growi. in mix

tures without apparently adhering to any planting pattern or
 

spacing. There As a considerable need to determine the best
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management methods and planting patterns in order to optimize
 

returns to land in compound farms, so as to grow as many species
 

of edible and useful plants as possible, whether they are im-

proved or not. At the same time there is no doubt that sor.i of
 

the tallar trees can be subjected to horticultural methods of
 

improvement which can then allow them to grow less competitively
 

with other crops.
 

BENE - Presumably there is also considerable scope for tree im

provement on non-arable land?
 

OKIGBO - Yes, but many agriculturists and especially agronomists
 

still do not recognize or appreciate the importance of trees in
 

existing farming systems, so I have emphasized this. Trees are
 

grown both for subsistence and cash by small farmers, and this
 

can be done on the same unit of land.
 

It should be emphasized that in most countries of tropical
 

Africa, expanding the area under cultivation is the most widely
 

practised and effective way of increasing food production.-If
 

this is allowed to continue, not only will more and more forests
 

be cleared, but soon the best lands will be used up for arable
 

crop production, and even marginal areas will be utilized. Then
 

very little land, whether suitable or not, will be available for
 

forestry which is very important in meeting the increasing de

mands for fuelwood, timber and other products. What is needed is
 

increased production per unit area by combining arable crops and
 

useful trees of the forest.
 



AN ATTEMPT TO QUANTIFY
 

SOME CURRENT AGROFORESTRY PRACTICES IN COSTA RICA
 

G. BUDOWSKI
 
Centro Agronomico Tropical de Investigacion y Ensefianza,
 
Turrialka, Costa Rica.
 

ABSTRACT. Measurement data from most agrofcrestry sys
tems arq still either nonexistent or empirical. In Costa
 
Rica some information on components of a number of agro
forestry systems has been collected during the last
 
twenty years. A brief account of the results is presented,
 
together with comments on current agroforestry practices.
 

INTRODUCTION
 

Quantification of traditional agroforestry practices has always
 
been a difficult task because of their inherent complexity
 
(Combe and Budowski, 1979) and the problems faced in setting up
 
appropriate experimental designs. Most of the studies in Latin
 
America have concentrated on merely describing traditional sys
tems. Some field trials have included economic analyses, but
 
seldom have they been carefully compared with other alternative
 
land use practices. A series of comparisons between selected
 
components of some agroforestry systems and the appropriate
 
monocultures has now been attempted, and a preliminary appraisal
 
has been made of biological, economic and social advantages or
 
disadvantages (Budowski, 1982).
 

This still falls short of a comprehensive evaluation of the
 
land use systems concerned, and the conclusions drawn are un
avoidably tainted with subjective appreciations. However, such
 
preliminary trials hav the merit of leading to the formulation
 
of hypotheses, even if their eventual validation will have to
 
await the allocation of adequate experimental resources.
 

The present description of research carried out in Costa
 
Rica attempts to describe the results achieved over the last
 
twenty years at the Centro Agronomico Tropical de Investigacion
 
y Ensefianza (CATIE, until 1973 the Inter-American Institute for
 
Agricultural Sciences), and the link which can be observed be
tween traditional and relatively recent 'promising' agroforestry
 
practices. CATIE's research, done mostly by staff and graduate
 
students, is carried out on a large estate of 1000 hectares
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situated at about 10'N at 600 to 680 m elevation with a mean
 
annual rainfall of 2600 mm and a mean annual temperature of
 
22.2*C. There is a short dry season lasting one to three months.
 
Soils vary but are usually of good structure and with mostly
 
moderately good fertility.
 

The reader is referred to the original papers for full de
tai.ls of the experiments.
 

TAUNGYA
 

The practice of combining seasonal crops with the initial stages
 
of more permanent tree raising has received much attention at
 
CATIE; mainly through a series of graduate student projects in
 
which different mixtures of cr ps and tree species have been
 
tried, as well as various tree espacements, techniques for
 
planting trees (seedlings, stumps) and subsequent comparisons
 
of different cultural practices, including weeding schedules and
 
the use of fertilizers (Budowski, 1981). A survey of literature
 
and reports from Asia and Africa, combined with visits by staff
 
to Kenya and Trinidad, to observe pines, cypress and teak
 
planted in association with annual crops, led to the first ex
periment at CATIE in 1961. The purpose then was to find conveni
ent and economic ways to replace secondary bush by valuable tree
 
crops.
 

One of the most valuable local timber trees, laurel (Cordia 
alliodora) was used, planted at 3 x 3 m in association with 
various crops (Cucurzis tativuni, Cicurbita maxima, Manihot 
utilissima, P;;ascolus vuilaaris and Zea mays) grown on two suL
cessive rotations. This proved to be extremely successful with
 
regard to tree survival, growth and form and, the first year
 
after establishment, it yielded an economic benefit of 1410
 
colones per hectare (in 1963, 1 US$ = 6.63 colones). While the
 
trees, measured 16J years later, had an average diameter of 19.6
 

-
cm, a basal area of 13.2 m2ha I and an excellent form (Aguirre
 
Corral, 1963). (Basal area is the projection of the stem's area
 
at breast height (1.35 m), usually taken with a tape, and avoid
ina all buttresses.)
 

A further replicated experiment was begun in 1974, also
 
with Cordia alliodora planted at 2.5 x 2.5 m, using either stumps
 
or seedlings, both 13 months old, and associated with maize
 
cultivated traditionally. Half of each plot was given 250 kg
 
fertilizer, using 15-30-8 (N, P, K) for the first application
 
and 20-10-6-5 (N, P, K, Mg) 22 days later (Muioz, 1975). The re
sults showed a better survival and growth rate for the stumps
 
and no effects from fertilization. This trial indicated a pos
sible advantage of associating maize with laurel without using
 
fertilizers. Furthermore, comparing costs, the establishment of
 
laurel through taungya was 5 to 8 times cheaper than with laurel
 
alone. At 4.6 years of age laurel trees were thinned either Dy
 
24 or 40 per cent (see Table 1). These two initial trials led
 
to further investigations with other tree species established by
 
taungya, for example Eucalyptus deglupta, Gmelina arborea and
 
Terminalia ivorensis. 

Taungya with Eucalyptus deglupta
 

In the past several provenances of Eucalyptus deglupta were
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TabZe 1. Cordia alZioc.ora, established by taungya after
 
4.6 years, CATIE, Turrialba, Costa Rica. Mean measurements
 

(taken from Muhoz, 1975).
 

Before thinning
 

Treatment Diameter Height Number Basal area
 

cm m of trees m'ha-1
 

No thinning 7.74 6.5 1477 7.86
 

24% of trees
 
thinned 8.21 6.9 1397 8.03
 

40% of trees
 
thinned 7.88 6.7 1520 8.52
 

After thinning
 

No thinning 7.24 6.5 1477 7.86
 

24% of trees
 
thinned 9.15 9.0 1067 7.01
 

40% of trees
 
thinned 9.37 9.1 960 6.59
 

introduced to Costa Rica and apparently some cross-fertilization
 
nad occurred, producing a vigorous tree locally known as
 
'Turrialba Eucalyptus Hybrid'. This selection is in demand for
 
banana props and for posts. Growth has been shown to be spec
tacular, some, trees reaching a diameter of over 50 cm in less 

than 10 years. For the k._ erimental plantation, started in 

January 1976, 5 randomized blocks were used. Half of the plots
 
×

had Ei/tw b7,gtz at two planting distances: 2.5 2.5 m 
and 3 , 3 m, associated with maize. Again half of each plot was
 

fertilized 11 months after planting. Results can be summarized
 
as follows (from Aguirre Castillo, 1977).
 
* Spacing brought about no significant difference in tree
 

growth in this early stage. 
" The best tree growth was achieved with taungya and fertiliza

tion, but it was estimated that the high cost of fertilizer 
did not warrant its use. 

* Even non-fertilized eucalyptus associated with maize grew
 
well.
 

" Economically it was best to grow eucalyptus with maize and
 
without fertilizer in comparison with the other combinations, 

and compared with eticalyptus without maize it proved 56 to 
66 per cent cheaper. 

The trees were monitored for a further two years without 

any additional fertilizer application to give the results shown 

in Table 2. 

Taungya Wilh Gmelina arborea 

This trial was initiated in 1977 using the traditional cropping 
systems of maize (Z.a may8) and beans (Phaseolus vulgaris), 



at two planting distances in 1976, aNTable f. Performance of Eucalyptus d.?gZupta established 
with and without an assoicated maize crop and with and without fertilizer (after Combe and
 

Gewald, 1979). Figures are overall mean values.
 

Year after establishment 


Period of observation 


Thinnings 


Increments in: 


TREATMENTS
 

Spaced 2.5 x 2.5 m
 

E. degZurt- alone 

E. degZuztp:a with maize for 
first year only 

E. deaZurt.2 with maize and
 
fertilized for one year only 


Spaced 3.0 x 3.0 m
 

E. degZupta alone 


E. degZupta with maize for
 
first year only 


E. deglupta with maize and
 
fertilized for one year only 


Second 


Jan. to Dec. 1977 


without 


diameter height

-1 -1 


cm yr m yr 

3.4 4.1 


3.3 4.0 


3.5 4.3 


4.1 4.4 


3.6 3.7 


4.1 4.2 


Third
 

Jan. 1978 to Jan. 1979
 

without with
 

diameter heiaht diameter 

-1 -i- cm yr
cm yr m yr 


2.2 2.5 3.2 

2.3 3.5 3.1 


2.5 3.2 3.7 


2.9 3.3 3.3 


3.0 4.9 3.6 


3.0 2.6 3.6 


height
 
m yr -1 

3.1
 

3.1
 

3.5
 

3.7
 

4.9
 

3.5
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either separately, or planted together. The first crop of
 
beans, sown in the wetter Fart of the year, was harvested early
 

for string beans. The second crop was left to mature (total
 
time: 10 months). Spacing for Gmelina was 2 x 1 m and 2 x 3 m,
 

and no fertilizer was applied. Half of the trees were planted
 
as stumps, half as seedlings.
 

A spacing of 2 x 3 m associated with two crops of maize
 

and beans was the most productive and gave a net benefit of
 
9190 colones (at this time US$1 = 8.54 colones) per hectare
 

(FernAndez, 1978). The Gmclina trees were measured after ten
 

months: five months after the las-t harvest of beans. Some re

sults are given in Table 3. As expected, stem diameter of
 
GheZina was greater at the wider spacing but no statistical sig

nificance could be detected when the effect of associated crops
 
on Gmalina was analysed.
 

Table 5. Growth nf Gmtnf[ina a:,', roa at 15 months from planting 
out either alone or under taungya. Annual crops were 
harvested 5 months before (Combe and Gewald, 1979.) Figures 
are overall mean values.
 

Treatment diameter height
 

Cropping Spacing cm m
 

GehZna alone 5.41 6.04 

Ghlira with maize (twice) 5.30 5.74
 

Gmelina with beans (twice) 1 x 2 m 5.55 5.84 

t lZna with maize and 
beans 5.70 6.03
 

G'2c lisa alone 8.80 6.12 

Gellina with maize (twice) 7.52 5.55 

Gmc1ira with beans (twice) 2 3 m 7.31 5.34 

Gmelina with maize and 
beans 7.27 5.38 

Taungya with Torminalia ivorensis 

Taiwrinalfa L")oP'fl:l . is a valuable African timber tree which had 
been tested at CATIE over ten years at various sites. It had
 
shown remarkable growth, good form and a striking similrrity in 
branch architecture to Cord~ua ultiodora, including light shade 
and deciduousness in time of water stress. This suggested that
 
it might well be a useful woody perennial component in agro
forestry systems and this was tested, first through taungya
 
plantings and, at a later stage, through permanent combinations 
with perennial crops (coffee, cacao, citrus). All the Terminalia 
trees were planted, in June 1978, at a distance of 3 x 3 m; halZ 

of them as stumps, half as seedlings. The wide spacing was in
tended to allow intercropping for more than a year and no ferti
lizer was applied. The trial plots were of: 

* T. iiorrwin alone; 
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* 	T. ivorensia associated with maize followed by beans;
 
* 	T. ivorensis associated with cowpeas (Vigna unguiculata)
 

followed by maize;
 
" 	T. ivorensis associated with maize and cowpeas together,
 

followed by maize and string beans.
 

The initial stand of Tezinalia trees was thinned from 1111 to
 
694 ha- I six months after crop planting started (Castafeda,
 

1981).
 
The results after ten months showed that:
 

" 	Tei ninalia stumps survived better and had slightly better
 
growth than seedlings which, in any case, had higher handling
 

and planting costs;
 

* 	the best economic combination was the association with maize
 

followed by beans;
 

* 	when maize and cowpeas were cultivated together in two periods
 

labour costs were excessive in comparison to the market value
 

of these two food crops;
 

* 	all interplanted trees 3howed greater height than trees 

planted alone but regularly weeded (Magne, 1979). 

When 15 months old the same Toviina tia plots were under
planted with coffee (Coi'ca arabica), cacao (Thu2obroma cacao) 
and oranges ('>tmw "7nNi3) which were themselves associated 
in rotations with dry beans followed by green beans (P. vulgarls
 

var. Harvester) for half of each plot, and mung beans (Vigna
 

ra(iata) followed by cowpea (W. zm(oicuata) for the other half. 
Later observations showed that:
 

" 	 all '?rmi na/ia trees associated with crops were growing 
markedly better than in unassociated plantations;
 

• 	the growth of the perennial crops was poor when compared to
 

those grown as sole crops; measurements of the root systems
 

of Termrinalia showed them to be extensive but superficial; 

" 	the best net benefits derived from the sale of crops were
 

obtained with beans followed by green beans. (In this com

bination it was possible to obtain a net benefit of colones
 
2325 ha-1 ; colones varying between 8.54 and 16.00 to US$1
 

in 	this period.)
 

TESTS OF VARIOUS PLANT ASSOCIATIONS AND ROTATIONS
 

Starting in 1977, and planned for a period of eight years, an
 

elaborate experiment is being carried out covering several
 

hectares and involving the following 18 treatments with crops,
 

crop associations and rotations of importance in Costa Rica.
 

Each treatment has four replications (Enriquez, 1979; Ensayo
 

Centfal, 1979).
 

* 	 Maize (Zca mans) followed by maize with beans (Phaseolus
 
vutgaria)
 

* Maize followed by beans and sweet potato (Iponvea batatas).
 
" Maize and sweet potato followed by bean and sweet potato.
 

" Plantain (Musa sp.) associated with cassava (Manihot
 

esculenta) and maize.
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* 	Sugar cane (Saccharum officinarum) followed by sugar cane
 

with maize.
 
• 	Giant star pasture (Cynodon plectostachyus) and laurel
 

(Cordia alliodora).
 
" Giant star pasture and por6 (Erythrina poeppigiana).
 
" Giant star pasture.
 
* 	Coffee (Coffca azabica) associated with laurel, plantain
 

and beans.
 
" Coffee associated with por6 and beans.
 
* 	Cacao (Thaobroma cacao) associated with laurel, plantain,
 

piqeon pea (CeaansZZ cajan) and maize.
 
" Cacao associated with por6, plantain, pigeon pea and maize.
 
" Cassava followed by cassava with maize.
 
" Laurel associated with maize and beans.
 
" Maize followed by maize (with two tillales for each crop).
 
* 	Maize followed by maize (no tillage but herbicides).
 
" Maize followed by maize (mulching, no tillage).
 
" Natural veai. tation (control, free arowth).
 

The agricultural crops are considered as representative of 
the basic components of the rural diet, while coffee and cacao 
are major export crops. The trees used, laurel (Cordia 
alliodopa) and por6 (Er'ytbrina poeppi(iana) have totally 
different functions. Laurel provides a valuable timber; por6 

is a 'nurse' tree, used for shade and to improve the soil by 

fixing nitrogen and providing large amounts of organic matter 
and mulch through periodic prunings. Fertilizers are given to 

annual and perennial crops but not to the trees, which neverthe

less benefit from its use. As yet no conclusive data are 

available for this experiment. Yield and soil data, and pest 

records are being collected. So far (1980) random tree diameter 
and yield measurements show extremely promising results: cacao 
is fruiting after only three years and laurel, in some combina
tions, averages over 8 cm in diameter. Other combinations of
 

perennial crops have also been investigated (Zaffaroni and
 
Enriquez, 1979).
 

MULTISTRATA PEPENNIAL SYSTEMS
 

Coffee (Coffea arabica), por'; (Erythrina poeppigiana), laurel
 
(Cordia alliodorai)
 

This combination of perennials, involving three canopy strata,
 
is frequently used by coffee qrowers in the Turrialba region
 
and elsewhere in Costa Rica, umtally below 800 m elevation
 
(Beer, 1980c). The por6 crown is kept at a height varying
 

between 2.5 and 4 m and regular pruning takes place every six
 
months, when the crown has reached an average diameter of 5 to
 
6 m. Pruning takes little time: usually less than 2 minutes to
 

cut down the branches of a single tree and another 4 to 5
 
minutes to hack and spread them over the ground.
 

Gonzalez (1980) compared the net economic production of
 
four treatments common in the Turrialba region:
 

• 	coffee with por6 and a high plant population of laurel (270
 
to 410 trees ha-1);
 

• 	coffee with por6 and a moderate density of laurel, that is
 
120 to 180 trees ha-1; (in both treatments the average
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diameter of the laurel varied from 28 to 33 cm, with all
 
trees established through natural regeneration;
 

" coffee with por6 at distances of 8 to 10 m apart;
 
" coffee with no shade trees.
 

Three widely separated sites with different soil conditions
 
were studied. The coffee harvests of 1978 and 1979 were measured
 
as well as the diameter increment of laurel. The conclusionr
 
showed that:
 

* 	the highest coffee yields were obtained by unshaded coffee,
 
but the difference was small;
 

" 	the highest economic yields (coffee plus wood production)
 
were found in those treatments where laurel was associated
 
with coffee either at a high or moderate density, and this
 
gave a 10 to 30 per cent cash increase, depending on plots,
 
over unshaded coffee;
 

" 	there was, however, a qeat variation between plots with
 
regard to the volume increment of laurel as summarized in
 
Table 4.
 

Table 4. Annual volume increment of laurel (Codia
 
alliodora) associated with coffee (Coffea u2rabica) and
 
its economic value on three sites in the Turrialba area
 
(Gonzdlez, 1980).
 

Volume Value of timber
 
Laurel trees ha- l increment increment
 

- I 
 -

m3ha-lyr	 US$ ha-lyr 1
 

Site 1 	 410 5.5 351
 
120 5.6 358
 

Site 2 	 270 20.1 1285
 
180 17.8 1138
 

Site 3 	 340 13.4 856
 
180 11.4 728
 

Other measurements of laurel yields in coffee show the
 
increments displayed in Table 5.
 

Logging trials showed that laurel trees can be felled
 
easily between the ro%- of coffee and hauled to the road by
 
oxen. Logging is best carried out before pruning the coffee and
 
lopping the por6.
 

Some interesting additional information was obtained.
 
Farmers sometimes delay por6 pruning so as to retard the
 
flowering and harvest periods of the understorey coffee. Un
shaded coffee is harvested earlier and, by delaying the harvest
 
through manipula*ion of por6 shade, smallholder coffee growers
 
are able to solve a critical labour shortage (Beer, 1981).
 

Cacao (Theobroma cacao), po65 (Erythrina poeppiqiana) and Zaurel
 
(Cordia alliodora).
 

The management of naturally established laurel trees in cacao
 
plantations is a relatively recent phenomenon in Costa Rica.
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TabZe 5. Growth of a naturally established stand of Cordia
 

aZiodora over coffee shaded by Enjthrina poeppigiana, the
 

latter planted as large cuttings every 6 m and h3avily
 

pruned twice a year (after Combe and Gewald, 1979).
 

1977 1979
 

Estimated age 15 years 17 years
 

228
Number of trees ha
-' 288 


Mean dbh (cm) 28.9 30.7 

Mean height (in) 22.5 22.9 

Total volume with bark (mha -1 ) 162.3 189.0 

Mean annual increment with 
-
bark (m'ha-lyr l) 10.82 11.12
 

It was uncommon twenty years ago when cacao shade was provided
 

by a mixture of former rainforest trees, considerably opened up
 

to admit more light. Later legume trees were deliberately
 
planted to favour cacao (Cadima Zevallos and Alvim, 1967). The
 

steep increase in lumber values has undoubtedly encouraged the
 

growing of laurel trees from natural regeneration for cacao
 

shade and these systems have been investigated since 1977
 

(Beer, 1980a). One measurement over two years in the lowlands
 

close to the coast gave the results shown in Table 6.
 

Tablci 6. Growth of a naturally established stand of Cordia 
alliodora (and a few other low shade trees) at Home Creek, 

Costa Rica (approximate rainfall 3000 mm and mean annual 

temperature 24.51C). Unpublished data, Renewable Natural 
Resources, CATIE, Turrialba, Costa Rica, 1979. 

15 April 16 March Current annual
 
1977 1979 increment**
 

Estimated age (years) 20-25 22-27
 

Trees ha-1  120 100*
 

Mean dbh (cm**) 41.1 43.1 1.0
 

Mean height (m**) 34.0 35.2 0.6
 

Total volume in m'ha
-1
 

(with bark) 271.1 257.0* 14.8
 

* The figure decreased because many trees were harvested in 

the two-year period. 

** Based on the same trees measured in 1977 and 1979. 

Recently a devastating fungal disease, a pod rot (Monilia
 
roreri) has appeared in the area and this will undoubtedly com

plicate future research. Furthermore, lack of income from cacao
 

has prompted farmers to harvest their laurel trees. This is a
 
good demonstration of the need for diversification. Widespread
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Table 7. Growth of Cordia alliodora in association with
 
Theobroma cacao or pasture (Beer, 1981).
 

Density Diameter at Height
 
I
trees ha- breast height m
 

19771 19792 19802
 
Site 19771 1979 1980 19771 19792 19802 


Madre de
 
Dios
 
(cacao) 180 167 180 34.5 36.0 36.6 35.84 35.9 35.8
 

Patino
 
(cacao) 76 39.6 32.0
 

Home
 
3 5
 ,
Creek
 

(cacao) 120 100 - 41.1 43.1 
 - 34.0 35.2 -

Cahuita
 
Plot 1
 
(pasture) 150 150 30.4 31.3 26.6 26.5
 

Cahuita
 
Plot 2
 
(pasture) 208 208 36.7 37.5 33.0 33.8
 

3 

Basal area3(G) Commercial Change in

2 Change in
2
 

- I 
m2 ha volume(V) (G) (V)
 
m'ha-1 m2ha-lyr-l mha-lyr-1
 

Site 19771 1979 1980 19771 1979 1980 1979-80 1979-80
 

Madre de
 
Dios
 
(cacao) 17.6 17.8 17.7 160 168.5 168.7 0.6 5.8
 

Patino
 
(cacao) 9.9 85.0
 

Home
 
3 5


Creek ,
 
(cacao) 16.0 14.6 - 141 134
 

Cahuita
 
Plot 1
 
(pasture) 11.4 12.1 81.9 86.1 0.65 4.23
 

Cahuita
 
Plot 2
 
(pasture) 22.5 23.5 195.6 206.4 0.94 10.8
 

1 From Rosero and Gewald (1979).
 
2 Calculations based only on measurements of trees still
 

standing in 1980.
 
3 Values affected by felling and natural mortality.
 
4 Based on a diameter- height regression curve obtained from
 

the 1979 measurements.
 
5 Remeasurements not taken as, after felling, only six Cordia
 

aZZiodora remained in 1980.
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harvesting of laurel has now allowed the estimation of yields
 

(see Table 7) and gross income under present harvesting tech

niques. It is also possible to start collecting growth data on
 

the new stems arising from thE coppiced stumps.
 

FURTHER EXAMPLES OF TREES IN PASTURES
 

Laurel (Cordia alliodora) and cedro (Cedrela odorata)
 

The practice of leaving valuable seedlings to grow into timber
 

trees 
is well known in Costa Rica and elsewhere. Legumes are
 

known to have a favourable influence on adjoining pastures
 

(Daccaret, 1967). In the early fifties Perez (1954) showed that
 

laurel trees 40 and 50 years old were reaching an average dia

meter of 79 and 89 cm, respectively. The measurements were taken
 

on good soils in the lowlands with close to 3000 mm of annual
 

rainfall and a mean annual temperature of 251C. An economic
 

rotation of 25 years was recommended, by which time trees
 

average between 40 and 45 cm dbh.
 
Detailed measurements on one plot gave the results shown
 

in Table 8. Cedrela odorata grows very fast when grown in
 

weeded coffee. Also it is able to withstand the attacks of
 

Hypsipyla grandella, a destructive shootborer. It was calculated
 

that trees can be harvested on a 15- to 20-year rotation
 

(Ford, 1979).
 

Table 8. Growth ot naturally established Cordia alliodora
 

trees in man-made pastures. Cahuita (sea level), 3000 mm
 

rainfall, mean annual temperature 25°C. unpublished data,
 

Renewable Natural Resources, CATIE, Turrialba, Costa Rica.
 

15 April 16 March Current annual
 

1977 1979 increment**
 

Estimated age (years) 20-25 17-32
 

200 190*
Trees ha- 1 


Mean dbh (cm) 37.5 38.6 0.55
 

Mean height (i) 34.5 35.0 0.25
 
-1
 

Total volume in mha
 

(with bark) 380.4 389.1* 13.5
 

* Some trees were harvested in the two-year period
 

** Based on measurements of the same trees.
 

Alder in pastures in the dairy region of Costa Rica
 

Alnus acwminata 0. Ktze. (syn. A. jorullensis H.B.K.), a local
 

alder, is widely planted in Costa Rica at between 1400 and 2500
 
(mostly 'Kikuyu' grass
m elevation, either in grazed pastures 


(Pennisetwn clandestinwm), or where the grass is cut for fodder
 

(Pennisetum purpureum and Axonopus scoparius)(Alvarez Valle,
 

1956; Beer, 1980b). Most of the farms are between 3 and 10 ha
 

but income is relatively high in comparison with other regions
 

of the country. The pastures are usually fertilized and fenced,
 

forming small enclosures so as to allow rotations. The spacing
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of the alder varies from 8 x 8 m to 12 x 12 m, and sometimes
 
even wider. Occasionally the lower branches are pruned to allow
 
more light. Seedlings from exposed roadsides or riverbanks are
 
used, and they are usually protected from cattle for a few years
 
by wire mesh. Alder fixes nitrogen from the air through the
 
activity of an actinomycete (Frankia sp.) that produces l.ge
 
nodules, sometimes over I cm thick and of irregular size.
 

Table 9 shows some growth data for alder. As can be seen,
 
on this good volcanic soil growth is outstanding. Milk produc
tion in this region is high, whether alder is part of the
 
pasture or not, and cows are given supplementary concentrates.
 

Table 9. Growth of alder, Al',s -cuminata associated with
 
pastures and cut grass in two ,ots in the highlands of
 
Costa Rica (Combe, 1979a). Rainfall is around 3500 mm and
 
mean annual temperature between 16 and 18*C, depending on
 
elevation.
 

Location
 

Las Nubes 
(Alt. 1700 m) 

San Rafael 
(Alt. 1450 m) 

Pasture associate
with alder 

d Pennisetzen 
ctandestinwn 
(grazed) 

P. purpurewn 
(cut grass) 

Age (years) 15 6 

Spacing of trees 

Trees ha-1  initial 
present 

(m) 8 x 12, and 
up to 10 x 14 

132 approx. 
78 

7 x 9 and 7 x 11 

-

159 and 130 

Height (m) 
mean of 26 trees 22.0 10.0 

Mean annual height 
increment (i) 1.47 1.67 

Dbh (cm) 
mean of 25 trees 44.8 17.0 

Mean annual dbh 
increment (cm) 2.29 2.83 

The wide spacing of the trees allows an excellent develop
ment of the grass and there is at present an effort by various
 
governmental institutions to plant more alder. A popular manual
 
based on the research work by Poschen (1980) is being compiled.
 
The trees are harvested on a 15- to 20-year rotation when they
 
reach 40 to 50 cm diameter. The medium soft ,ood is in demand
 
for construction in the highlands, for boxes, crates, coffins,
 
firewood and, lately, for orthopaedic shoes. It has been calcu
lated that about 60,000 ha of land could be devoted t(, such
 
combinations (Combe, 1979b).
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OTHER EXAMPLES OF THE USE OF MULTIPURPOSE TREES
 

Erythrina poeppigiana as a multipurpose nurse tree
 

This extremely fast growing legume is widely used for 'shade'
 

in coffee and cacao. It is also commonly planted between various
 

annual and perennial crops, as well as in pastures. The leaves
 

are relished by cattle and lopping is often practised. Over the
 

last few years the wood has been purchased by a local paper
 

factory as a substitute for pine. Propagation is usually by
 

large cuttings, 2 m long, which start to produce shoots immedi

ately. Planting distances can vary, but in coffee plantations
 

it is usually 6 to 10 m apart.
 
Techniques for preparing cuttings and planting them huve
 

been described by Lozano (1962), while the amount of biomass
 

derived from Erythrina pruned every six months within coffee
 
plantations was investigated by Molleapaza (1979). The latter
 

also calculated the amount of nitrogen that the trees provide
 
to the soil in coffee plantations by measuring leaf fall and
 

the biomass of prunings. This amounted to 80 kg of N ha 
- 'over
 

a period of six months. The nitrogen concentration in leaves
 

fluctuated between 4.2 and 4.6 per cent.
 

Live fence posts
 

rhe practice of planting large cuttings that take root and serve
 

as fences is of ancient origin throughout tropical America, and
 

also in Africa and Asia. In Costa Rica live hedges, with barbed
 

wire strands attached, are a typical feature of the landscape.
 

Even so, there is remarkably little literature on planting
 

techniques, although many of the species are known to produce
 
food, such as fruits or flowers, feed for cattle and rabbits,
 
medicinal products, firewood, posts, and, of course, more fence
 
posts from the branches. There is much empirical knowledge con

cerning choice of species, planting techniques, management
 

practices such as pruning and renewal, as well as techniques to
 

attach barbed wire. Yet there are regions within the country
 
where few or no live fences are used, even though the climate
 
and soils would make it perfectly feasible to do so. An initial
 

inquiry has shown that live fence posts are usually associated
 
with 'poverty', and that the sophisticated technology to plant
 

and tend live fences may not yet have reached these areas. It
 

points out that sociocultural factors play a most important role
 

in the adoption of live fence post establishment. Some of these
 

ideas are expressed in Table 10 which is based on a series of
 
inquiries and discussions with people knowledgeable about the
 
subject.
 

CONCLUSIONS
 

Much uf the information obtained so far is empirical and based
 

on common practices within Costa Rica. As yet, there have been
 
few detailed investigations on agroforestry systems in the
 
scientific literature, in contrast to the wealth of documentation
 

on agronomic practices not involving trees. Admittedly research
 

in agroforestry is a complex task (Combe, 1979b) and experiments
 

are not easily set up. Furthermore, there are few scientists
 
trained in the multidisciplinary aspects of agroforestry
 



Table 10. Comparisons between live and wooden (dead) fences (the latter either naturally durable or treated
 
with preservatives). Both methods use attached barbed wire and are used principally to prevent trespass by
 
cattle (Rudowski, 1982).
 

Factor 


Choice of species 


Cost 


Handling of post before placing 


Placing in soil 


Placing of barbed wire 


Initial maintenance 


Survival 


When to place wire 


Increase of post density along 

fence
 

Durability 


Organic matter production 


Nitrogen fixation 


Effect on soil fertility 


Live fence 


Depends on ecological conditions 


Relatively low, or free 


Needs careful preparation, 

transport and storage
 

Needs care, adequate soils 


Special techniques in some species 


Necessary, requires protection 

against some animals 


Losses possible 


Usually when well anchored 


Easy and cheap 


Usually very long 


Varies with species 


Possible in some species 


Beneficial, specially when branches 

are pruned and some roots die off
 

(aeration)
 

Wooden (dead) fence 

Many possibilities: depends on 
availability 

Relatively high 

No special care required 

Soil not limiting 

Some skills required 

Non-, in some cases needs fire 
protection 

Usually no losses if well treated 

0 

H 

Immediately 

Easy but expensive 

Variable, limited according to 
treatment and species 

None 

None 

None 



Erosion control 


Competition for water and nutrients 

and light with nearby crop 


Protection of crops and/or 

animals against wind 


'Horizontal' rain (fog drip) 

from moisture laden winds 


Toxic effects 


Toxic fauna 


Beneficial fauna 


Additional economic products 


In case removal is necessary 


Labour for management 


Acceptance by farmers 


Special limitations 


Aesthetics appreciation 


TabZe 10 continued
 

Can be effectively used as barier 


Does exist but varies according to 

system; organic matter production
 
compensates
 

Effective but varies according to 

species, height, density
 

Possible 


Possible (allelopathy) 


Can be sheltered 


Provides shelter and food (for 

example for birds, honey bees)
 

Many, such as food, feed, medicinal 

products; also firewood, posts and
 
more live fence posts
 

Difficult and costly 


Periodical pruning is necessary; 

skills required 


Very popular among poorer farmers 


Disliked by aerial crop pesticide 

sprayers 


Depends on management and cultural 

background 


None
 

None
 

Little or none
 

None
 
0
 

None (except when some preservatives
 
are used) E-


None (except termites in some cases)
 

Few, if any Z
 

0
En
 
None
 

Relatively easy
 

Skills also required to place posts
 
and wires and replace them
 

Depends on income. More affluent
 
farmers tend to avoid live fence posts
 

Firebreaks must be kept clean during
 
fire season
 

Depends on investment possibilities
 
and cultural background
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research and the sociocultural dimensions of agroforestry must
 
necessarily add complications for the investigator.
 

Taun- ya has shown to be relatively successful at CATIE, yet
 
it is practised little in Costa Rica. Nor is any extension
 
effort foreseen in order to transfer this technology.
 

Regardless of the research carried out at CATIE, or else
where, the practice of adding Cordia alliodora to coffee, cacao,
 
or other crops is widely practised in the country and the area
 
under this multistrata system is actually increasing. So is the
 
planting of AZnus in pastures.
 

It appears that, for the time being, research under con
trolled conditions is best directed at understanding and im
proving practices already in use rather than attempting to in
vestigate and transfer new technologies.
 

A PTTE illustrating this paper can be found elsewhere in this
 
book.
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2 0 5 2 0 8 pp. - . CATiEl{, Turrialba, Costa Rica. 

Zaffaroni, E. and Enriquez, G. (1979). "Asociaci6n de cultivos
 

perennes; una altPrnativa de diversificaci6n en 6reas tropi

cales para pequenos agricultores". [Association of perennial 

plants; an alternativw for diversification for smallholders
 

in tropical areas.] CATIE, Turrialba, Costa Rica. 17 pp.
 

(Mimeograph) 

DISCUSS ION
 

OLDEMAN - Are lopped branches used for fuelwood, and the stem

wood as fence posts?
 

BUDOWSKI - Yes. Fuelwood is often a by-product in such prunings,
 

particularly with some species such as the genus Inqa, but not
 

others such as ;''jthr/so. 

OLDEMAN - Cacao under trees needs more light during certain pa

rods and the time of pruning of shade trees must be important?
 

BUDOWSKI - Time of pollarding/pruning is very important, and it 
car be used to regulate more uniform flowering or fruiting. By 
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delaying the pruning of Erythrina, the harvesting of coffee has
 
been delayed successfully by one month, for example. This is
 
very important from the point of view of labour availability and
 

labour economy.
 

OLDEMAN - Are there any adverse effects of one species on an

other?
 

BUDOWSKI - Growing citrus species under Terminalia has not been 
successful. Such possible allelopathic effects have been ob

served with Juglano (tropical walnut) also, but not with Ery
thrjna. Eucalyptue dcjlupta seems to associate well with other
 
crops and the adverse reports in the literature about Eucalyptus
 
in general are, perhaps, exaggerated? E. deglupta has certainly
 
been associated successfully with several food species at Turri
alba, under high rainfall conditions (2600 mm per year). The
 
situation could be different in dry regions, because of competi
tion for water in the soil.
 

KOZLOWSKI - [uialyj t u'ama du,1 can be allelopathic. 

BUDOWSKI - Also some grasses, for example Mooinio minutifZora, 
where filtrated extracts actually inhibited the growth of trees, 

as shown in a thesis at Turrialba. 

KOZLOWSKI - !', n ,',j11&v is another such grass species.,t':a ,Ia 

LOOMIS - What is the yield of coffee when an estimated 140 kg
 
I
nitrogen ha- was added to soil through fixation by Erythrina
 

trees?
 

BUDOWSKI - Coffee yields were high (up to 2 mt ha-1 ). However,
 
coffee is also fertilized in spite of the nitrogen added by the
 

A'rtutrt': trees, often with urea. With little shade and the use
 
of fertilizer, coffee yields per hectare in Costa Rica are second
 
only to those of Hawaii. Additionally, in agroforestry systems,
 

if annual crops are fertilized the tree components also benefit.
 

LOOMIS - Such situations could readily be quantified using 14N
 
tracer, which is now cheaply available.
 

BUDOWSKI - Some studies of nitrogen are being done. For example,
 
it has been found that the leaves of Coi'dia alliodora, grown 

together with E'trmth'ria and coffee, h:,d an enhanced nitrogen 

content (3.1 to 3.9 per cent dry weight).
 

STEPPLER - What is the influence of Alnu:; on the high milk
 

yields that have been reported?
 

BUDOWSKI - It is apparently not due to the presence of the trees
 

but to superior management of the cattle, which are fed concen

trates; the pastures are also fertilized. Rotations in small en
closures are the rule. A survey of theuarmers indicated that
 
some thought the trees benefitted the pastures and the cows,
 
others not; and that possibly the palatability of the grass
 

under trees was better. In any case many farmers like having the
 
trees on the farm. We still know very little about the effect of
 
the trees on the grass. 

STEPPLER - Did you analyse the grass?
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BUDOWSKI - No, but studies are planned. There are some major
 
limitations also in conducting such studies.
 

STEPPLER - Reduction of lignification in the grass due to reduced
 
light could be a factor in increasing palatability.
 

BUDOWSKI - Probably, but there is only limited shading under the
 
trees, which are 8 to 15 m apart; also alder trees have a light
 
crown and are often pruned. Certainly, it is essential to obtain
 
all the relevant data from both the trees and the pasture gras
ses.
 



INTEGRATED FORESTRY -AGRICULTURE - LIVESTOCK LAND USE
 

AT JARI FLORESTAL E AGROPECUARIA
 

C.B. BRISCOE
 

Centro Agronomico Tropical de Investigacion y Ensefianza,
 

Turrialba, Costa Rica.
 

ABSTRACT. Jari Florestal e Agropecudria is a privately
 

owned company in northern Brazil. On a pulpmill/sawmill
 

industrial base, production of wood, foods, and livestock
 

have been integrated for long-term development. The
 

current operdtions are briefly described.
 

The combination of food or livestock production with
 

young trees is relatively simple, but as the trees mature
 

options for integrated management become more limited and
 

technically demanding.
 

INTRODUCTION
 

Most agroforestry in the tropics is practised on small or very
 

small farms, much of it operating barely within the cash economy
 

(Chandler and Spurgeon, 1980). Improvements are difficult
 

because of the large numbers and physical dispersion of the
 

landowners, the very low level of capital available, an inade

quate research base, a lack of support services, and the com

plexity of knowledge required from the individual landowner.
 

The operations of Jari Florestal e Agropecugria are de

scribed to illustrate the relative facility, ease and economy
 

of large-scale agroforestry.
 

Jari is located at 1'S 53'W near the Rio Jari, the last 

major tributary entering the Rio Amazonas from the north. Eleva

tion is 5 to 500 m. Soils vary tremendously, from deep organic 

near the Amazon, through dune sand alluvium, to thick residual 

kaolinite clays. Most are highly leached latosols, high in alu

minium and iron oxides and low in phosphorus and calcium (Bris

coe, 1978; Chijioke, 1980). 

Annual rainfall is 2135 mm, with a dry ,ieason from late 

September into December (Figure 1). March is normally the wet

test month, but rainfall is abundant from mid-January through 

May in an average year. Extreme temperatures recorded are 18'C
 

In co-operation with SUDAM.
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Fig. 1. Rainfall at Jari 1967 to 1980 (means of five sta
tions). Total rainfall is 2135 nun. 

and 370C
 

CURRENT OPERATIONS
 

The company began operations in 1967 (the first trees were
 
planted in 1968) after a pan-tropical search for available sites
 
and promising tree species. Initial plantings were melina
 
(Gmn!?.ina arbor,.a L.) , a fast growing species with a good general 
purpose wood, successfully planted over a wide geographical 
range. Tests of native and additional exotic species were begun 
immediately, and commercial scale plantings of Honduras pine 
(Pinus caribaea var. hord c726i5 Barr. & GolfJ were begun in 1973. 
A third species, deglupta (Ezioalyptus deglupta Blume) was added 
in 1978, and cadam (Azth)ccphaZw.- chincnsio (Lamk.) Rich. ex 
Walp.) , par6-par6 (Jaoarandaoopaia (Aubl.) D. Don) , and uro
phylla (E. u2rophythla S.T. Blake) are being planted on a pilot 
scale. Total tree plantations to date are slightly more than 
105,000 ha, including isore than 1900 ha of experimental plant
ings. Besides the species trials mentioned above and normal
 
studies of spacings, thinning, and pruning, research is also
 
progressing on soils (Woessner and Lopes, 1980), provenance
 
(Woessner and Tiburcio, 1980), ineli.na tree improvement (Woess
ner, 1980a), pine genetics (Woessner, 1980b), and leafcutter ant
 
control (Ribeiro and Woessner, 1979).
 

As the company name indicates (it translates as 'Jari
 
Forestry- Agriculture- Livestock') integrated development was
 
the aim from the beginning. Rice (O ,a research was
s2tiVa L.) 

begun very early in co-operation with the International Rice
 
Research Institute, and a commercial operation now produces 8 to
 

http:ineli.na
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-/
9 m.t. ha-iyear on about 4000 ha.
 
The cattle (Bos indicus, B. taurus) and water buffalo
 

(Bubalus arnee f. bubaiis) herds are for breeding and slaughter
 
and contain a little more than 6000 head each. Buffalo occupy
 
varzea, seasonally flooded Lands neighbouring the Amazon, Jari
 
and Paru rivers. Cattle originally moved back and forth between
 
varzea in the dry season and savanna in the rainy season; most
 
are now kept in pine plantations all year. Animal gains are con
sistently better in the pines on the planted grasses, coloniAo
 
(Panicum nvaxirumn cv. colonial) , green panic (P. r7nvxinum var. 
trichoglie) , and quicuio amazonica (Brachioria hunidicola) , 
than they were while shifting areas. Among the grasses not sat
isfactory were jaragu6 (llypar'hcnia rufa), molasses grass 
(Melinis minutiflora), setaria (Sctaria ancepf) , and signal 
grass (Brachiariadocunbzn ). 

Buffalo still depend on native forage, except that calves 
are fed supplements of chopped grass, napier (Pannisctwn pur
purcum Schum.) and canarana erecta lisa (Eohinochl.oa pyramid
ali) , and dairy cows are fed rice bran. 

The swine herd after staying constant at 1000 to 1200 head
 
for several years is now being expanded to 4000 animals. Fryer 
chickens are being raised at the rate of 0000 per week from pur
chased chicks.
 

Feed, principally corn ( ea L.) and manioc (Manihot 
cdL'u~lnta Crantz) , for pigs and chickens is grown in the quan
tities necessary between trees in new plantations. 

All the operations mentioned above are shown schematically 
and simplified in Figure 2. There is nothing included that could 
not be performed by a resourceful landowner of a relatively 
small farm if conditions were favourable. Such a person may 
actually, in many cases, (10 better because of a rrore intimate 
knowledge of microt.ites and local varietios (Ruthenbero, 1976). 
However, it would requir,, a very busy and capable small-scale 
landowner, indeed, to bheable to carry out a.l the operations 
shown. 

In the case of Jari we also have a kaolin mine and a 500 
ton per day refinery, and we are entering the trial stage of 
producing re-fractory bauxite. Any additional noncompetitive 
source of revenue is, norina]ly, desirable. 

There must be a clear definition of objectives in estab
lishing an agroforestry proqramne. If maximizing employment, 
especially of sinall-scale independent landowners, is critical, 
perhaps the prooramme 'should be confined to such. But if maximum 
production, or maxiimium income, is at least as important serious 
considerat.ion should be given to large , inteqrated industrial 
operations. 

RESEARCH NEE)S 

the establishment phase and eirly operations at Jari have indi

cated the neuds for any similarly integrated operation. These 
ire noted in Table I.
 

CONCLUSIONS
 

Jari has successfully integrated the manufacture of pulp and
 

http:Eohinochl.oa


Table 	1. General and specific categories for consideration in establishing an integrated land use project.
 

GENERAL 	 CROPS 
 SOCIO-ECONOMIC
 

Area 	necessary: A. Self-sufficiency: A. Physical

1. For production: at Jari 170,000 ha 	 wood, food, minerals 
 1. Food, water
 

(half planted) 
 2. Shelter
 
2. For infrastructure: 5 per cent 
 B. 	Ca!;h income: 3. Medical
 

industrial base 4. Education
 
B. Transport needs:
 

1. Internal: all-weather roads, railroad C. Complementary: 	 B. Social 
2. External: deep waLer port, channels 	 corn/melina, cattle/pine 1. Group interaction
 

2. Competition

C. Tenure and control: 
 D. Storage 	 3. Advancement
 

1. Specific: purchased land 
 4. Curiosity

2. General: stable, non-confiscatory E. Soil testing/management:
 

government organic material! C. Economic
 
1. Security


D. Financial: 	 F. Pest monitoring and 2. Market for surplus 
1. Short term control 	 3. Credit 
2. Long term 
 4. Investment of profit C4
 

G. Species/variety:
 
E. Markets: 
 corn vs. manioc
 

1. Internal consumption: 30,000 people
 
2. External sales: Europe, Far East
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lumber with the growing of trees, rice, livestock, feed for
 

animals, and human food. There remain many opportunities for
 

further development.
 
The combination of food or livestock production with young
 

sense, but is not technically
trees requires care and common 


demanding.
 
As the trees mature, options for integrated management
 

become more limited and more demanding.
 

Establishment of a forestry based industry present almost
 

infinite possibilities for integrated agrofoiestry, particularly
 

if the industry utilizes short rotation forestry.
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DISCUSSION
 

are used in the Jari system?
RACHIE - What fertilizers 

None, it does not pay. However, we do give minerals to
BRISCOE 
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the cattle. We have been monitoring the system, doing research
 

on specific plots. We measure nitrogen and carry out soil analy

ses after each felling, and after one, two and three years, and
 

so on, in representative plots on all plantations.
 

TRAN VAN NAO - You have many species in the original forest. How
 

many have you looked at to see if you can identify new plants
 
for cropping, food, shade and other purposes?
 

BRISCOE - We certainly have many fruit trees (taperebd, cupuacd,
 
brazil nut, genipapo, coconut, jambo cacao, jackfruit) and the
 

company town is planted with them and seedlings are given free
 
to anyone who wants to plant them. Also, cassava is native tc
 
Brazil and we grow field beans, native vegetables and other use

ful indigenous plants.
 

LEDIG - How long do you graze the cattle, and what is the tree
 

density?
 

BRISCOE - We graze until the system will no longer support the
 
cows. The trees are 1100 ha- 1 but at six years we thin by 50 per
 
cent. The spacing is 4 x 2.25 m. There is good grass even after
 

six years of tree growth.
 

LOOMIS - What is the annual nitrogen input due to rainfall? 

BHISCOE - I do not know; it is being looked at. 

OLDEM ' - We have planted Pinuo in cleared secondary forest 
which then needed a large effort to keep it weeded. Grazing with 
cattle was found to be a solution. 

BRISCOE - I do not agree. We found that there were plant species
 

among the native grasses that were poisonous to cattle. Clearing
 

and then broadcasting grass seed did not work either aa the
 
cattle damaged the trees. Sowing the grass in strips between the
 

young trees, down the middle, was then tried successfully. In
 

the first year the cattle ate the grass, but the trees remained
 
undamaged. By the second year the grass had seeded itself and
 

spread, but the trees were bigger then. This method reduces com
petition in the first year so that the trees grow better. ThE
 

meat brings in the same income as the wood.
 

RAINTREE - You have a labour-intensive system for forestry, but
 
the agriculture (rice) is heavily mechanized. Why is this?
 

BRISCOE - I believe in low inputs and intensive labour and am
 

responsible for the trees. The person responsible for the rice
 
believes in mechanization; this reflects his experience. I think
 
that labour is easier to get than spare parts for tractors.
 

Operationally, Jari is making a profit. However, we are not yet
 

able to cover all the infrastructural costs.
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TRAN VAN NAO
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ABSTRACT. The United Nations Food and Agriculture Organi
zation (FAO) has adopted a policy of incorporating agro
forestry practices in all suitable forestry field projects.
 
As of today there are 22 FAO/UNDP projects and 11 WFP
 
assisted projects which include agroforestry activities.
 
A brief account is given of a selection of agroforestry
 
systems which include the rice- Sesbania acuteata system;
 
Sesbania grandiflora- fruit trees systems; shade trees in
 
tea and pepper estates; systems of Theobrorm cacao and
 
forest trees; a case of a multipurpose forest plantation
 
using Prosopis spp.; and a note on the cultivation of
 
spices and medicinal plants under forest cover. Some
 
research and development problems related to each case
 
are mentioned.
 

INTRODUCTION
 

Some years ago the FAO Committee on Forestry Development in the
 
Tropics (First and Second Sessions in 1967 and 1969) discussed
 
the problems of shifting cultivation. Delegates fro:n developi.ng
 
tropical countries were then unanimous in recognizing that a
 
solution to the ill effects of shifting cultivation could be i.1
 
the application of agroforestry systems because these involve a
 
pattern of multiple land use, combining the production of wood
 
with that of food. This resulted in the incorporation of agrq
forestry practices in all suitable FAO forestry field projects.
 
A policy that was reaffirmed first at the Fourth Session of the
 
Committee of Forestry iniMay 1978 witi, the Secretariat Note
 
COFO 78/3 entitled 'The place of forests and trees in integrated
 
rural development (with particular reference to tropical coun
tries)' and, second, at the Eights World Forestry Congress
 
(October 1978) within the discussion area of 'Forestry for Food.'
 

At the present time (April 198!), there are 22 FAO/UNDP
 
projects and 11 WFP assisted projects which include agroforestry
 
activities. These include the practice of intercropping, the use
 
of oil and food bearing species in afforestation or enrichment
 
planting, the development of apiculture, fish culture, the
 
planting of fodder species, the establishment of windbreaks nr
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shelterbelts for the protection of food crops, and the intro

duction of Acacia albida in cultivated fields. In addition,
 

regional studies on agroforestry systems have been undertaken
 

for South Asia and for the French speaking tropical countries in
 

Africa. Other actions are contemplated, budgetary resources per

mitting, such as: the development of homestead forestry and
 

energy plantations, and the development of forest as a source of
 

food.
 

RICE - SESBANIA SYSTEMS 

With Sesbania aculeata
 

Several species of Sesbania used in agroforestry systems are
 

perennial. Sesbania aculeata (also called S. cannabina or S.
 

bispinosa) is annual. Sesbania aculeata grows on saline, alka

line and sandy soils, as well as on wet clay soils in the trop

ics and subtropics. It is usually grown from seeds and the
 

plant's stem resembles a reed with a thin fibrous outer stem
 

filled with a soft pith. The plant matures during a six-month
 

period when the stem becomes woody with a density of about 0.3
 
3
kg dm- . Flowering occurs around the fourth or fifth month from
 

sowing. After six months, under normal rainfall conditions, the
 

plant may have a height of 3 to 4 m and a diameter of 1.5 cm at
 

0.5 m above ground. However, when the plant grows alongside
 

irrigation ditches, or has access to plenty of water, the stem 

can be 4 to 5 m in height and 5 to 8 cm in diameter at this 

time. Table I shows a cultivation calendar. 

Table 1. Cultivation calendar for Sesbania aculeata in an
 
agroforestry system as practised in Viet Nam (Red River
 

delta).*
 

Month 

J F M A M J J A S O N D 

Spring rice cultivation 1
 

3ummer rice cultivation 2 

Sesbania sown as green
 
manure (to be ploughed in
 

after 3 months) 3
 

If summer rice cultivation
 

does not take place, or
 
Seabania is left to grow for
 
6 to 7 months 4
 

5
Fish culture 


* pers. comm. La Xuan Dinh, 1979. 

To cultivate Sesbania aculeata in these systems mounds of
 
clay soil, emerging from the water, are made between rice lines
 

at a spacing of I m x 0.5 m. At the top of each, 3 to 5 Sesbania
 

seeds arn sown in March or April, some 1 months before the
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first rice harvest (spring rice). If a second rice season takes
 
place in the summer, from July to October, then the Sesbania is
 
ploughed in 3 to 7 days before rice transplanting. At that time
 
about 8 to 10 t ha-1 of green manure are returned to the soil.
 
The amount of nitrogen in this is estimated to be 40 to 50 kg
 
(0.5 per cent of the green weight). Whenever a second rice sea
son does not occur the Sesbania is left to grow up to October.
 
Yields of about 15 to 20 t ha-1 of stemwood plus about 10 t ha-1
 

of roots are expected. In addition, some 400 kg of seed are col
lected in July to August. When the farmer has the means to pay
 

1
for fertilizers an additional application of 100 kg ha- of
 
superphosphate is made before any new transplanting of rice.
 

This system reflects an intensive use of land which combines
 
both rice and fuelwood production. The contribution of Sesbonia
 
as fuelwood and fodder is locally very important and tne supply
 
of nitrogen and of organic matter for soil improvement contri
butes to increase the yield of paddy (Tran van Nao, 1979). This
 
combination of Sc.bania aculeata and rice may gain even more
 
economic and social importance with the potential use of Sbsbania
 
fibre in pulp and paper making.
 

Sesbania grandiflora-fruit tree systems
 

In the Mekong delta of SouLh Viet Nam, fruit trees are planted
 
in what are usually called 'home gardens'. These home gardens
 
are modified forest ecosystems with several tiers of fruit trees
 
such as coconuts, mangoes and durian in the upper tier, and
 

orange, mandarin, soursop, papaya and banana in the lower one.
 
S. grandiflora is always present as a component in these agro
forestry systems, which are known to have existed for hundreds
 
of years.
 

The association of S. grandiflora and fruit trees provides
 
the farmers with a variety of useful products: poles for fish
ing, fodder for animals, edible flowers, and stemwood for mush
room production (Auricularia polytricha). In addition, the soil
 
is improved and the yield of fruit trees increased. As S.
 
grandiflora is also viewed as a source of pulpwood this agro
forestry system is very promising for rural development schemes
 
as well.
 

Research and development problems
 

The traditional experience of growing Sesbania aculeata in rice
 
fields for soil improvement and for fuelwood is, unfortunately,
 
known only locally in Viet Nam. There is an urgent need to carry
 
out further trials for the improvement of such practices and to
 
demonstrate them in other, similar paddy cultivation areas in
 
the tropics.
 

Although the advant qes of growing Sesbania grandiflora
 
with fruit trees is well accepted the actual nutrient gains pro
vided by its introduction need to be quantified. Various ques
tions need to be addressed such as: at what age or size of tree
 
are the nutrient gains maximized? What would be the optimi,'r
 
number of S. grandiflora to be grown per hectare? And are there
 
provenances that yield more?
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SHADE TREES IN TEA AND PEPPER ESTATES
 

use of shade trees in tea or pepper cultivation has been the
The 


subject of much controversy as the cash crop yields may be low
 

grown. However, it has now
in some places whe> shade trees are 


been observed that tea or pepper plantations without shade trees
 

are often subject to heavy soil erosion. Moreover, as forests
 

are dwindling, it becomes more and more difficult to get an ade

used as fuel for processing tea or as
 quate supply of wood to be 


the pepper vines. In the Kandy and Matale provinces
support for 


of Sri Lanka Gliricidia sepium (also called G. maculata) has
 

been introduced in the plantations to provide shade and to mini

mize the harmful effects of erosion. An appropriate pollarding 
of
 

G. 	sepium plants will supply a certain amount of fuelwood. Par

use of stumps as living support for
ticularly interesting is the 

can easily be
 pepper. When G. sepium attains a height of 4 m it 


similar examples in Budowski, this volume).
pollarded (and see 


Research and development prvblems 

To date no quanLtfication has been made with regard to the pro

duction per hectare or fuulwoo'd produced from these systems.
 

Nor do we have an estimate of the nutrient gains or of the other
 

benefits in yield provided by the incorporation of G. sepium as
 

a shade tree and as a living support.
 

THEOBROMA CACAO- FOREST TREE 	SYSTEMS
 

Cacao has been underplanted in other productive tree crops in
 

several parts of the world. For example, the introduction of
 

Pheobroma cacao under a rubber plantation maintained at a den

100 trees ha
- 1 has proved to be successful in Matale
sity of 

Province in Sri Lanka (Tran van Nao, see FAO Travel Report, 

June 1979) . In Mayumbe (Congo Brazzaville) T. cacao has been 
but lessplanted in association with limba (Terminalia superba), 1


70 to 80 ha


successfully. The limba is planted at a density 
of 

spaced at 12 x 11 m, with cacao at 400 plants ha
-1 , that is 

spaced at 5 x 5 m. Limba was planted in 1955 and five years 
Nao, see FAO Missionlater the cacao was underplanted (Tran van 


Report, May 1980).
 

Research and development problems 

In Mayumbe the limba wood production is satisfactory at the
 
3
 

density given above. The mean annual increment is about 6 m
 

, but cacao production is far from satisfactory. There
ha-lyr-1 

is a need to know why. From the climatic point of view the situ

ation appears to be similar in both locations and the upper 

canopy does not appear very differoi-t, but the benefits from the 

systems are not of the same magrnitside. This illustrates the 

extreme care that has to be taken tO examine the detailed sys

tems characteristics when attempting to extrapolate, either from
 

3ne kind of site to another, or when the species mixtures are
 

similar but different.
 

A CASE OF MULTIPURPOSE FORESTRY
 

In northwest Peru an afforestation scheme has been developed on
 



AGROFORESTRY RESEARCH PROBLEMS 	 75
 

sand dunes of semidesert conditions (see Tran van Nao, FAO
 
Travel Report, April 1979). It covers about 1000 hectares using
 
the following tree species: Prosopis chilensis, Prosopis limen
sis, Prosopis juliflora. The techniques used have been: direct
 
seeding (five seeds in a hole) followed by irrigation, a spacing
 
of 10 x 10 m, irrigation by gravity through secondary and ter
tiary canals and then by small rigs using six days of irrigation
 
followed by six days without, and so on until the end of the
 
first year. Along the rigs beans are planted for food.
 

The scheme has been successful so far and the project is
 
becoming a showpiece of environmental conservation. Trees bear
 
pods after only 11 years and production is estimated to be 8 t
 

1 ha-1 
of fruits ha-lyr-1. At a price of 5000 soles t- income from
 
-1
pods is expected to be some 40,000 soles ha-lyr (US$200 ha-1 ).
 

Table 2 gives a projected production plan.
 

Toble 2. 	Production plan for afforestation project in
 
northwest Peru.
 

Year 	 Products
 

I to 4 Beans
 

4 to 30 Pods of algaroba (Prosopis spp.) for animal feed,
 
food, molasses and honey.
 

4 to 30 Introduction of sheep for grazing (especially for
 
making use of the dry leaf litter).
 

4 Bird hunting to be allowed.
 

30 Felling and regeneration (fuelwood production and
 
some timber).
 

Successful reafforestation of che area is creating resources
 
for a balanced output of food, feed and animal husbandry which
 
wele not there before: [jds are being converted into focd to
 
provide a protein rich f1cur for humans, but mainly for feed for
 
cattle and pig raising It will also be possible to raise sheep
 
on a small scale to make use of the dry leaf litter; beekeeping
 
will not only provide another source ot income (honey, wax), but
 
will also enhance the pollination process and should signifi
cantly increase pod production from the trees; manure from the
 
animals is becoming available to fertilize arable plots; and a
 
small amount of fuelwood is at present obtained from pruningE
 
which, although only a minor output now, will be available ir
 
much greater quantities later.
 

Research and development problems
 

ro fully attain the project's objectives thore is a need to
 
investigate some problems. For example, Prosopi' spp. are out
breeding and germlasm is highly heterozy'gous. All such pro
jects need, thercfore, is to search and test for high yielding,
 
adapted provenances. Then again, the feed profile using only
 
Prosopis spp. will need to be supplemented at times of the year
 
when algaroba pods are not available and other fodder or forage
 
species can supplement this. This might be done by introducing
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other species of trees and/or qrasses, or both. For beekeepers
 
other tree species are needed so as to sustain a honey flow over
 
a greater part of the year. Furthermore, as the whole ecosystem
 
improves it is likely that species of perennial fruit trees cn
 

be introduced, and the conditions under which this can be done
 

economically need to be investigated.
 

SPICES - MEDICINAL PLANTS - TUBERS UNDER FOREST COVER 

Finally, an agroforestry practice widely adopted in several
 
regions of the world is the cultivation of spices and/or medizi

nal plants under forest trees, either in plantation or in natu
ral forest. Many examples of this are to be found in Southeas:
 
Asia where, for instance, cardamom (Elettaria cardamomum), and
 

turmeric (Curcwm longa), as well as a variety of other medici
nal plants are cultivated under forest cover (for example, see
 
?urseglove, 1968; Nair, 1980). In India, Indonesia and Sri Lanka
 

turmeric (Seth, pers. comm.) is grown under the shade of mango
 

trees, or under forest trees in plantations. Yield may average
 
1 to 1.5 t ha-1 in well-drained, rich soils. Ginger (Zingiber
 
)fficinalc) as well as cardamom are also often grown under shade.
 

At the Research Experiment Station of Cau Hai, North Viet 
Nam, under a two-storey canopy of Manglieta glauca, managed for 
pulpwood on a ten-year rotation, a Dioscorea species is an im
portant component. In addition, Canna edulis can be planted. 
Recently a medicinal plant (Morinda officinalis) has been intro
iuced (Tran van Nao, FAO Travel Report, December 1979).
 

Reoearch ,and development problems 

Unfortunately, detailed accounts of what have often been con
3idered merely as 'minor outputs' are rare. Our information
 
,ibout the species concerned, and their management, is fragmen

;ary and data often only anecdotal in those cases where they
 
have been reported in the literature. Yet it is known that these
 
plants can bring useful additional income to farmers. There is
 

certainly a need to know more about the species concerned and
 
FAO is addressing this problem. This has to be followed by in
vestigations to show how best to optimize planting arrangements
 
and management in order to satisfy particular requirements for
 

Dutputs and sustainibility in the systems in which these species
 
:an play an important part.
 

CONCLUSIONS
 

The examples of agroforestry given above are cnly a selection.
 

Hopefully, they serve to show that, throughout the world, there
 
are many types of landuse systems working in a pragmatic way
 
which merit further study in situ. Such a.. approach has an ad

vantage compared with the establishment of field experiments Dn
 
igroforestry because these will take a number of years before
 

results can be analyzed and conclusions formulated. Moreover,
 
establishtng field experiments throughout the world, under vary
ing ecological conditions, iA a costly undertaking requiring
 

large inputs in manpower and important investments.
 

A start in collecting inform3tion on existing systeme will
 
certainly be a fruitful way to provide a cost-effective impetus
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to agroforestry development in general.
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DISCUSSION
 

JACKSON - The emphasis on studying existing agroforestry prac

tices is certainly valid. There will be a need to initiate new
 

research programmes, however. Starting a research programme now
 

will bring results in five to ten years, after which useful
 

information will continue to become available.
 

LEYTON - A good start for research might be to seek out some
 

existing agroforestry experiments.
 

OLDEMAN - There are also many abandoned projects which could
 

provide relevant subjects for study in the light of new develop

ments.
 

CETAHUN - Experiments with Sesbania grandifiora have been carried
 

out, also, at IITA. It was considered more suitable than leu

caena for wet sites but, at IITA, it is subject to severe insect
 

attack and the likelihood of nematode damage. What is the reason
 

for this? Is it poor genetic material? Are these problems known
 

in Southeast Asia?
 

TRAN VAN NAO - Southeast Asia it grows very well. There are
 

no problems. Per.,.. the site in Nigeria is not wet enough?
 

GETAHUN - It is not that the site is too dry, but every November
 

it gets severely damaged by grasshoppers.
 

TRAN VAN NAO - It grows very well from the humid part of India
 

all the way to Indonesia. There is no report of disease or in

sect problems.
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ABSTRACT. The perennial plantation crops of the tropics
 
occupy about 8 per cent of thL total arable area 
in devel
oping countries and are very important, both economically
 
and socially. Research has helped to increase substantially
 
the yields of many in the recent past. Modern plantations
 
maintain their traditional monocultural production strat
egy but smallholder farmers tend to adopt less well
 
studied integrated and intensive land use practices, often
 
combining perennial cash crops with the production of food
 
crops and livestock in what are, essentially, subsistence
 
production units. Some of these systems are noted.
 

The coconut palm is one of the most widely grown tree
 
crops in the tropics with a total area of over 6 million
 
hectares, mostly as smallholdings in densely populated
 
areas. The growth habit of the palm is remarkably suited
 
both to small-scale production and to combination with
 
other crops. The age and stand density of the palms is an
 
important factor in determining the type and form of crop
 
association. Integrated mixed farming in smallholdings,
 
and grazing of cattle under extensive stands of palms,
 
are also common. Where the intercrop and the coconut crop
 
are properly manured and well managed, a substantial num
ber of additional crops can be produced without impairing
 
long-term productivity. Commensal interactions in some
 
such plant associations have been noted. Such intensified
 
systems are well suited to smallholder situations.
 

The examples given of intensive coconut based systems
 
are relevant to other smallholder plantation crops using
 
some form of plant association or mixed farming technique
 
that will result in higher income and land equivalent
 
ratios per farm. As with the development of the coconut
 
systems, their development will need to be supported by
 
adequate research efforts.
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TROPICAL PLANTATION CROPS
 

General considerations
 

These crops, which include oil palm, rubber, coconut, cacao,
 

coffee, tea, cashew, and others, are usually cultivated inten

sively, with a high input of labour, and often on large holdings
 

on a monoculture basis. Their economic produce, harvested regu

larly, forms after processing high value commodities in inter

national trade. According to the United Nations Food and Agri

culture Organization (Food and Agriculture Organization, 1978)
 

permanent crops occupy over 8 per cept of the total arable area
 

in the developing countries. Most of such permanent crops belong
 

to the category of tropical plantation crops; pineapple, sisal
 

and sugar cane are of relatively shorter du-ation and can best
 

be referred to as perennial field crops. They are not considered
 

here (see Table 1). The high export value of tropical plantation
 

crops, and the high input of manual labour required, make Them
 

very important, both economically and socially, in the major
 

producing countries or regions.
 

7b I I. Production statistics of major plantation crops. 

Total TotalTotalTotalMajor producing 
Crop area production countries/regions 

('000 ha) ('000 tonnes) 

Coconut 6865 	 ,1765 copra Philippines, Indonesia,
 

3321 oil India, Sri Lanka
 

Oil palm 2519* 3751 palm oil 	 Malaysia, Nigeria,
 
Indonesia, Ivory Coast
 

Rubber 6732 3613 dry Malaysia and other
 
rubber Asian countries
 

Brazil, Colombia,
 
beans Ethiopia, East Africa
 

Coffee 9085 	 4340 green 


Tea 1567 	 1758 made tea India, China, Sri Lanka
 

1408 dried Ghana, Brazil, Nigeria
 
beans
 

Cacao 4684 


Cashew 1740** 540.4 nuts 	 Mozambique, Tanzania,
 
India
 

Source: 1977 FAO Production Yearbook No.31.
 
* From Hartley (1977) 

** From Ohler (1979) 

Commercial yields of some of these crops have increased 

considerably whereas, for others, it has been remarkably stag

nant. A notable example of the former group is rubber, a 

recently domesticated plant, the average yield of which has 

increased over 17-fold in a century. In the latter group are 

crops like the coconut palm, cultivated since very early times, 

the economic value of its many products well known to man, and 

yet its average yield has remained low for a long time. This 

contrasting situation can be related to the research effort that 
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has gone into the development of these crops. Thus, crops like
 

rubber, coffee, cacao and, to some extent, oil palm, have
 
received considerable research attention, and the commercial
 

yields of some of them have increased substantially, compared
 

with crops like coconut and cashew.
 
Research efforts with tropical plantation crops have been,
 

essentially, commodity oriented. The production strategy with
 

respect to land use patterns has not changed, so that modern
 

plantations maintain their traditional characteristics: mono

cultural production of an export crop, extensive and, in some
 

cases, undurutilization of land, and a high manual labour input.
 
As indicated by Johnson (1980), the plantations, as they typi

cally have been functioning, have seldom been concerned with
 

annual crops except in the case of intercropping during the
 

early stages of plantation establishment; nor with livestock
 

raising, except to supply the needs of the plantation itself.
 

With the realization of the importance and necessity for inten

sification of land use in the context of increasing population,
 

planners and policy makers have turned towards proposals to 

integrate plantation crops, annual crops, livestock raising and
 

forestry. Suh integration is far more feasible in the case of 

those plantation crops, such as coconut, which have received
 

relatively little research attention and are predominantly for
 

smallholders. 

Modern comercial plantations of crops like rubber, coffee and
 

oil palm represent a well-managed, profitable, and environmen

tally stable land use activity in the tropics. The scope for
 

integrativ, practices involving plant associations is limited, 

except. perhaps during the early phases of plantation establish

ment, becaus( tihe commercial production of these crops has been 

developed with th,, single commodity objective to such an extent 

that multi-use resource development in such large-scale planta

tions is not found to be attractive. And such diversified pro

duction strategies impede modernization of the traditional plan

tation management technologies. Thus, it seems that there is no 

rationale for diversified production from such plantation areas; 

nor has the technology for such possibilities been adequately 

developed t:o make such alternatives economically more remunera

tive than at present. 
On the other hand, the situation is quite different under 

the smallholder farming conditions, where the two major produc

tion funct .Lns: land and capital, art! 1imiting, and the farmer's 

objective i!; niot. to maximize the production of a single commod

ity. In maniy such cases, especially in the densily populated 

areas, fa rme; u1;ually integrate crops and animal production 

with the pe rennia crops,, primarily to meet their food require

nients. It is f0r these populous smallholder crop areas that 

pe r(nnil (2r(,p plant is!ociat.ions and integrated land use prac

tices are becoming iricrt-ea;iingly important 

yetems perennial 

are pract ised in different. parts of the tropics have been 
The vatr iuo- typ(e ; of- cropping sys with crops that 
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described by Ruthenberg (1980). Some of the most prominent among
 
these that are practised by the smallholder farmers are the
 
following.
 

" 	Cacao and food crops in Ghana, Nigeria and Trinidad.
 

Cacao in Latin America is mainly a forest crop, maintained
 
under shade trees, with no fertilizers or pesticides. On the
 

other hand, most of the cacao in West Africa is produced in
 

smallholdings, mostly in association with a specific crop
 

such as maize, cassava, banana, cucumbers, and sweet potato,
 

especially in the first three to four years after planting
 

cacao. Such plantations are established usually in areas
 

close to the roads and the size of the plantations varies
 

widely between families.
 

" 	 Integrated farming systems (food crops and p,)ultry) in rubber 

smallholdings in Malaysia, Thailand, Nigeria, India and Sri 

Lanka. 

Plots of rubber of less than I0" hectares are considered 

smallholdings in Malaysia, although the average size of such 

smallholdings is 1 to 3 ha. These smallholdings usually have 

a different appearance than. the neat rows and weed free 

stands of commercial rubber estates. In the smallholdings 

rubber is;planted mixed with fruit trees, pepper, coconuts,
 

and arable crops such as soya bean, maize, banana, and 

groundnut. Poultry raising in rubber stands is also a common 

and remunerative practice in Malaysia (P.D. Abraham, pers. 

col. ). 

" 	 Coffee smaliholders in East Africa, Colombia, Ivory Coast and 

Madagascar. 

The banana coffee smallholdings of Bukoba District, Tan

zania; the coffee and maize holdings at Jimma in the Ethio

pian highlands; the coffee and plantain systems in the steep

ly !,loping land of Colombia; and the integrated land use of 

smallholder coffee with dairy milk production in Kenya, are 

some of the notable examples of this production system. 

" 	Intercropping and cattle raising with coconuts in India,
 

Philippines, Sri Lanka and the Pacific Islands. 

Commercial production of coconuts is mnostiy in numerous 

smallholdings in the Philippines, India, Sri Lanka, and 

Malaysia. A large numb)er of annual and perennial crops can be 

seen interpianted with coconuts in these smallholdings. 

Grazing under coconuts is also extensively practised in Sri 

Lanka and the Pacific I!l ands. 

* 	 Cashew holdings in India, laInzania, and Mozambique. 

Cashew is considered to be a crop )f the wastelands, where 

only very few other species survive well. Moreover, cashew 

adapted to a wide range of ecological conditions; most of the 

cashew trees hav not been systematically planted, so that 

trees appear scattered in the farm holdings in a wide lange 

of si tuat ions. A!; a consequence, smal lholding cashew stands 

are often grown intermixed with other cultivated ipecies. 

Grazing under cashew is; also very common as, for example, on 

the East African coast. 

There are some characteristics, both socio-economic and 
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biological, that are common to all such systems, more particu

larly their subsistence nature. In such sma-Lholdings the
 

resources available to the operator, including capital, severely
 

limit opportunities for improvement, farm size is often small,
 

and family labou: is usually underutilized on a year-round basis
 

bul inadequate during periods of pa: requiremerts. Smallholder
 

land use systems using plantation crop species are characterized
 

by the availability of low cost labour with, usually, a higher
 

employment: turnover - more working day- per worker, a- well as 

more hours per working day - as compared to arable cropping. 

Modern production technologies that are well adapted to the 

commercial plantation are of little value to -uch small farms, 

mainly because lack of resources on the part of the farmer does 

not allow him to adopt them. 
Such perennial crops do, however, enccurage the farmer to
 

take un a more settled forn, of liv'] ihoad, with greater motiva
tion nfor investment in permanent improvements su.h as houses, 
irrigation systems, and so on. Perennial crops ace often consid

ered a basis for a family's wealth and secvr4ty. The relative 

constancy of yield and aseasonality of production of some of
 

the perennial crops, for example coconut and rubber, have made 

them a reasonable insurance against the risk of total crop fail

ure that is so com.on for rainfed, seasonal crops in the tropics. 

Crop s/stems consisting of peren i-al plant associations 

offer improved :hances fDr consorving the soil and soil fertil

ity through the presence of a permanent plant cover and the 

addition of litter to the soil, andi they lend themselves, in 

som cases, to reduced tillage operations. 

Disincentives can be the relatively long time-lag between 

planting and profitable production, the fact that land is com

mitted ta a crop for several y.ars, or even decades, th" high 

initial investment in capital and laboor costs, the processing 

requirements of scne crops, ann the special management skills 

and different kinds of work that are usually needed. 

SMALLHOLDER SYSTEMS WITH COCONUT - SOME NO'i'B: E EXAMPLES OF 

INTEGRATED LAND USE 

Coconut is one of the most widely grown tree crops in the trop

ics. It is found mostly on i-lands, peninsula. and along coasts,
 

covering an 4 rea of over 6 million hectarcs. More than 90 per 

cent of the crop is in Asia and Oceania, the major producing 

co'antries being the Philippines, Indonesia, India, Sri Lanka, 

Malaysia and the Pacific islands. Although the coconut is !Dme

times thought to bc a large-scale plantation crop, most of the 

world's production of coconuts is from numerous smallholdings 

(Table 2). 

The na.",2o 1: ',, -zft,,ni c and usc with aoo71oz ., 

Intensification and a greater integration of land use systems 

are a logical development in smallholder areas where coconuts 

are grown because of the demographic and socio-economic charac

terist.;cs of o;uch areas and the growth habit of the coconut palm 

which lends itself to such use. The transmi.ssion of light to the 

lower profiles in palm stands of varying aje groups, and the
 

general pattern of coverage of the ground by a coconut canopy,
 



Tabie 2. Estimated total and smallholder areas of coconut and the common land use systems involving coconut.
 
(Adapted from Child, 1974 and Plucknett, 1979.)
 

Total * Smallholder area 
 Size of the 
Country/region coconut (% of smallholdings Common land use systems in coconut 

areaarea total area)ars areas
 
('000 ha) (ha)
 

Philippines 2100 90 0.1 - 20 Intercropping with food and cash crops;
 
cattle grazing.
 

Indonesia 1800 >90 not specified Intercropping with food crops;
 
cattle grazing.
 

India 1100 >90 <2 Intercropping with food and cash crops.
 

Sri Lanka 445 75 <8 Intercropping; cattle grazing.
 

Papua New Guinea 250 33 not specified Intercropping; cattle grazing.
 

Malaysia 246 87 <40 Intercropping with perennial cash crops
 
and food crops.
 

Oceania 297 not available not specified Intercropping; cattle grazing.
 

Africa 208 not available not specified Intercropping; cattle grazing.
 

Central and S. America 108 not available not specified Intercropping with other species.
 

West Indies 79 not available not rpecified Intercropping with food crops.
 

• Reliable statistics on coconut areas are difficult to obtain because the palms are widely spread all over the
 
area and plant associations of varying intensities are common.
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Fig. 1. Ground coverage by coconut palms of different age
 
groups planted at 7.5 x 7.5 m (from Nelliat (et al., 1974).
 
-- Apparent coverage of the ground. ---- Light trans

mission through the canopy.
 

are shown in Figure 1. Except during the period from about the
 
eighth to the twenty-fifth year of the palm's growth, there is
 

sufficient light reaching the understorey to permit the growth
 
of other compatible species. The rooting pattern of the palm is
 
also such (Fig. 2) that most of the roots are found near the
 
bole (Kushwah ct al., 1973), and the overlapping of root systems
 
of the palm and the intrrcrop species can be minimal. These
 
situations have een examined in detail by Nair (1979) who
 
suggested a plant association pattern for coconuts of different
 
age groups (Fig. 3).
 

distance (m) from base

2 10 1 0 12 

s i 'surface --_ 

0.5

1.0-,
 

1.5 depth (m)
 

Fig. 2. Schematic presentation of the rooting pattern of an
 
adult coconut palm. (Nair, 1979, from Kushwah et al., 1973.)
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B
 

Fig. 3. Schematic presentation of the growth phases of coco
nut palm indicating possibilities for crop combinations.
 
A. Early phase, up to about 8 years: canopy develops gradu
ally; much scope for intercropping.
 
B. Middle phase, about 8-25 years: greater ground coverage
 
by canopy; little scope for intercropping.
 
C. Later phase, after about 25 years: increased scope for
 
intercropping; a multistoreyed combination of coconut, cacao,
 
and black pepper is depicted. (Nair, 1979.)
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Common intensive land use systems with coconuts
 

Just as there is no uniformity in palm spacing, planting pattern
 

or palm age in most of the smallholder coconut areas, so there
 

is no regularity or systematic pattern for intercropping. In
 

many cases a number of crops are grown together on the same
 

piece of land in complex systems. In India the term intercrop

ping is used for the practice of growing annuals or other short

duration crops under perennial species, whereas growing other
 

perennials in the interspaces of perennials is called mixed
 

cropping. Multistoreyed cropping is a term used to refer to
 

multiple species crop combinations involving both annuals and
 

perennials (Nair, 1977), and mixed farming refers to combined
 

crop and livestock production.
 

Crop combinations. Because of the diverse conditions under
 

which coconuts are grown, they can be seen interplanted with a
 

large number of other economic species; the species diversity
 

being more in less intensively managed holdings. In well-main

tained holdings farmers exercise some care in the selection of
 

the other species grown among coconuts but, invariably, food
 

crops that give a reasonable yield under partial shade are a
 

natural choice. For example, various tuber crops such as cassava,
 

sweet potato and different species of yams, as well as several
 

kinds of vegetables. There are also other annuals such as ginger
 

and turmeric, biennials like the banana and pineapple, and an
 

array of perennials such as cacao, clove and cinnamon that grow
 

well with coconuts. Where the population of palms per unit area
 

is less, and other conditions are favourable, crops which
 

require abundant sunlight such as cereals and grain legumes, are
 

also grown profitably among coconuts.
 

A list of crops commonly grown with coconut on small farms
 

across the world is given in Table 3. It can be seen that the
 

intercrops range from staple food crops to cash and export
 

crops. The choice of the intercrops and their cropping pattern
 

depend on a number of factors such as demand or market fur the
 

product, climatic and soil factors, age and management level of
 

the palms, growth habits of the intercrop, and so on. The plant

ing schedule for a number of intercrops for the high rainfall
 

areas on the west coast of India is shown in Figure 4. In Sri
 

Lanka, Santhirasegaram (1967) has divided the coconut lands into
 

three rainfall zones, based on their suitability for intercrop

ping, and has suggested lifferent cropping patterns for the 'wet',
 

'intermediate', and 'dr ' zones. However, since coconuts do not
 

grow well in areas with less than about 1000 mm of appropriately
 

distributed rain, the areas that he classified as 'dry' are not
 

truely arid or semiarid according to the general meaning of
 

these terms.
 
Numerous reports are available on the yitld performance of
 

various coconut intercrops under different conditions. As ex

pected, there is a considerable amount of variation. As an
 

example, yields of some intercrops grown under coconut in the
 

Philippines, presumably under low management levels (Table 4),
 

are much lower than the research station yields obtained in
 

India (Table 5), where both the coconuts and the intercrops were
 

separately fertilized and managed well. However, in general, the
 

yield of a species grown as an intercrop will be less than the
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Table 3. Crops commonly grown with coconut (excluding cover crops and fodder species).
 
(Adapted with modifications from Plucknett, 1979.)
 

Crop 	 Scientific name Country Important references
 

1. CEREALS
 
Rice Or.zcz t7ita India CPCRI, 1976; Child, 1974
 
Finger millet (and 7', oorQaoa India C
 
other millets) Sri Lanka Child, 1974; Albuquerque, 1964
 
Maize zca ?a'i Philippines Celino, 1963
 

2. PULSES 
Green gram (mung bean) Vigra radla a 
Black gram (Urd) Vi*a a -' IoI Albuquerque, 1964; 
Pigeon pea r.IiNair,
1979
 
Cow pea V;g?.a . - Zta Sri Lankz Child, 1974
 
Soya bean G7?C!'?!0 Philippines PHILCOA, 1974 
Groundnut Araw; i" ;"pogaca Z 

3. ROOT CROPS
 

Cassava Na:i''ot c'u-ienta ( India Nair, 1979
 
Sri Lanka Child, 1974
 
Philippines Celino, 1963
 

Sweet potato Iromcoa Datatas
 
Yams Dciocorea spp.I India Nair, 1979
 
Elephant foot yam Amorp; oplha~is campanuiatus
 
Taro, cocoyam Colocasia spp.
 

Zanthosoma 	 Philippines Gomez, 1974
 
Fiji Hampton, 1972
 



Table Z continued 

4. SPICES AND CONDIMENTS 
Ginger Zingiber "cf...Z. 
Turmeric
Minor spices 

Curcua zonga
e.g. Cranrm t-: India 

Nair, 1979 
Balasundaram and Aiyadurai, 1963 

Tr-aOn Z!7a #'oc,:'-crac:m Menon and Pandalai, 1958 
Cinnamon Cia':aozm C2im, 
Chillies Capsicum aLzc:7-4U Sri Lanka Child, 1974 
Clove Tanzania (Zanziba--) 

Seychielles 1974 0 
Black pepper Pp India 0 

Philippines 

5. FRUITS Cl) 

Pineappl-
Mango 

Ananas comosus 
Mara-afea inca 

India 
Sri LankaPhilippines Nair, 1979Celino, 1963 

BananaMalaysia 
Papaya
Breadfruit 

Carica paaya
Artocarpus alilis 

M 
Pacific islands 

Child,
i 
Gomez, 

1 
1974 

Caribbean O 

6. TREE CROPS c 
Arecanut Arcca catechu India Menon and Pandalai, 1956 cn 

Cacao cacao Inaia, Malaysia) 
Coffee ., canep~zora PhilippinesOceania Child, 1974 

7. OTHER CROPS 
Cotton 
Sesame 

Gossypium spp. 
Sesantm indicum ) 

India, Sri Lanka Albuquerque, 1964; Child, 1974 

Abaca Ausa textil ;is Philippines Seshadri and Sayeed, 1953 
Sugar cane Saccharum officinarum) 

%D 
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yield of the same species in pure stands when other conditions
 
are similar. A detailed discussion on these aspects is given by
 
Nair (1979).
 

rainfall (mm) rainfall 

9 0 0  r iny days 30 n u b r o 

600 -20 rainy 

300- 1300 days 

O-J0
 

a pineapple, banana 

j g~ge/staggered[ 

ginger, turrneric hanaggtied 

I, 1 1 I I - aggered& 

/ cassava var. H.165 /_var.M. /l harvesting 

/ yams (wioscoraaspp)i, taro 77 
/ elephant foot yam 

1$' -I-I 
J FM 1 A M 1 J J A1 S 01 N D JF 'M 

Fig. 4. Schedule of some intercrops with coconuts and the
 
average rainfall pattern at Kasaragod on the west coast of
 
India (Nair, 1979). (a) Irrigation to standing crop.
 
(b) Sweet potato, upland rice.
 

Table 4. Yield of annual field crops under coconuts,
 

Philippines (Paner, 1975).
 

Yield under coconut
 

Crop Yield Percentage yield
 
compared to
 

-
(t ha 1 ) crop grown in open
 

Maize 1.17 37
 
Soya bean (Giycine max) 0.41 34
 
Black gram (Vigna mungo) 0.58 85
 
Peanut (Arachi;s hypogaea) 0.93 45
 
Sunflower (Helianthu. annuuas) 0.63 95 
Jute (Corchorue spp.) 0.52 29 
Kenaf (Hibincus spp.) 1.47 30 
Ramie (BochmarEza n!iea) 0.16 135 
Taro (Colocasia ecu tcnta) 5.48 367 
Cassava (Manihot e-sculZnta) 0.98 I' 
Arrowroot (Maranta arundinacea) 0.98 14 
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Table 5. Cultivation details and yield of some intercrops 
under coconuts in India. (N4air, 1979; Nelliat and Bhat, 

1979.)
 

Per hectare of coconut area
 

Net area Fertilizers 
Intercrop of for intercrop Yield 

intercrop N P205 K20 

(%) (kg) (t)* 

Cassava 75 75 75 75 14.82
 
Manihzot esculenta 

Elephant foot yam 70 75 75 75 13.46
 
Amo 'phophalius campanulatus
 

Sweet potato 70 52 35 52 8.38
 
Ipomoca batatas 

Greater yam 70 75 75 75 13.61
 
Dio.ccoroa alata 

Lesser yam 70 75 75 75 9.26
 
taDioccopea l'nc'lcf 

Chinese potato 70 80 60 80 7.32
 
Colju, parvifoloiut, 

Ginger 70 80 60 80 8.61
 
Zing ibur of'io inale 

Turmeric 70 80 60 80 10.94
 
(;rCurur l oWlJ(' 

• All yields are 60 to 75 per cent of the open area yield of
 

the same species.
 

Integrated rd.xord farming in orrlllholding,. In addition to 
intercropping systems there are also examples of integrated.
 
labour intensive systems of livestock production with cocon-.s
 
in smallholdings. Experiments with these have been in progress
 
at the Central Plantation Crops Research Institute (CPCRI),
 
Kasaragod, India, since the early 1970s. The basic unit consists
 
of a farmer with a holding of one hectare, or perhaps more, of
 

coconut land who maintains a few milk animals. The interspaces
 
between coconuts are planted with fodder grasses and legumes
 
which are manured with the cow dung and the barn wastes. A gas
 
plant working with the cow dung will meet part of the farmer's
 

domestic energy requirements. One or two rows of food crops such
 
as cassava, banana, yams, or other suitable species grown around
 

the periphery of the plot provide subsidiary food for the farmer
 
and planting and harvesting is staqgered through the year.
 
Trials at the CPCRI have shown that the net annual income to the
 
farmer from mixed farming in a one-hectare plot would be 50 per
 

cent more than that of the sole crop stand of coconut (CPCRI,
 
1979; Nair, 1979). Guatemala grass (Tripsacoum laxum), hybrid 
Napiei grass (Pennisctum purpurcwn) and Guinea grass (Panicum 
n*aximum) yielded 50 to 60 t ha -' of green fodder annually, 
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whereas the fodder legumes stylo (Stylosanthes guianensis) and
 

cowpea (Vigna unguiculata) yielded 30 t ha-1 . Pt a daily feeding
 

rate of 30 to 35 kg green fodder in a 3:1 proportion of grasses
 

and legumes per animal, the fodder requirement of four milk cows
 

could be met from one hectare of coconut land.
 

Grazing under, coconut,
 

Grazing of cattle on the pastures grown under coconuts is
 

another major land use activity in coconut areas in many parts
 

of the tropics (see Table 2). Cattle raising in most such areas
 

involves grazing on pastures composed of natural species but, in
 
some, growing of special fodder plants is also practised. In the
 
natural stands, the most important plants for grazing, as would
 

be expected, are grasses and legumes, although many types of 
plants that can be grazed and provide some feed for livestock 
can be seen growing. A list of the common species occurring in 
natural pastures in coconut areas-is given in Table 6. Some of 
the species which are considered 'weeds' in coconut gardens are 
also grazed. Moreover, cover crops such as kudzu (Pu 'ai;.a 
pha o'o centro ((c'nt,ro.,;rz, Tnh.aur) and calopo (CulopocoicaI), 
go; tun rmcwoda) can also be' found in natural pastures. 

The carrying capacity of unimproved natural pastures varies
 

widely because it depends upon a number of factors such as the
 

type of plants, climatic condition, age and stand density of the
 

palms, degree of weediness, and so on. Plucknett (1979) has sur

veyed the available literature on the subject and, in most cases 

the carrying capacity on natural pastures varied from I to 2 

hectares per head of cattle. This form of aattle raising on 

natural pastures under coconut is ani extensive land use system 

with little management input. Usually many grasses, broadleaved 

plants and shrubs grow as weeds in these natural pastures 

reducing the quality and production of forage. 

On the other hand, improved pasture species ard good pas

ture management. techniques are common in several coconut growing 

areas, especially in the Pacific islands. The species that are 

commonly used are also listed in Table 6. Management practices
 

include different stocking rates, grazing with various classes 

or types of animals, seasonal grazing, use of different grazing 

systems, use of fertilizers, selection of the proper pasture
 

species or mixtures, weed control, fencing, and so on. The man

agement system will vary greatly depending upon climatic factors
 

(particularly rainfall), soil type and the farmer's skill. The 

effect of grazing and improved pasture management techniques on 

coconut yields has also been studied i,. detail, particularly at 

the Coconut Research Station in Sri Lanka. The results have 

indicated that, as with the case of intercropping, the pasture 

will not have depressive effects on the yield of palms if ferti

lizers are applied to both (Santhirasegaram, 1967, 1975; Santhi

rasegaram , at . , 1969). 

10; 1(1(Pat~vs(~rnn';;zs ~I '"t ofl Inn! arc ?.;J;. ( 

Perhaps the most important incentive for adopting intensive land 

use systems with coconuts are the immediate economic benefits 

which accrue. Some data on the labour requirement, costs of cul.

tivation, net economic returns, income equivalent ratios, and so
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Table 6. 	Common pasture and forage species occurring under
 

coconuts. 
(Adapted from Plucknett, 1979.)
 

Comments on
 

Common name Scientific name occurrence and use
 

NATURAL PASTURE GRASSES
 
Carpet grass Axonopus compressue Pacific islands, 

Jamaica 

Sour paspalum Papalwn conjugatum High rainfall areas 
in the Pacific 
islands 

Pacific islandsBermuda grass Cynodon d(icty ion 

Buffalo grass St.cnotaphrwu New Hebrides 

8Coonda tiWn 
Wide adaptability
Panicum maximumGuinea grass 


LEGUMES
 
Widely distributed
Sensitive plant Mimoa'a pudicci 

i7m Malaysia, Indonesia,Desmodium Dacmod zom trifo 
Western Samoa 

South Pacific
Hetero Da:"modium 
hctccophy 	L uzm 

Centro Ccnt,'o,:ma ib xocnc Mostly as a cover 

c rop 

Alyce clover A Z.3/J iWla'/ial Li Sri Lanka 

IMPROVED PASTURE GRASSES
 

Palisade grass h?'ach-laria bri:vantha Wide adaptability 

Signal grass 

Cori grass 

. 
?. 

ic,?umbcn,, 
miI "iformi . 

Koronivia grass . mid"icoa 
Para grass 

Congo grass 

Alabhang 
Rhodes grass 

'. (,a 

. ; n : i o 

Z)icanthiim a'(tatw4n 
gip L ayulna 

East Africa, India 

Pangola grass 

Batiki blue grass 

Di; Lt.,zi( 

hchac-', 
dY!WflbCniO 
aciictatimn Fiji 

Molasses grass MAlis;."minut if ora 

Guinea grass 

Scrobic 

1a1(-l Czaniama.itinel 
laa '; cor:onii Mostly as fodder 

Napier grass Pc';n i::cf.r; purporcum Fodder species 

LEGUMES
 
Wetter subtropics
Green leaf Pi.Mrm&(iium iltol'tWn 

de smod ium 

Kaimi clover LLfnmodium canw Pacific islands 

hict East IndiesPerennial soya Gzi?]in'? 

bean (syn. C. Javan[ca) 

Leucaena Jfow!afpla CIWociphab Wide adaptability 
(except acid soils)(Ipil-ipi]) 

for fodder
 

Siratro lacpt ZI ieI 
at oppu'w 

Stylo (Brazilian QJt.lo:.';cantho? a Adaptable to 

,14 ian . it infertile soils;lucerne) 
also used as fodder
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Cost of cultivation
coconut 2.63 

alone i Gross value of produce 

coconut 2.15
 

cassava
 

coconut + 2.18 

elephant yamr 

2.22
coconut 
set potato
 

coconut 2.27 
greater yam 

coconut + 1.81
 

coconut 3.00
 
alone
 

coconut + 3.14
 

pineapple
 

coconut + 3.01 

cacao
 

coconut + 3
 

3.0black p pper 
cacao + 
pineapple 

4 8 12 16 20 24 
" 3 )' (x10rupees.ha 

Fig. 5. Economic aspects of some crop combinations with
 

coconuts (Nair, 1979). The figures along the bars indicate
 

the gross value of the produce per unit amount of cost of
 

cultivation.
 

http:rupees.ha
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on of several intercropping systems in smallholdings have been
 
A summary
reported by Nair (1979) and Nelliat and Bhat (1979). 


of some data is given in Figure 5.
 

Notwithstanding these economic benefits, the desirability
 

of intercropping from the point of view of long-term produc

tivity has been raised frequently. Published reports and experi

mental evidence indicate that the crux of the problem is the
 

level of management. If both the main crop and the intercrop are
 

adequately manured and managed well, intercropping is not harm

ful to coconut production. This has been shown in several
 

investigations at the Central Plantation Crops Research Insti-

On the other
tute, Kasaragod, India (CPCRI, 1979; Nair, 1979). 


hand, if the additional crop is allowed to be a 'parasite' on
 

the main crop, the yields of both components of the mixture will
 

be adversely affected.
 
A major consideration in the productivity of such plant
 

mixtures is the extent of plant-to-plant interactions. Neigh

bouring plants will often be drawing on the same pool of environ

mental resources at both aerial and root levels (see Connor,
 

p.401). In crop combinations with coconuts lower storey species
 

are likely to be subjected to competition only for aerial growth
 

factors. Fortunately, there are a number of species of economi

cally useful plants, adapted to a range of ecological conditions
 

which can give a reasonable yield under conditions of restricted
 

light, for example Nair (1980), and see Table 3. Below the
 

ground the distribution patterns of the roots of individual spe

cies are very important. The favourable rooting configurations
 

in a nultistoreyed crop combination of coconut and cocoa and
 

pineapple are shown in Figure 6.
 

Irteraction between neighbouring plants need not always be 

competitive. Plants may complement each other in sharing
 

resource pools and thus achieve a more complete utilization of
 

these. They may also affect the ecoclimate in ways which favour 
example of biological complementaassociated species. Such an 


rity has been noticed in a crop combination of coconut and cocoa
 

at CPCRI (Table 7) and could be the outcome of a large number of
 

factors inclcding a modified ecoclimate (Nair and Balakrishnan,
 

the favourable activity of beneficial micro-organisms
1977), 

(Nair and Rao, 1977), and others. The exploitation of beneficial
 

interactions could substantially enhance the productivity of
 

coconuts and other species in a combined system (Figure 7).
 

The intensification of land use in existing coconut areas
 

is not without problems and limitations. Nor is it of universal
 

applicability. The potential is confined to those areas where
 

soil and other physical conditions permit such practices. Envi

resource limitations may impose restrictions on the
ronmental 

crops and cropping patterns; a lack of proper management of the
 

crop combination could also result in undesirable effects; and
 

certain pest problems can be enhanced by growing two or more
 

crops together. As regards the availability of area for inter

cropping, the shade cast by the palms, which depends upon the
 

age of palms and their planting distances, is the most decisive
 

factor.
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Ostonce from the bole m 
02 3 
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coconUt ro0ot C0"CC o4 ft0 

dstance from palm 
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2.
depth 

COCOnUtrot 

F<iq. 6. Schematic presentation of the horizontal (above) and
 
vertical (bolow) distribution of roots of a multistoreyod
 
crop combination of coconut, cacao and pineapple. (Nelliat
 
et cZ.,1974) . 



Table ?. Biological complementarity of crop combinations: yield of coconut in the coconut -4-cacao mixed
 

cropping experiment at CPCRI, India. Cacao was planted in 1970 when coconuts were 20 years old. (Nair,
 

and Varchese, 1979; Nelliat and Bhat, 1979.)
 

-1 Annual yield of coconuts (nuts per palm)
 

No. of lants ha Pre-experimental period Experimental period Increase overO
 

Cropping system Coconut Cacao !972 - 1978 pre-experimental period 0
 
(means for 2 years) (means for 6 years) L
 

54
Coconut alone 175 - 68 122 

Coconut + cacao
 
as single hedge
 
between coconuts 175 350 57 121 64 0
 

0 
Coconut + cacao cz


as double hedge H
 

between coconuts 1:5 600 39 101 62
 

The plots were irrigated in the summer months during the experimental (but not during the pre-experimental)
 
period.
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Minimum yield
 

Due to cultural operations
 

Due to manures & fertilizers U 

Due to irrigation 

Superiority of genotypeof0
 

Agronomic complementarity
 
of crop combination 

0 

< 240

"w 200 
0. 

D 160- 70
 
Z
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440 40 190 

a & 
LU 80 - 25 

25 25 

Z 40 
Z 5 20 20 20 20 
Z 20 20 20 20 20 1 1 

1 2 3 4 5 6 7 

p
Yield per t 0 0 0 

of pam . 

Fig. ;. Yield levels of coconut in India under different 
management conditions.
 
I. Performance of the so-called 'elite6 palms; only a few
 

such palms have been identified so far.
 
2. National average yield.
 
3 ierage no irrigation.
;.rdinary management byc farmer; 

4. Ordinary management with irrigation.
 

5. The common Tall variety under good management.
 
6. High yielding genotypes under good management.
 
7. Good genotypes grown in association with compatible
 

intercrops; the increase in yield over (6) can be con
sidered to be due to the complementary interaction with
 
the associated species.
 

(Adapted from Nair and Varghese, 1979.)
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CONCLUSIONS
 

Research on intensifying land use in coconut areas must be based
 

on sound principles and it is undoubtedly one of the most impor

tant scientific initiatives in the improved management of coco

nut based agro-ecosystems, especially for smallholdings. Fortu

nately, and unlike many other scientific initiatives in the
 
farming sector, the new technology is not confined to research
 

stations alone; farmers are taking the initiative. Intensifica

tion practices are of particular importance in the areas affect

ed by 'root wilt' disease of coconut - a disease syndrome of
 
unknown aetiology that poses a great threat to coconut produc

tion in India. The productivity of such affected lands can be
 

increased by the new technology, apart from the possible amelio

rative effects of crop combinations in reducing the disease
 
intensity.
 

The emphasis in intensification is to increase the produc

tivity of areas that are already planted with coconuts. These
 

areas are 'committed' to the crop, and it is neither desirable
 
nor feasible to convert them to other forms of land use. The
 

activities described conform very well to the concepts and prin

ciples of agroforestry. And like other forms of agroforestry,
 

the history of the practices, in some form or other, is ancient.
 
It is only now, however, that research is being organized to
 
refine arid to improve these intensive systems. In the few in

stances where the new technology has been introduced, a substan

tial number of additional crops have been grown without impair

ing the productivity of the coconut palm, and good use has been
 

made of surplus human labour.
 
These examples of successful coconut based systems can 

serve as a guide to what might be done in some other smallholder 

perennial plantation crop areas. Some intensification of land 

use is a natural. consequence wherever demographic pressures are 

high, but this need not necessarily be in the form of inter
cropping. Intimate crop associations on smallholdings can lead 

to more efficient use of land and other available resources, and 
thus result in bctter land and income equivalent ratios. Espe

cially if managed in such a way that the combined atteit±on 
given to all the species exceeds that usually prescmibed for 

monoculture. Such intensive land use practices need to be sup
ported by adequate research. Without this, attempts at innova

tion and extrapolation could have disastrous consequences; and
 
therein lies the challenge to scientists.
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DISCUSSION
 

COOMBS - The new, high yielding cultivars of coconut are short

statured. Their growth habit and light penetration pattern are
 

system you describe. Are these dwerf
different from that in the 


plants used in new plantings?
 

they have been planted only recently and will
NAIR - Yes, but 


not be a significant part of the total coconut area for at least
 

improve the situation
the next twenty years. We now want to 


where the older, tall cultivars are planted, and these may live
 

for 60 to 100 years.
 

JACKSON - Did you say that light penetration increased as the
 

palms became older just because the canopy moves up?
 

NAIR --The effect is perhaps caused by a change of leaf orienta

tion with age i'.:-c-L'ic light penetration. 

CROZE - Certainly, raising the canopy alone could not have much
 

effect on total light penetration to the ground surface.
 

JACKSON - I agree. Changes in leaf area, leaf size and aspect
 

must also occur?
 

the size of leaves,
NAIR - The number of leaves in the crown, 


and the number of leaflets per leaf, and probably the total leaf
 

similar for adult palms of different age groups.
area, are 


LUNDGREN - In these small plantations does light infiltrate from
 

the edges?
 

'edge effect' has been avoided in these measure-
NAIR - No; the 


ments.
 

rooting patterns?
OLDEMAN - How did you observe the 


was removed from one quarter segment, layer by layer;
NAIR - Soil 

records were made of the
it w~s washed away with water. Visual 


roots seen.
 

LEYTON - Were the coconut and cacao root patterns based on such
 

growing together?
observations when they were 


NAIR - The coconut root system was depicted based on monocul

cacao roots were actually observed as
ture observations, but 


they grew under coconut.
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LEYTON - Would some intermixing of at least the finer roots of
 

the two species be expected?
 

NAIR - The roots of coconut are fairly thick and easily seen.
 

Cacao and coconut roots can be distinguished easily. The root
 

systems were mainly separated.
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ABSTRACT. Trees have many roles to play in tropical land
 

use systems and woody perennial legumes are an extensive 
and important group to consider. Some of the factors to
 

take into account when choosing an appropriate species 
are outl ned. 

Preliminary observations from intercroppina trials at 
IITA and in I,, ,u.,, . zw o,.; usedCIAT which :' [,z was have 
indicated the potential for mixing annual food crops with 
such a woody leguminous species, and have shown some of 
the manaqemont. needs for these systems. Some optional 
cropping schemes with Itucaena are outlined. 

Less famil iar perennial food crops such as breadfruit, 
pejibaye , palm . ,cies (for oil), caryocar, jojoba, cow 
tree, perennial piqeon peas, mesquite, acacias and chest
nuts are noted as havin(i considerable potential for con
tributing to the more usual production from annual staple 
crops. Howeve-r, the need for research to develop the new 
technologies, especially for intercropping situations, is 
essential. This must include plant exploration for eco

nomically useful woody perennial species, their selection 
for complementarity with other crops, genetic improvement
 
and appropriate management techniques. 

INTRODUCTI ON 

The deveiopment of viable technologies for small farmer systems 
in the tropics is a challenge for today's agricultural scien
tists. Alternatives to slash-and-burn practices are needed tc 
improve the productivity of traditional farming systems, and to 
conserve the soil resources of deforested lands. Currently, 
scale-neutral technologies are being tested in order to lower 
input requirements in crop and animal production. This is a step 
in the right direction, but the most important consideration is 
the return on investment. Monoculture systems 6o not meet the 
farm families' needs, nor make optimal use of available land, 
labour and financial resources. Mixed cropping systems supply 
nore of the families' basic requirements and provide insurance
 



104 K.O. RACHIE
 

against unfavourable conditions. Trees are often included in
 

these complex cropping systems but have the potential for an
 

even greater role in improved productivity and conservation of
 

the environment.
 

TREES IN TROPICAL LAND USE SYSTEMS
 

The inclusion of woody plants in tropical land use systems
 

offers many advantages at virtually no expense. The judicious
 

use of leguminous trees can aid in recycling plant nutrients and
 

water from the deeper soil profiles, fix nitrogen from the air,
 

intercept fog drip, reduce soil evaporation, lower soil surface
 

temperatures, provide shade for animals and crops (coffee, tea 

and cacao), contribute animal feeds, supply human food, and 

generally increase off-season production to achieve more effect

ive year-round use of labour (Dougia-, 1972; Kirby, 1976; Mac-

Daniels and LiehermIan , 11979; Vietmeyer, 1979; Myers, 1980; 

National Academy of Sciences, 1980). 

Several factors should be considered in choosing tree species 

and varieties for smallholder cropping systems. However, water 

limitations may restrict the situations under which trees can be 

ntersown with annual crop;. If planting of trees would actively 

ompete for moisture awiilable to the annual crop, j 1: may be 

prudent not to mix perennials with annual species. Alternatively, 

woody leaumes maty hi, rown in waste places or low lvinT areaE 

where th fo 1lag can e harvested and utilized as organic ma

nure or for fetdin: of animals. In this paper, it is assumed 

that wooidy iwerunnials draw most of their water and nutrients 

from depth; blow t atVos,wh_ich annuaI crops feed; and that 

:ppropriat,, O,, r. t lie woody species would reduce compe

tition for w,-ter ind niut riints in the upper layers of the soil 

prof ii. dur nq the( miin oirowinq iseasor for annual crops. 

lht. ch .ic', )f woody Ife(1U7Ina; for intercropping with annuals 

in the, lowland tropica; s;hould be based on several criteria. 

Different situat ions wi I I dictatt th, sIcific requirements, but 

the followlivi factors often havt to b, considered. 

" 	 Ease- of est.'bliliitonit from seeds or seedlings. 
* 	 Rapid growth and hi h productivit.ies of foliage and wood. 

* 	 Limited maximum !; ,, (mral l trees may le optimum). 
* Good coppicin ability (regrowth following topping).
 
" Effectiv nutrient r,'1yclinq ihilities; and especially di

nitroneis f ix~iti on. 
* 	MultiplI u:;e: food, feed, firewood, construction materials 

and other products. -Aid 'services ' (shade, shelter, etc.
 
" Spinelessness (although somet imes spires are desirable)
 

" Minimal competition with shallowly rooted annual crops.
 
" 	 Good quality (for e xample, high protein) foliage, fruits and 

seeds. 
* 	Small leaflects readily det ached when dried and quickly decom

posed when used a!; f,,rtilizer. 
* 	 A hiqh piolK)rt i )or .leav ; lot ;,,cotndary branches. 
* 	Good stress toleras,:': agair';t drounht , low fertility,
 

extremes of phi, and others.
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* 	Freedom from pests and diseases.
 
* 	Ease of control or eventual elimination.
 

Considering this list of desiderata, it is not surprising
 

there has been so much popular interest in Leucaena leucocephala.
 

This species is widely adapted from 30
0S to 30ON and up to an
 

elevation of about 1500 m. It grows in areas with from 600 to
 

1800 mm of annual rainfall (National Academy of Sciences, 1977; 

Brewbaker and Hutton, 1979; Vietmeyer, 1979). However, many 

other promising tree legumes have not yet been studied, some of 

which may be superior to leucaena, particularly in respect to
 

tolerances to stresses like seasonal drought, extremes of soil
 

pl, aluminium and manqanese toxicities, and cool temperatures
 

(Bogdan and Pratt, 1961; Douglas, 1972; National Academy of Sci

ences, 1975, 1979; Felker, 1979). Several genera should be con
sidered in the following families.
 

" 	 Mimosoideae' Albl;,Ia, Aeaczci (especially the spineless types 

like A. er yawta), Call ancdra, Entroiobiumr, Inga, Lysiloma, 

Pokz'iz, C: 7,, l, P10170 and Saman2a.;, Z7Zot): 
" Papilionoideae: CC'at;.rotropic,( t ,oob,:n, Dahlbergia, 

Er,':~z l a 17{,ni ' , o;'L~(e idia, Lorcehooarpus, Ormosia, 
PL .1at.[(z,Ut , ,: h.. and Sob 1,2. 

" Caesalpinioideae: , Diaz m, laucraoxylwio, lrzjrwna, 

7'toa/:, and Slm2e s'n (excluding ornamentals). 

The requirements described above for tree legumes in arable 

cropping systems ar,- most, closely met by three or four species. 

The most ,c t-ive Iy studied of these is probably Lenoacna leuco

cp]hu!(2I; but- , 1'! the locust (Gleditu omz,and honey 

2 v: ::,,.t;: L. ) Ire two other widely adapted and potentially 

useful spci ,,; for such croppin(i systems. Other members of the 

genera A,,'a , ;.' :c , , ,.,:c:a r, Cia:.:;izaand Yacirinduz; 
(Caesalpinioideae) may have useful characteristics for various 

situations (Bondau. and Pratt:, 1961; Felker, 1979; National Acad

emy of Sciences, 1979). The great range of variation within each 

of these genera should be studied to assure the best possible 

genotypes for intercropping research. 

OBSERVATIONS ON 1NTERCROPPING WITH TREES
 

My 	 work in tropical Africa turing the early 1970s stimulated a 

search for alternattive cropping systems which, while avoiding 

the hich inputs of modern agriculture, would be more appropriate 

for various environmental conditions and more productive than 

the long fallow system practised locally. At the International 

Institute of Tropical Agriculture (IITA) at Ibadan, Nigeria, 

the effect.{ Io .rosion occurring on the Alfisols (primarily 

Egb.doa, iwo and Apomu se rles) under the intense tropical. rain

storms are ,.ver,,. li(Ilh surface soil temperatures (sometimes 

exceeding )0 C) inhibit, crop growth and reduce productivity. 

These probl ,i; atrf- exace rhatod by clean cultivation systems. 

Experimntil ob:ject. ive; we re to ma intain plant cover throughout 

most of th, yar t- reduct, eroion, moderate surface soil 
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temperature, suppress weed growth and recycle nutrients. Another
 

goal was to provide a more effective and less costly system of
 

supporting the climbing crops so widely used in the low, humid
 

tropics.
 
These studies demonstrated the benefits of 'alley' cropping
 

of leucaena grown in alternate 1.20 to 1.80 instrips with annual
 

as maize, rice, root and tuber crops. Leucaena
food crops such 

prunings applied to the adjoining rows of maize contributed to
 

increased yields when nitrogen fertilizers were not available.
 

Other woody legumes such as Cajanu3 ccajan, Tophrosia candida and
 

Gyricidia sep ~ion ,,iay also be successful in this management 

scheme (IITA, 1980).
 

The potential of Leuccna icuebepohala has been earlier 

recognized by workers in Hawaii, the Philippines and Australia
 

(National Academy of Sciences, 1977; Guevarra et aZ., 1978a, b).
 

Improved varieties of leucaena from Hawaii were planted at
 

Ibadan, Nigeria, and proved exceptionally well adapted. It 
was
 

was rapid; the foliage
further demonstrated that: plant 'growth 

various planting conprovided an excellent source of forage; 


it was relatively compatiblefigurations w,-re possible; with 

annuals in associated plantings; growth could be controlled or
 

seeded profusely.
modified by hand or machine pruning; and it 


important attributeBiological fixation of nitrogen is an 

of many legumes. Under favourable year-round growing conditions,
- I
 
600 kg ha-lyear
high as 500 to 
dinitrogen fixation rates as 


1978a, b). The stimulation
have been measured (Guevarra ,t.(2Z., 


of regrowth following pruning in leucaena and other legumes has
 

stimulating effect on dinitrogenrecently been shown to have a 

fixation, causing a surge of nitrate production during or
 

Thus, leucaena is more efficientimmediately following regrowth. 


both in growth and dinitrogen fixing ability following topping
 

as compared with normal growth.
 

M'ri "11 ! i, i LIt,i1 Am' tpic~a],:t," I ["; , : 

basis forAfrica were used as theObservations made in tropical 


the design of (,xprim,nts on intercropping of perennial legumes
 

with annual food crops at th( Centro Internacional de Agricul

1977, 1978). Two

tura Tropical (CIAT) in Cali, Colombia (CIAT, 


used for these studies. One was
mode ' p(rennial l,!gumes were 

and highly persistent ground cover, per
the non-viny, vigorous 

to i.The second was Lour,(ar4-?,naZeidteo
ennial peanut (Ai,, *.*:'/oo,h 

c'(.-pI,/i. Pre 1 iminary observations under controlled conditions at 

before attempting longer-termwere 
(ros ion lands of nearby 

the experiment station nereded 

studies on tlh ]e,;ra fertile and prone 


region!s.
 
Field t-rials with 
 loucaena were established at the beginning 

of 1976 on the comparatively fertile soils at CIAT in the Cauca 

Valley of Colombia (3 27'N, 1000 m elevation). Seeds were ob

tained from an earlier introduction by CIAT (CIAT 871) and were 

(SO°C) for one to two minutes, whichtreated with hot water 
20 to 96 per cent.successfully incr(ased germination from 

tended to reduce seed viabilityLonger exposure to the treatment 


seeds retained a high germinability in storage for

but treated 

several months following treatment.
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Intercropping with maize. Leucaena Zeucocephala cv. CIAT 871
 

was established at the beginning of 1976 and four months later
 
At this time it was zut
 

was approximately 2 m tall (CIAT, 1977). 


to 20 cm and the branches uniformly distributed over the soil
 

surface where maize was to be planted. In one trial, maize (cv.
 
-


25,000 and 50,000 plants ha 1 in leucaena
H-207), was planted at 
 -
1. In the
populations of 0, 10,000, 20,000 and 40,000 plants ha
 -

second trial, the maize population was 60,000 plants ha 

I and
 
ridge as the maize
the leucaena was planted either on the same 
 1 )
or on every second (20,000 plants ha


(40,000 plants ha-

1 ), 


or every third ridge (13,000 plants ha-
1 ). Thirty days after
 

planting the maize, the leucaena had rearown considerably and
 
cm and
appeared to be competing with the maize. It was cut to 10 


the branches were distributed uniformly around the maize plants.
 

the fresh weight in nitrogen, phos-
At maize planting time, 

leucaena was determined (Table
phorus and potassium contents of 

1). The highest leucaena population produced significan ly more 

fresh weight in nitrogen, phosphorus and potassium than the 

lower ones. Nevertheless, all populations accumulated signifi

cant quantities of nitrogen and potassium in the foliage. More

over, the leaves contained 27.4 per cent protein which c-uld
 

readily be incorporated into animal diets. 

Tab 1. 1. Fresh weight and nitrogen, phosphorus and potassium 

of the leaves and branches of four-monchs oldcontents 
leucaena plants at CIAT, Colombia. 

heucaena 

populatiol. 

plants ha -1 

Fre~sh 

weiuilht 

t.11 
1 

Nutrients released (kg ha 
- 1. 

_______________________________ 

N P K 

L B T L T' L B T 

40,000 

20,000 

13,000 

17.8 

9.3 

8.2 

127 45 172 7 6 13 53 46 99 

66 25 91 ,1 4 8 28 24 52 

59 22 81 3 3 6 24 21 45 

T = total
B = branches 

1 The leaves .nd branches had 64 per cent moisture content. 
L = leaves 

under various treatments
Maize yields varied only slightly 

in Table 2. This indicated very little competition by
as shown 

sliiht d,crease in maize yields grown in asso
the leucaen,i. The 

ciation with leucaena is understandable, since CIAT soils are 

and therefore little response from
relativ-ly highly frtile, 

foliage was expected at the out
nutrients recycled by leucaena 

set. However, some reduction in plant height occurred in maize 

this effect was not appar
intercropped with leucaena, although 

ent in the final yields. 
trial (Table 3). MaizeResslts were similar in the second 

yields were only slightly reduced by the highest populations of 

There was no appreciable difference between the two 

plants ha-1). These obser
leucaena. 
maize populations (25,000 and 50,000 

that leucaena populations of 10,000 to 20,000
vations suggest 

- at CIAT, adequate to provide sufficient foliage
plants ha 1 are, 
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Table 2. Maize height reduction and grain yields when
 

grown in association with leucaena at CIAT, Colombia.
 

Maize 

Leucaena 
population 

Planting 
distance 

Height 
reduction

1 
Yield 2 

plants ha 
- 1 cm % t ha 

- I 

5.4 

13,000 24 x 300 16 6.0 

20,000 25 x 200 16 5.5 

40,000 25 x 100 25 4.9 

40,000 50 x 50 29 4.5 

0 - 0 

1 Forty days after planting compared to check.
 

2 Adjusted to 15 per cent moisture content.
 

Tablc 3. Maize height reductions and grain yields when
 

grown in association with leucdena at CIAT, Colombia.
 
(Second trial.)
 

Maize
 
t 2
Leucaena Maize Heigh
 

population population reduction Yield
 

-
-

plants ha- 1 plants ha 1 % t ha 

0 25,000 0 4.6
 

0 50,000 0 5.2
 

2 4.7
10.000 25,000 


10,000 50,000 11 4.6 

20,000 25,000 0 4.2 

20,000 50,000 12 4.9 

40,000 25,000 10 3.5 

40,000 50,000 15 4.9 

1 Forty days after planting compared to check.
 

2 Corrected to 15 per cent moisture content.
 

to cover the soil and supply significant quantities of nutrients
 

without competing with maize
 
When weeds are troublesome in establishing leucaena stands, 

a companion crop can be planted to reduce weed competition and 

provide income during the three to four months of initial 

growth. Whei, bush beans (P'ha]coluw; vulgar' cv. Calima) were 
interplanted in one metre rows, the early development of the 

eucaena was not affected, nor did the beans appear adversely 

affected by the leucaena, when it was coppiced frequently. 

Alternatively, selective and general herbicides can be used to
 

control weeds. Initial observations showed that alachlor, 

11-22234, nitrofen, DNBP, Linaron, vernolate, and bentazon could
 

be used selectively without affecting the leucaena. However,
 

other formulations were non-selective including metribuzin,
 
liuron and trifluralin.
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Leucaena support for climbing beans. The maize/leucaena inter
cropping experiments were followed by a leucaena/climbino bean
 

association trial. Thirteen herbicides were applied singly or in
 

combination as sprays to the lower trunks of leucaena in an
 

attempt to kill the stand, or temporarily set it back to minimize
 

competition with the climbing beans. Basal spray applications of
 

the herbicides were compared with mechanical ringharking of the
 

trunks at a height of 50 cm, which allowed the leucaena to regrow
 

later from below the rings. Climbing beans were then planted two
 

weeks after the treatments were made.
 

A 2,4-D ester and picloram as a 4 per cent spray were much
 

more effective than other treatments in killing the leucaena,
 
but their residual effects were long-lasting and completely
 

inhibited bean germination even after repeated replantings.
 

Applications of 2 per cent 2,4,5-T effectively killed the
 

leucaena, and did not inhibit bean germination after two weeks.
 
Application of chemical formulations with a brush should be
 

tested, in order to avoid the soil sterilization effect of spray
 

appl icat ions. 
In the ringbark treatment, regrowth of leucaena did not 

appear to affect the edrly development of beans on the dead 

leucaena superstructure (3+ m tall) . The bean vined rapidly on 
the main axis and branches of the killed leucaena, and produc

tion of beans appeared comparable to that of constructed trellis 
supports. Following bean harvest, the dead stems and branches of 
leucaena could still be removed for fuel or construction, allow

ing new growth to develop. 

DISCUSSION OF THE INTERCROPPING STUDIES 

The inclusion of new long-term perennial species in complex 
cropping associations with annuals offers new opportunities for 

increasing productivity in smallholder agriculture in developing 

countries. There are many promising 'new' , or rather unfamiliar 

plant species which could be tried in these systems (Bishop, 

1978; Guevarra t , 1978a; MacDaniels and Lieberman, 1979; 
Myers, 1980). However, there will inevitably be problems to 

identify and solutions to work out, as with any new technology. 

And any intensive, complex system is unlikely to be attractive
 

to extens<ivo, nechanized farms (hut see Briscoe, this volume). 

Opt iona f 1q se. t,Opp n 

In some tropical areas with favourable year-round growing condi
tions, it s;hould be pos.s;ihe to plan cropping sequences around a 
permanent planting of tree lounmes. For example, the following 

two-year sequence might be consiidered for the subhumid to humid 

rainfall regions of the low elevation tropics of Latin America. 

FIRST YEAR
 

Fi'iit. va - planting of bush beans and.;ns simultaneous leucaena 
(during esta'dlIshImIenlt of the leucaena). 

Second ra in. - cut 1eucaena and plant maize in rows; top the 
leucaena again 4 to 6 weeks after planting the maize. 

T i vlksaso (dry) - allow the leucaena to regrow on residual 
soil water and utilize the foliage as a protein 'bank' for
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livestock.
 

SECOND YEAR
 

First rains - plant cassava with leucaena (topped at intervals),
 
which would require the rest of the year. Alternatively, ring

bark or kill upper storey foliage (above 10 to 15 cm) for use as
 

in situ trellis support for yams or climbing beans.
 

Second mzin.,, - following bean or root harvest:, remove new 

sprouts and dead stems of Leucaena for firewood or construction;
 

allow leucaena to resprout and plant rice or maize and top 

leucaena after 4 to 6 weeks. 

Dry sca.':on - allow resprout ing of leucaena foL use as dry season 

forage (protein bank). 

This scheme demonstrates that it is possible to make more 

intensive use of the land if moisture is available, assuming a 

reasonable level of soil fertility (except for nitrogen). Year

round production from the land is fxssible, yielding crops and 

high prote in foliage for livestock feed during the dry season 

when other forag, is scarce (oulas, 1972; Kirby, 1976; Bishop, 

197b; MacDanieIs and Liehorman, 1979) . Under this system, crops 

such as maize, beans or starchy food plants may not achieve the 

maximum yields that are poss ible when they are grown under opti

mal fert il i ty and moist ure conditions. HowevE r, .it should be 

possiblt to stabilize product ion at an intermediat-o level which 

would at 1(ast doub le the, current mean yii(lds 01 the region. 

There are. :overal diawbacks in dovolopinti thoso production sys
t e ll'_s.
 

;ti) 7',' 2;' [to 15,:'. lntercroppini of 'Cpecies results in com

petition for availabde water and nutrients. Although the avail

able precipitation is seldom uti.lized optimally in nmost of the 

tropics, msdifications nf the system would be essential when 

water is limiting. 

.k, ot'.t.[':m . These systems are more labour inten

sive and reqluire mavre manipulative husbandry. They are, there

fore., hetter uited to smallholder auriculture. 

R,"oye ' 5?I of, t ,!. . With th( ,.eption of the biologically 

fixed nitrooipn, oth(er plant nut r tents, especially phosphorus 

and x)tash, will I) heext racted mare r,)idly frm the limited soil 

reservoir particularly on less fertile Iropical soils. Some sys

tems of product ion tend to export (,;sentia] plant nutrients more 

rapidly than other systems 

F It Z,;o t!a,,( 0i,'&c puI 'as . The removal of woody stumps and root 

systems requires :onsiderable effort and could pose a major 

problem in :;ituat ions where special equipment is unavailable. 

The presence of woody plants may also limit the flexibil ity of 

land use. 

Refuge fo?, pa I. A permanent stand of woody legumes could 
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provide a refuge for some pests and diseases including unwanted
 
birds, rodents and other animals which prey on crops and domes
tic animals.
 

Inputs 

In the proposed systems the moderate use of key inputs is likely
 
to pay off handsomely in many situations. For example, a judi
cious intervention with appropriate pesticides during vulnerable 
periods of plant arowth, or the restoration of non-renewable 
plant nutrients, particularly phosphorus and potassium which are 
often lacking kn tropical soils. Phosphate deposits are more 

widely distributed than earlier suspected, and .ho use of raw 
rock phosphate on acid tropical soils can often be as effective 
as acidulated forms of phosphorus at only a quarter of the cost 
(CIAT, 1977, 1978).
 

Providing trellises or supports for climbing crops can be
 
an expensive input requiring considerable materials and labour. 
However, the support poles or sticks can usually be produced
 

locally or grown "n ;:t'u. Construction can often be done with 
excess labou, durina the slack season, thus providing a means of 
intensifyin~q production on smallholdings. 

Initial observations and experiments on cropping systems com
prising both annuals and perennials (especially legumes) are 
scanty. Much more evaluation of legume species needs to be done. 
This includes examining the variation within species and compat
ibilities between species, both of annuals and perennials; in
vestigating the manag.nment of growth, including temporal, spatial 
and manipulative management; studying short- and long-term soil 
effects and plant nutrient requirements; lookina into the water 
relations ,-f mixed communities, both with reqard to species 
requirements in terms of spatial and seasonal availability; 
understandins pest and disease dynamics; and many other aspects. 

THE FUTURE PROSPECTS 

It is likely that productivity will increasingly be evaluated on 
the basis of returns on effort (or energy) rather than simply on 
yield 'v ;,. A greater r(eliance on perennials (especially trees) 
as sources of food, feed, fibre and fuel could have a major im
pact on agriculture in term; of energy efficiency (National Aca
demy of Sciences , 197 , 1979, 1990) 

Among the less familiar perennial food crops which might usefully 
add to soine of our annual staples are the following. 

ic bi(jra1fH: . A,t',it'J)!i, spp. is an exceptionally high yield
ing, moderately nutritious fruit which can be used much like a 
cereal.
 

Pejibay/. The Amazon peach palm (13atris gaeipaeo) produces 
excellent yields ot "iiqhly edible fruits which are comparable to
 
cereals in nutritional value and can produce two and a half time,
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yields of maize with only a small fraction of the effort.
te 


The African oil palm is the most efficient
Exotic oil palms. 

solar energy converter of all cultivated crops, including sugar 

cane, but there are at least two other obscure palm species 

and Jessenia poZycarpa) with exceptional poten(Orbygnia spp. 
tial for'vegetable -oil -production.which have- not-yetbeenif.ten. 

sively studied or developed. 

. This tree is used in the Philippines
Pittosporum resinifer 

for several purposes including food and medicine, and as a
 

liquid fuel. Up to 60 litres are produced per tree which is 16
 

per cent alcohols and 20 per cent hydrocarbons.
 

Caryocar species. These trees produce fruits high in oil content 
and yield two edible oils, from the pericarp and from the kernel.
 

Caryocar kernels are reputed to be the most delicious edible
 

nuts in the tropics.
 

Jojoba. Simondsa chinensis, a hardy desert shrub, produces a
 

highly valued liquid wax. The seeds were once an important food
 

staple for Indians in southwestern USA and northern Mexico.
 

This tree (Brosimwm alicastrum) produces
Cow tree (ramon). 

edible leaves, chestnut-like seeds and a free-flowing milky
 

latex which can be eaten by humans and animals.
 

Perennial pigeon peas. These peas (Cajanus cajan) used both
 

green and dried,.and as edible browse, are really short-term
 

(small trees) have been reported
perennials, although some bushes 


to live for 'decades' unless injured or attacked by insects and
 

a limited fuelwood source.
diseases. The stems are useful as 


Mesquite. several Prosopis species produce edible pods (up to
 

30 per cent sugar) and seeds which are still used for food in 

(although their importance has diminished in recent 
N 

some areas, 

a dry season browse.
times). Some species are also useful as 


There are about 800 acacia species, some of which pro-
Acacia. 

vide edible seeds, pods and foliage. The phyllode acacias are
 

particularly worth investigating.
 

Chestnuts. The chestnut (Castanea spp.) is well adapted in sub-":i
 

temperate regions. It produces one of the few tree seeds 
which
 

might possibly substitute for cereals.
 

The value of trees 
to

From the national and community standpoint trees can be used 

help conserve both the soil and the growing environment. 
They
 

can greatly reduce fossil fuel requirements for agricultural
 

production and extend the use of fragile environments and mar

ginal lands. For the farmer, especially smallholders, trees 
can
 

increase returns on human effort; provide multiple uses for 
his
 

lower capital requirements for mechanization; and seasonfamily; 

,ally extend photosynthetic capacity.., 

The primary concern of the smallholder is to increase 
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productivity and other economic returns, mainly from his own
 

effort. Often, he is season bound and constrained by lack of
 

machines and draft power to cultivate a sufficiently large area
 

to feed his family throughout the year, and to provide for other
 

needs and improvements. A benefit would be to reduce the season

al requirements for primary tillage and intercultivation of
 

newly emerging crop plants. The use of long season perennials
 

and trees can help do this through a mulch farming approach and
 

so extend the productive season as well as spreading labour
 

requirements. The wider use of nitrogen fixing tree species
 

could become an important factoi" in maintaining an enhanced
 

nitrogen status in many tropical land use systems.
 

GENERAL RESEARCH NEEDS 

The most urgent research needs in my opinion would be to carry
 

out plant exploration for economically useful new perennials and
 

tree crops. Thus survey need not be limited only to those spe

cies currently in use by man, but should stress the need for
 

several uses and economic products. The discovery of cereal

equivalent products from trees and perennials would be particu

larly interesting, since very few qood possibilities are avail

able at present (only breadfruit, pejibaye, cow tree or ramon, 

and plantain meet this definition). The nes-t step would be to 

determine the adaptive limits and potential uses of the more 

promising new species based on a reasonable range of variation
 

within each of them. Those with established potential should 

then be more extensively collected for further study and to pro

vide a basis for future genetic improvement if and when justi

fied. 
Those trne and perennial species which clearly show poten

tial should he' conside red for genetic improvement and manipula

tion through the use of plant breeding, genetic engineering, 

tissue culture: ind grafting. Improvement objectives would cer

tainly include increased productivities, improved quality of 

product, broader adaptation, greater tolerance of stresses, 

resistance to harmful biota, ease of establishment and handling, 

multiple uses and other characters. 

As an adjunct to genetic improvement, research would be 

needed on pest management, general cultural practices and plant 

nutrient and water requirements. These would need to be corre

lated with crop physiological studies aimed at providing infor

mation for improving manaqement practices. Such investigations 

could lead to greatly increased production on both arable and 

marginal lands, reduced energy and input requirements, and
 

higher returns on human effort. 

A PLATE illustrating this paper is elsewhere in this book. 
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DISCUSSION
 

NDUNGURU - Are you suggesting substitutions of existing food
 

crops by trees; that isa change in the pattern of production?
 

RACHIE - We have not done this but I suggest that such a prac

tice has advantages, in theory, since trees can be maintained on
 

low inputs once established. What you need is a product with a
 

food profile with a reasonable protein content of 5 to 10 per
 

cent, say 5 per cent oil; a high level of starch, and not too
 

much fibre. That is one that matches the composition of a
 

required diet. One tree which fits this description is pejibaye
 

(Bactri. qan,,ipaes, also known as the Amazon peach), indigenous
 

to Central and South America. It requires about 1500 mm of rain,
 

http:G.35-G.39
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and it is adapted to tropical conditions at elevations up to
 

about 1500 m. The tree can produce up to 2.5 times as much use

ful nutrients as maize, without the need for tillage inputs. It
 

has few pest problems.
 

CROZE - My reservation relates to the relative costs and bene

fits of integrating trees and crops in intercrop situations. It
 

would appear that 
there could be only marginal benefits, but
 

increased costs, from the necessity of cutting the leucaena in
 

your example.
 

several years of trial may be necessary to
RACHIE - I agree, but 


establish feasibility and an economic evaluation.
 

TORRES - The sustainability of the systems also needs careful
 

evaluation.
 

and %e should also look at these systems on
 

marginal lands. The ones I have described were on good soils.
 
RACHIE - I agree, 


STEPPLER - After coppicing, how fast was the decay of the leu

caena 
loppings; that is, how fast did the nutrients get back
 

into the nutrient cycle? Furthermore, what were the effects of
 

woody parts that decayed slowly, especially on the succeeding
 

maize crops?
 

RACHIE - Not known.
 

about what you said concerning soil tem-
LOOMIS - I am not sure 


perature. If you include trees, you may reduce the ground cover
 

under the canopy, so that the net effect on soil temperature may
 

be difficult to predict.
 

RACHIE - Yes. In general the high incident solar radiation in
 

the tropics may typically result in an air temperature of 30 to
 

350 C, but the soil surface may exceed 50 or 550C, if not shaded.
 

is at ground level, interacting with
LOOMIS - But the field crop 


the soil through mineralization, improving water-holding capacity
 

and cooling through evapotranspiration. The organic matter level
 

under the trees may be less. Therefore are you really saving
 

more water and keepinr the soil cooler under trees? This cer

tainly needs more study for particular situations and tree spe

cies.
 

TIESZEN - Soil temperature will be considerably affected by the
 

presence of a plant canopy. The advantage of many trees is that
 

a field crop is not.
this is continuous in time, whereas that of 


LOOMIS - You are losing the water whether the tree is there or
 

not.
 

TIESZEN - Not necessarily from the same part of the soil profile
 

though, because the field crop may take water from the surface,
 

go deeper and may utilize water not
whereas tree roots can 


accessible to the field crop.
 

LEYTON - What matters is the difference in the extent of annual
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cover; that ip, how long during the year is there a canopy?
 

TIESZEN - Assuming at least some competition for water, you have
 

also said that there is better water economy in the mixed crop / 
tree system. Why?
 

RACHIE - You have to be careful in generali:tations on water
 

management. In Latin America with 2000 to 3000 mm of precipita

tion a year mixing trees and field crops intimately may not be a
 

problem. In the Sahel with only between 60 to 800 mm, say, you
 

have to look at the situation quite differently. It is also a
 

question of compatibility of tree and field crops. Root systems
 

are often quite different, depending on the species and the site,
 

and there may or may not be an opportunity for sharing resources
 

without competition. This is something that neetis looking into
 

for agroforestry combinations.
 

JACKSON - In judging the effects of mixed species on water de

pletion you must look at the system as a whole. For example,
 

what we see in apples is that ground cover has an effect on the
 

tree root system; they penetrate deeper if grown together with
 

grass.
 

CONNOR - What is the optimum combination? You could choose an
 

herbaceous legume with a non-leguminous tree species, or vice
 

versa. Is there any development of theory or practical informa

tion available?
 

RACHIE - Work on this is still very preliminary.
 

STEPPLER - Perhaps we should try a legume in every system until
 

it is shown not to be advantageous.
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ABSTRACT. The loss of soil fertility due to the shorten
inq of grass, bush or forest fallow periods in many tropi

cal areas is becoming a serious problem. As is the short
age of fuelwood in drier regions where populations are 
increasing. More sustainable land use systems in which 
grain legumes, treos and c(ereals are intercropped hold out 

possibilities for reversing these adverse trends and meet
ing community iieeds for food and fueiwood. Potential 
legumes and trees for this purpose are suggested and pre
liminary work undertaken at Morogoro is outlined. Future 
research proposals in this line are also presented. 

INTRODUCT ION 

Land .t'ert, I itt an,, fz4,!7wood ,-ppy: two aocurrr,nt anises 

In tropical regions where shifting or rotational cropping and 
fallow are practised and where the population is too dense, 
there often is insufficient land for a long enough fallow period
 
following the cropping sequence for soil fertility to be re
stored. Traditional shifting cultiv;.tion was ecologically stable 
but, when the fallow period becomes too short, either fertilizers 
have to be used, or a crop rotation must be followed involving a 
soil improving species. As fertilizers are expensive a system of 
crop rotation, or intercroppinq, involving plants which can re
store the soil 's fertility has attractive possibilities. 

Where there is a shortage of rainfall, as well as a high 
population, another shortage invariably follows; that of fuel
wood. In the Tabara Region in Tanzania, for example, fuelwood is 
an essential raw material for producing flue-cured tobacco, so 
the expanding cultivation of Virginia tobacco has raised the 
demand for fue lwood considerably (Temu, 1979). The tobacco farmer 
clears a woodland area and uses the wood for both domestic pur
poses and for tobacco curing. The remaining bush is burnt. As an 
example, per capita domestic fuelwood consumption in Gambia is
 

- I 3 -1 2.1 m?yr and in Tanzania 2.2m yr (Openshaw, 1971). O'Kting'ati 
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i1980)estimates that the fuelwood demand overshadows, by far,
 
~any~other use of~wood in:Africa. Large areas of the semiarid
 
tropics are facing a fu.el expected to assume
.. shortage which is 

,..crisis proportions 'due3'to.'the high 'cost of alternative imported 
fuels, suchas'kerosine.The6 answer sounds simple: plant trees. 

'i But it is;rnot easy' to persuade a peasant farmer'that trees should 
.i'be planted 'and tended like'any othercrop when,' trad t iflly, e 
cuts his firewood'in the bush, along with house-building poles 

0 A"'>'and wood for other purposes. The thought of taking farmland out 
of circulation to grow trees, and waiting several years for them 
to mature, is not attractive to the peasant farmer. ' 

A solution using grain legwtnes and trees? 

The grain legumes are very important food crops because of their
 
high protein content. When effectively nodulated they can also
 
fix nitrogen through their root nodules, and chey are thus valu- 
able soil improvers. For these two reasons grain legumes are
 
essential components of any crop mixture, or rotation system,
 
for the tropics.
 
' If trees can also be brought successfully into the rotation
 

this could change the attitude of the farmer towards growing
 
trees. Intercropping, which has been defined as growing two or
 
more crops simultaneously in the same field is, indeed, the main
 
subsistence crop production system in tropical and subtropical
 
environments (May, 1980). Substantial evidence exists to show
 
that intercropping can result in increased yields, improved soil
 
fertility and an improvement of the nutritional balance at har
vest (Willey, 1979). Farming systems in which intercropping of
 
grain legumes and trees could be developed and which would also
 
include cereals, or be grown sequentially with cereals, would
 
then meet most of the needs of the village farming community for
 
food and fuel.
 

Simple trials have begun at Morogoro (Tanzania) to try out
 
this type of intercropping. This paper examines some of the re
sults obtained so far, and suggests future research work which
 
could help to solve simultaneously the food and fuel problems of
 
the tropics.
 

LEGUME AND TREE INTERCROP SPECIES 

Grain egue. iportant in tropical Africa 

The following are the commonest, and potentially the most im
portant, of the many grain legumes grown in tropical Africa.
 

Field beans (Phaseolus vulgario). The common bean is variously 
known by many different names, especially kidney beans, haricot 
beans or French beans, and several hundred varieties are known, 
both dwarf and climbing in habit. 1bey can be eaten green in the 
pod but are generally harvested as,the dry bean, in which condi- : ' 
tion they can be stored as a grain legume. They 'thrive best at 
altitudes from 600 to 2400 m. The crop is grown in pure stand by 
large-scale farmers, but it is generally intersown with maize in 

smallholdings. It is the most important grain legume in East....... 
Africa.' 
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Cowpea (Vigna unguiculata). This is a dual purpose annual,
 

grown as much for its leaves, as a green vegetable, as for the
 

dried beans. The plant is drought resistant and is widely grown
 

throughout the tropics at elevations up to 1500 m, usually inter

planted with maize, sorghum, or yams. Provided the soil is freely
 

draining, cowpeas are less demanding than field beans.
 

Groundnut (Aiaohi;s hypogea). The groundnut is better known as
 

an oil seed than as a grain legume. It is grown all over the
 

tropics and subtropics, especially in West Africa, India, China
 

and the USA. Groundnut oil is a high quality cooking oil, also
 

widely used in making margarine. The seeds are highly nutritious,
 

contain about 30 per cent protein and are rich in vitamins B and
 

E. They can be processed into flour and used in soups and stews,
 

eaten fresh. The leaves and stalks can be used as green fodor 

der or dried for hay.
 

a rainfall of 600 to
Groundnuts prefer a light, sandy soil, 


1200 mm, and grow at altitudes up to 1500 m. The crop is ready
 

for harvest in 14 to 20 weeks.
 

W,,jau). Pigeon pea has been grown in the 

the tropics. 
Pi'e?:p- (( "zzme 
Nile valley for centuries and is widely grown in 


The plant is a short-lived perennial with a deep tap root and a
 

can grow over 3 m in height. It is ready forwoody stem which 
sowing and may continue producingharvest in (5 to 8 months after 

seed for a year or longer. Pigeon pea is generally intergrown
 

with other crops such as maize, finger millet or beans and in
 

some places it is left as a fallow crop for 2 to 3 years, and
 

finally used as a fuel Ohere firewood is scarce.
 

Soya bean is one of the world's most
Soia hbctz (67'1,Y iwix) . 

important food crops, especially in Asia and the USA where it is 

an oil seed and a grain legume. The crop isimportant both as 
in Asia but it has enormous
not as widely grown in Africa as 


potential 
and active research is being undertaken to promote its
 

use as a high protein grain legume. 

Oth,er 'f ei;ci . Other grain legumes which deserve atten

tion are bambara groundnuts (VoandUia jubter'anea), bonavist
 

beans (Lablab nicer), chickpea (Cicar arietinum), green and
 

(Vi u1na az a,, V. rmingo), lima bean (Phaseolus lunablack gram 
tzar) , sword bean (Canavalia cn,;iformi) , winged bean (Psopho

tarpue t,?t.'iJnU?2)obur,) and the yam bean (Sphenostylis steno

uarjia) . An up-to-date account of the state of scientific know

ledge about a number of the grain legume species is given in
 

Summerfield and Bunting (1981). 

Ti,,he:: ,,,z 'fortn t2rcropping 

Most experience of growing food crops with trees, either duriny
 

the tree crop establishment phase ('taungya' ), or permanently as 

part of a mixture, is from the humid tropics (King, 1968; Ball,
 

1977; De las Salas, 1979). There is little published factual
 

information on the intercropping of trees and food crops in the
 

semiarid and arid tropics except for the important Acacia spe

cies, A. a(1![da and A. ,;onegea7 (Felker, 1978; El Houri Ahmed,
 

1979) . It is commonly assumed that competition for water would 
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prevent the successful growth of young trees amongst food crops,
 

but experimental work at Morogoro (Maghembe and Redhead, 1982)
 

indicates that competition for light has a more profound effect
 

on the young trees. The growth phase of the food crop coincides
 

with the peak of the rainy season and, as most food crops are
 

annuals, the dead crop residues remain as a mulch after harvest.
 

The fact that the food crops are weeded has a beneficial effect
 
on the young trees, even more than the 'spot' weeding carried
 
out as normal Tanzanian forest practice (Table 1).
 

Table 1. Height and diameter growth of 12-month-old Euca
lyptue camalduZcnsit; intercropped ,with beans and with maize, 
compared with trees clean weeded and spot weeded.
 

Height Diameter

Treatment 
 m mm 

Intercropped maize 238 1141
 
Intercropped beans 247 1560
 
Clean weeded 254 1777
 
Spot weeded 191 668
 

LSD P=0.05 	 NS 640
 
LSD P=0.01 	 NS 919
 

NOTE: Spot weeding involves clearing a circle of one
 
metre diameter (measured at the root collar).
 

Trees suitabl,- for intercropping with food crops, where the
 
food crop phase is not merely an establishment phase for the 

trees should possess one or more of the following attributes. 

" 	 Fast growth: producing fuel and housebuildinci poles within a 
period of not more than eight years. 

* 	 The characteristic of sh,-dding leaves during the wet (crop 
growing) season: for example, Ac-(zIu i, . 

" 	A straight form and dominant leader arowth, even when grown 
at wide espacement: for example A'wzi/;ayptio. spp. 

" A high value crop as well as fuel: for example Acacia niZotica 
(tannin) , Afac;> .[caa (gun arabic), Butmj, ptrm para

loxrztm (shea butter) , lho/'ai4 ,Zap?'t~ouaua (locust bean) or 

Iiapuca kirk ,ana (edible fruits). 

" 	 The capability of being repeatedly lopped for fodder: for 

example, A(!'cac spp. or L[,auoaca:u Luo-ocphuaa. 

" 	 The ability to fix nitrogen: for example, Acacia spp., 
L,.lec-ana sp. or Pai'kia sp. 

Foresters have traditionally grown trees for timber and
 

planted at a close espacement of 2 x 2 m or thereabouts. The 

reason for this is to encourage good stem form and rapid height
 

growth; some trees would put an unwanced amount of growth into 
branches if widely spaced (see Cannell, p.489). Where trees are 

grown for their fruits or leafy fodder they should be planted at
 
a wide espacement so that their branches can grow in full light
 
(see Jackson, this volume). Trees with a naturally dominant
 



121 INTERCROPPING GRAIN LEGUMES 


leader growth can also be grown at wide espacement and still
 

produce a stem of reasonably good form, albeit not as perfect as
 

in a well-thinned closely planted plantation.
 

Foresters have, therefore, to try and grow trees more
 

widely apart to give more room for the production of food crops
 

between them. Information is lacking, for different tree species,
 

on the appropriate spacings, which will allow a good yield of
 

food together with trees of reasonably good form if grown for
 

poles, and for good leaf yields in the case of fodder trees. A
 

series of trials has been established at:Morogoro to obtain this
 

information. Several tree species are being grown at a range of
 

espacements, and intercropped with field beans and maize in com

parison with traditional forestry practices.
 

THE MOROGORO AGROFORESTRY TRIALS
 

The first trial was established in 1978 and the preliminary
 

results are described by Maghembe and Redhead (1982). Eucalyptus
 

inelliodora was planted at an espacement of 2.5 x 2.5 m and
 

either intercropped with maize, sorghum, or field beans, or
 

clean weeded or not weeded at all. The experiment was arranged
 

as 	a 5 x 5 Latin square, each plot containing 5 x 5 trees of 

which the inner core of 3 x 3 trees were periodically measured. 

The yield of maize was 1280 kg ha- 1 in the first year and
 
-
100 kg ha 1 in the second. In the third year the maize did not
 

flower. Sorghum followed a similar pattern: at 2.5 x 2.5 m
 

espacement the trees were too close to permit sufficient light
 

for the cereals to grow after the first year. The yield of field
 

beans was only 100 kg ha -1 in the first year, when the crop was
 

badly attacked by an unidentified fungus. In the second year the
 
-
yield was still only 150 kg ha 1 and in the third the field beans
 

were etiolated and, although they set pods, the yield was insig

nificant.
 
Although the grain legume grew fairly well in shade which
 

was too dense for the cereals, it was apparent that the trees
 

had been planted too closely.
 

Survival of the trees was excellent, except for the
 

unweeded plots, and the growth of the trees interplanted with
 

field beans was even better than that of the clean weeded trees
 
(Table 2).
 

It was this interesting result that led to a series of more
 

elaborate long-term trials being established in 1980. This time
 

only beans and maize were intercropped and the trees were planted
 

at a range of espacements. The object of the trials was to
 

ascertain the most suitable crop mixtures and tree espacements
 

which can be recommended in village afforestation schemes.
 

The 1980 investigation contained the following intercrop

ping associations in separate trials.
 

" 	 Eucalyptuw;, cafr Jluinsi with maize and field beans; trees 
for fuel and pole production. 

" 	 Acacia aibida with maize and field beans; trees for fodder 
and fuel production. 

" 	 Lcu aena luclueoophala with maize and field beans; trees for 

fuel production. 
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Table 2. Mean survival, height, dbh and volume of 30-month
old Eucalyptus meijiodora intercropped with maize, sorghum,
 

and beans compared with clean weeded and unweeded trees.
 

Survival
SuvvlHeight 
 dbh Volume* 
Treatment plot mean 

(out of 9 trees) m mm m' ha - 1 

Maize 8.4 6.9 61 12.0
 
Sorghum 8.2 6.4 53 8.2
 
Beans 7.8 8.0 71 17.6
 
Clean weeded 7.8 7.5 67 14.7
 

Unweeded 4.2 5.9 42 2.4
 

LSD P=0.95 0.8 0.6 6 3.5 
LSD P=0.01 1.0 0.8 8 4.r 

*Volume at 30 months was calculated from mean height x urosssec

tional area at 1.3 inx a form factor of 40 per cent. (From 
Maghembe and Redhead, 1982.) 

* 	L. laucooc'phalua with maize and field beans; trees for fodder 
product ion. 

New trials have been laid down in 1981 which will be varia

tions of the L. Zcuu(ooc:;phaZa food and fodder production trial 
testing various regimes of lopping, and a variety of weeding 

regimes which one could reasonably expect a peasant farmer to 

adopt.
 

The basic design for all the experiments is the same: a 

split plot layout in which the food crops and weeding treatments 

form the main plots and the tree espacements form the subplots. 

Each trial has four replications. The espacements vary from 
3 x 3 m to 6 x 6 in and each main plot has a subplot with no 

trees at all in order to measure the crop yield with no tree 

interference.
 
During the first crop-growing season of the 1980 trials the 

maize had a striking effect on the growth of the leucaena, but 

intercropping with beans was similar in effect to clean weeding.
 

By the age of 19 weeks the mean height of leucaena intercropped 

with maize was 194 cm compared with heights of 160 cm and 153 cm 

for leucaena intercropped with field beans and clean weeded, 

respectively. This difference was highly significant statistic

ally. In this trial the mean yield of maize was 1645 kg ha - I and 
-that of field beans 401 kg ha 1 

The leucaena was made taller by association with maize and 

it had a single unbranched stem and no f.lowers. In comparison, 

the leucaena in other plots showed the normal habit of producing 

multiple major branches close to the ground and there was copious 

flowering. Now (1981) the leucaena has grown for a full year and 

the mean heights are shown in Table 3. The height differences 

are no longer statistically significant but the total biomass of 

leafy branches is much more for the leucaena intercropperl with 

field beans or clean weeded than it is for those intercropped 
with maize. Thus, if the farmer wished to grow unbranched, small 

sized poles he could intercrop leucaena with maize, whereas if 

he wanted to grow the maximum fuel or fodder he would be better 
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j.. 	 Table 3. Mean height of 12-month-old Leucaena leucocephala 
intercropped with maize and beansAcompared with clean weeded 

trees (means of all experimental trees; see text). 

Treatment .
 

Intercropped maize 3.14
 
Intercropped field beans 3.04
 
Clean weeded 3.21
 

The differences are not significant at P=0.05
 

to intercrop his trees with field beans (or a similar crop spe

cies).
 
These data present an example, from preliminary work, of
 

the use of information which is being gained from these trials.
 
Within a further two years reliable information will be provided
 
on the most suitable espacement for Acacia albida, Eucalyptus
 
camdulensi and Leucaena leucocephaZa when intercropped with
 
maize and field beans. Such information will enable the results
 
for these crops to be applied with confidence to village affor

estation projects in a similar environment to Morogoro.
 

SUGGESTED FURTHER RESEARCH IN INTERCROPPING FOOD CROPS WITH
 

TREES
 

It is apparent that field beans, in particular, can be grown
 

without adverse.-yaffecting tree growth. The trees are in fact
 

more likely to benefit from the soil enrichment by the grain
 

legume crop (although this has yet to be precisely established).
 

Two lines of research are proposed. The first is to study
 

in depth the interrelationships of the legume crop and. the trees .
 

in respect to light and water, and the relative contributions of

nitrogen to the system by each plant component will be assessed.
 
The second is to apply the simple methodology of the split plot
 

design to other ecological zones using various grain legumes and
 

tree species, as appropriate.
 
This work would complement the initial Morogoro trials and
 

provide results which could be applied over large areas of
 
tropical Africa. Concurrently with these new trials, extension
 

work should focus on the acceptance of these agroforestry find

ings in the rural areas. Such applied research to relieve the
 

present shortages of food and fuel deserves high priority.
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A NOTE ON THE ROLE OF
 

AGROFORESTRY IN ANIMAL-BASED FARMING SYSTEMS
 

IN BOTSWANA AND SWAZILAND
 

W. GODFREY-SAM-AGGREY
 

University College of Swaziland, Department of Crop
 

ProducLion, Luyengo, Swaziland.
 

ABSTRACT. In both Botswana and Swaziland, unmanaged
 

natural bushlands and/or grasslands are set aside by law
 

as community grazinj lands for livestock, particularly
 

cattle, which form a central and integral part of the 

farming systems of these countries. These grazing lands 

provide fodder throughout the year for the animals, as 

well as fuel for the rural population. The need for fod

der and fuel becomes acute durinq the winter months. An 

efficient silvopastoral system, combined with controlled 

rotational grazing, could usefully complement the exist

ing praccices. 

INTRODUCTION
 

In both Swaziland and Botswana legal controls have evolved to
 

stabilize animal-based farming systems. Sixty per cent of the
 

population are located on the Swazi National Lands/Tribal Lands,
 

where subsistence farming is practised. There are also individ

ual tenure or private farms, which are strictly commercial. 

Table I shows the general pattern of land use in Swaziland. 

Commercial forests are privately owned, and so are improved
 

grazing lands. For fuel , off-cuts from the forest are sold 

since it is an offence to harvest fuelwood from the grazing 

lands.
 

A ROLE FOR AGROFORESTRY
 

Figures I and 2 indicate tl..2structure of the farming systems
 

commonly found in Botswana and Swaziland, respectively. The
 

small size of the cropping area, which averages about 3 hectares
 

per homestead of about 10 persons in Swaziland, prevents farmers
 

from growing their own trees and crops for fuel and fodder.
 

During wirLe months, insufficient fodder becomes a serious
 

problem and a source of fuel is a necessity. The nearest
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Table 1. Typical land use patterns in Swaziland.
 

A. Change in areas allocated to crops, grazing 2nd forest,
 
1973 to 1977.
 

ha x 1000
 

1973 1974 1975 1976 1977
 

Cultivated area 171 158 170 165 153
 

Grazing area 1342 1324 1143 1206 1240
 

Commercial forest area 99 102 96 96 97
 

B. Dc tail.,L of 7am] ca c, f' 19??. 
ha x 1000 

Land use Swazi Individual 

category national land tenure farms 

Crops 128 77 51
 

Fallows 25 20 5
 

Total crop land 153 97 56
 

Natural veld 1142 829 313
 

Improved veld 98 - 98
 

Total grazing
 

land 1240 829 411
 

Piries 70 - 70
 

Others 27 27
 

rotal commerc ial
 

forests 97 - 97 

Source : Annual Statistical Bulletin 1978, Central Statistical 

Office, Mbabane, Swaziland. 
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Fig. 1. Schema showing some of the interrelationships in a 

common village/homesteads land use system in Botswana. 
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obtainable fuelwood source is becoming increasingly distant from
 
the village or homestead, often many kilometres.
 

The systems of agroforestry proposed for these countries
 
could be as follows.
 

Modification of grazing lands
 

Ten-metre wide tracts could be opened and planted with alternate
 
rows of pine or eucalyptus (for fuel) and Leuceaena leucocephala
 
(for browse). This would result in a sequence of strips of mature
 
bush and grass, fuelwood trees and browse species.
 

Clearing and replanting of grazing lands 

A more intensive proposal is to clear the natural bush/veld
 
vegetation and replant completely with appropriate mixtures or
 
zones of the following species:
 

" Eucalyptus, pine or Gmelina, for fuel;
 
* bucacna iecocephaZa or Cajanue cajan (leafy types) , for 

browse;
 
" Aacroptilium atropurpureum, Eragcostio tef or E. curvula 

for grazing.
 

Such agroforestry systems would require a higher degree of
 
management skill than at present is commonly found. Areas should
 
be paddocked and rotational grazinq practised to enable regen
eration of The grazing/browsing species to take place. An appro
priate rotational harvesting scheme for the fuelwood trees would
 
also npnd to be looked into.
 

Soil erosion, caused by overgrazing, is often a serious
 
problem in both Swaziland and Botswana and the presence of a
 
more continuous ground cover in the systems proposed above is at
 
least likely to lessen soil erosive processes.
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ABSTRACT. The Project's area, in northern Kenya, resem
bles large parts of the Sahel and dry northeastern Africa
 
which are being degraded due to overgrazing and excessive
 
tree felling. The basic ecological and socio-economic
 
data have been collected over a number of years with the 
intention of formulating an integrated management plan. 
An understanding of the interactions between livestock 
and vegetation is a key factor in this, and the possibil
ities for an improved silvopastoral approach utilizing
 
both indigenous and exotic woody species is being looked
 
into.
 

INTRODUCTION
 

The Integrated Project on Arid Lands 
(IPAL), in principle a
 
regional project with applications throught much of the arid
 
zone of Africa, is administered by the United Nations Education,
 
Scientific and Cultural Organization (UNESCO) under the Man and
 
Biosphere (MAB) Programme. Funding for the first four years

since 1976 
came from UIEP and is now provided by the government
 
of the Federal Republic of Germany. 

The Proje ura!t 

iPAL works on the scale of a pilot project with five specialists
 
in the field. It has three main objectives which may be summa
rized as follows.
 

* To study the processes of desert encroachment and determine
 
its causes.
 

" To provide recommendations and guidelines on the management
 
of arid zone resources with 
a view to arresting desertifica
tion and promoting the rehabilitation of degraded lands.
 

" 
To establish programmes of research, resource monitoring and
 
training in arid zone land management.
 

The project is situated in the subdesert country of Marsabit
 



130 H.F. LAMPREY
 

District in northern Kenya, an area inhabited almost solely by
 

nomadic pastoralists of the Samburu, Rendille and Gabbra tribes.
 

As the mean annual rainfall over the greater part of the area is
 

below 250 mm, and very unreliable, sustained agriculture is not
 

feasible. The only substantial body of water, Lake Turkana, is
 

saline, so that irrigation also appears to be impractical. The
 

people depend for their subsistence almost entirely upon milk
 

and some meat from their herds of camels, cattle, sheep and
 

goats and they buy small quantities of grain food with the pro

ceeds of selling surplus animals (Kruuk, 1980).
 

The problems 

The Project's study area was selected partly because it bears a
 

close resemblance to the Sahelian Zone of western Africa and is
 

representative of large areas of dry northeastern Africa. It
 

includes considerable areas of country which are undergoing de

gradation towards desert conditions through overgrazing and ex

cessive tree felling. The basic problem is that of rising human
 

populations (increasing at about 2 per cent annually) and the
 

growing livestock populations necessary for their subsistence
 

(Lamprey, 1983). However, it appears that the country would be 

capable of supporting these populations at their present levels, 

except during drought periods, if traditional nomadic practices 

had continued. The problems of overstockingc and woodland destruc

tion have been greatly acagravated by the recent trend towards 

settiement among traditionally nomadic families through the in

fluence of several moderui developments. 
Village settlements have grown tp around the few permanent 

wells and springs in the region and more particularly around 

recently installed boreholes. While the main incentive to settle 

is the presenct, of fresh water, the people are also attracted by 

several other amenities: famine relief centres, medical dispen

saries, missions, schools, shops and police posts. The fear of 

intertribal raidinu and of bandit activity constantly deters 

the pastoralists' families from dispersing into the large areas 

of grazing land away from the settlements. The concentration of 

people and livestock around the new villages is causing gross, 

but localized, overexploit ation of the vegetation. Year by year, 

as the people are obliged to go increasing distances from the 

villages to obtain grazing and thorn trees for their fences, the 

circles of man-madc- desert spread outwards (Figure 1) . in the 

Rendille tribal area two such de:graded areas Iive coalesc(d to 

form a desert some HO kin wide. 

During recurrent drought pe-riod:;, such as that which 

occurred betwen 19683 and 1976 acros; the Sahe Iian Zone and 

northeastern Africa, the effects!; of th degradation of the gra

z.:7g lands became rmcjo;t apparent. With the death of large numbers 

of ]ivestock there is famine anyng the pastoralists which can 

only be relieved 1'y eme rcency food suppl ies. Such natural bal

ances as formerly exis ted through increased human mor tality no 

loi.aer operate and expanding human populations c re beinq sup

por ,-,,r bv l and which is undargring a steady decline iv produc

t.ivity and carrying capacity. Sol ut ions to this problem, which 

are difficult. to envi.sage under current economic and political 

circumstances, are urgent!y needed. They will de-pend upon the 

introduction of land reform, grazing controls and the education 
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Fig. 1. Some of the factors which cause desert encroachment in northern Kenya. (Reproduced from Lamprey, 1978.)
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of the people to accept considerable modifications in their eco

nomy and mode of life. While the project is looking for solutions
 

to the ecological and sociological questions, it is also seeking
 

alternatives to supplement the wholly livestock-based economy in
 

order to provide livelihoods for the increasing numbers of desti

tute people who lack adequate subsistence herds.
 

THE IPAL RESEARCH PROGRAMME 

To gain an anderstandino of the processes of desert encroachment 

and their causes, the project has concentrated for four years 

upon the ,coloqical interactions between livestock and the vege

tation of the region (Iamp r,,y, 197H, 9191). Its main aim has 

be:en to let,-rmine carrylnq capacities ind appropriat' grazing 

patters, ;. R cOntly the, Proj'ct has paid inlcreasing attention to 

the soci:-econumi factors which undri je the, mort immediate 

cau.;s of d0s,1t i ication ,ird th. ,mphasi; is now shifting to

wards (ocioloqical t u,.i ,cnd huiaz 'ol ojy , with the additioncI 

ol trliinilot ,l ill t euc><i ,ict ivit .i 

owigir t !,,,-k ,tf ,, :ic olosi fl informaition on the Dis

trict whi h i.; lvgnt Icn ilic ation iil to land manage

ment , mu4ch th ,rly :ic ti IiA ; devotedof r,, res, i.ih ity ben to 

dtle-rliti ni),a- i!,' ifl~l rm tl ] on (A i alilte , ;oills, vegetation, 

wildli f, i ,d I iv,.;1,k . Po slit inl lf'vOI, ;, bomi.s anti produc

tivity', IIc'iF, n i it if .lit i,',) to fl uctuitinq rainfall have 

been At ,md irbt h !()r th'h ome: itiom and the in imal l i fe. The 

dint i ibut ion ,,]d r:vm,:t -,f pe-opl, and livestock, ma inly in 

respouc, to t he vir ii} ,l,vai lah}i ity of orazing, water and 

occur ity , h iv., bi.cmmpped and thef are a; in which overexploita

tior 1 and ,'cr t *i;crovhmint: arc taking place to v,lrying degrees 

have he,,n d,;crijeld. At th,- sam, t ime studifes of the human eco

romy ha'.'. h I,1 t idetermine the rolatiolship between nutri

t. tonail re.qu r ,em,-nt !; of the pa,storal peoples and the food re

sources .Iv ii 1itbl) t tm, bt h from within the legion arid im

ported from outside it. It is anticipated that the emphasis of 

the s'mI. i man'tItI:.l quidl ineo; to I),_ prepard by the Project. will. be 

upon in inteu:ratfid patttrn of development activities centred on 

]iv,s tock aitl qrazini rotat ions. Important considerat ions are 

the nod for ureatly improved livestock marker ina facilities to 

enablt th, pastoralists to sl 1 their surplus animals; the intro

duction of mirlor imndustr io.; to diversify the economy and provide 

employment; :Ind the pyrovi;ion of altornative means and materials 

for the const r uct ion of I iwvotock fencing. The possibilities for 

alternat:iwy indistris in Mar .;bit appear to be very few indeed 

and those which live b,,tn sugcolsted, in ;m)oin cases investigated 

by HIAl, i re mitinly ha';,cd upon the exploiitation of indigenous 

veqet'l tmi,, hut includ, th, plantinc of som exotic trees suit

able- for iJi d sitmiatlorls. 

IPAL - INTEGIA''tHIG SIILVOPASTOIRAI, SOLIUTIONS 

Although IPAI, operatqs in a reqion where aaroforestry crop farm

ing systemls ire not teas ibl, , owi no to low rainfall and the lack 

of fresh water, the intii ration of forest- and woodland management 

with pastoralism as the, main occupation, is a good example of the 

silvopastoral use of land. This intcgration has been accepted by 
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the Project as an important aspect of the rational development
 
of 	the region and several technical reports published to date
 
deal in part with this subject. Synnott (1979a) has fully dis
cussed the status, importance and protection of the montane for
ests, stressing primarily their role in the maintenance of the
 
very limited water catchments in the region, and also reported
 
upon the potential for tree planting in the various ecoclimatic
 
zones (Synnott, 1979b). The possibilities for implementing for
estry programmes for local community development are described
 
by 	Herlocker (1979).
 

A further report on the results of tree planting trials
 
carried out by the Project between 1976 and 1980 in several
 
altitude zones is also available (Herlocker et al., 1981). 
Twenty-seven species, over half of which are exotic, have been 
tried with considerable success in the subhumid zone, but only 
limited success has been achieved with a few drought tolerant 
species in the arid zone where an initial period of watering was 
possible. The most successful of the introduced, drouaht tolerant 
species are i-Polto;),' ohi imo;i, Pa k, .ronia Uonu icata, Melia 

Acity'ehta: a rob, foJ~ ,and CarPaapapayaC. Among the 
indigenous species planted in arid conditions Acacia .cnagal, 

A. tc 1z[i[ l, and *.l odva proiia have been the most successful 
although slow in their growth. An important characteristic of 
Pl'o:"oi;:i and i'kiia is their relative unpalatability which 
enables them to survive in an environment where goats may pre
vent the growth of most small woody plants. Herlocker (1979) 
lists the objectives of a rural forestry programme for the arid 
regions of Kenya as follows. 

* 	 To provide employment for the residents of settlements. 
* 	 To provide supplies of wood products for fuel and buildinc 

materials for local use.
 
* 	 To establish tree species usable as cash crops, or for sub

sistence (including animal fodder).
 
* 	 To help re-establish stabilizing vegetative cover for denuded 

areas. 

Herlocker emphasizes that the usefulness of such a programme 
would be greatest if it were integrated into a broadly based
 
district development plan covering all aspects of the economy.
 
He 	 envisages several aspects of woodland utilization, including 
the possible development of a requlated gum arabic harvest from
 
the indigenous Aoaa 12 :;'nuqai trees, which are common but not 
abundant; It regulated col lection of the indigenous Aloo species, 
needed for the pharmaceutical industry; and a strictly controlled 
sustained yied management of tihe AoaaIcia t i. i", and Acacia 
r'f Ii imo woodlands for firewood and charcoal and building 
materials. Nevertheless, he stresses the great importance of 
exercising the necessary control 
in 	order to avoid the kind of
 
overexploitation which is taking place in the woodlands which 
are at present more accessible to towns and villages all over 
Kenya. One key to the success of such proposals lies in the prior 
achievement of land use control based upon appropriate legisla
tion and adequate enforcement of laws and regulations. Another
 
key to success lies in suitable education at all levels in the
 
principles of rational land use, so that not only are 
people in
fluenced to take part in the improvement of their habitats, but
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they understand the reasons for the measures being adopted.
 

THE FUTURE
 

is being brought to a conclu-
The present phase of IPAL in Kenya 

for the intesion with the preparation of management guidelines 

lands in Marsabit Disgrated development: of the Rendille tribal 


trict. These guidelines, which have been produced in preliminary
 

draft form will be available by July 1983. They include a sum

mary of the background information, obtained over six years of
 

research, upon which the guidelines are based,multidisciplinary 
together with a document giving management proposals for all 

aspects of the Rendille economy including range, woodland and 
livestock andlivestock management. inevitably the management of 

vegetation is closely integrated, since the main aim of the 

stocking rates andguidelines is to ma int a in a balance between 

plait production, and thus to prevent future overexploi tat ion of 

the. vgletat ion. 

The. netxt. pha;e o! thL Project iS propose'd for early 1984, 

form of an Arid Land Rese2arch Institute to bec.nd is to take the 

run co-operatJv,_ly by the Kenygj government and UNESCO. This 

will undertake training, research and monitoring andinstitUt 

will also tupervis( 
 , pilot range and livestock management pro

ject in the R,-nmIlle tribal area. 
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DISCUSSION
 

CONNOR - What is the population density in the IPAL study area? 

LAMPREY - One person km - 2 . The total Project area is 22,500 km 2 

and there are 500,000 people in the arid lands of Kenya.
 

CONNOR - Who provides the boreholes? 

LAMPREY - The government and in some cases missionaries. 

GETAHUN - What species are planted in the village? 

LAMPREY - Pvocopis julifloia is the most successful. It is not 
palatable, so it survives. Parkinoonia, also unpalatable, is
 
planted as well. Twenty-seven species have been planited, but
 
they are all protected by fences. Some information is available
 
on the adaptability of these species, but the study 
is in pro
gress.
 

TIESZEN - how many of these 27 species are local?
 

LAMPREY - About half of 
them are local and the rest exotic,
 
mostly from North, Central and South America.
 

BRISCOE - Is Tarnn'ij: included? 

LAMPREY - No, but there is a wild, native Tarnarix. species; it
 
has not been studied yet.
 

BRISCOE - What about indigenous, salt tolerant species?
 

LAMPREY - They are already prolific in the area.
 

LEYTON - Is there sufficient water to have at least some modest
 
irrigation?
 

LAMPREY - Lake Turkana has an enormous amount of water, but it
 
is salty. Underground water is also salty. Some small fresh
 
water springs and wells are available but insufficient for irri
gation. Some missionaries have tried to use Lake Turkana water
 
but salination prevented crop growth in the second year of
 
irrigation. At the moment, irrigation prospects are 
virtually
 
nil.
 

LEYTON - What about salt water irrigation? 

LAMPREY - Very little possibility at present under the low 
economic potential of northern Kenya. 

RACHIE - How secure is this border area? Are there encroach
ments?
 

LAMPREY - There are few incentives for encroachments. Raiding by 
brigands (shiftas) still takes place, and insecurity is always a 
problem in that region. 

BUDOWSKI - Is there any possibility for harvesting wildlife in
 
preference to cattle?
 

LAMPREY - At present, the ungulate animal population of the
 
study area consists of 96 per cent livestock (45,000 camels,
 
300,000 sheep and goats, and 25,000 cattle) and 4 per cent wild
life. The wildlife species present are those representative of
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the arid zone of northeastern Africa: Grant's gazelle, gerenuk,
 

oryx, Grevy's zebra, giraffe. Wildlife numbers are suppressed by
 

human activity and competition for grazing with livestock. The
 

best way is to utilize the wildlife for tourism (although tourism
 

is sometimes branded as social pollution). Giraffes might be
 

sufficiently numerous to be harvested, but such harvesting is
 

unlikely to be profitable or sustainable in northern Kenya.
 

TIESZEN - Does export of charcoal take place?
 

LAMPREY - Yes, but illegally.
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BIOMASS PRODUCTION IN AGROFORESTRY FOR FUELS AND FOOD
 

*D.O. HALL and IJ. COOMBS 
*King's College, University of London, London, UK. 
IReading, UK. 

ABSTRACT. Developments in biomass production and use are
 
briefly reviewed and it is shown that, in many developing 
countries, a combination of wood and food crop production 
may be the only way of meeting the increasing needs for 
fuels and food. In many regions, the production of power 
alcohol (either ethanol. from food crops, or methanol from 
trees) is not a satisfactory answer to the fuel crisis. 
This is due to the scale on which biomass plantations are 
needed in order to meet the demands of power alcohol fac
tories, and the fact that such factories cannot, at pres
ent, operate at the local or rural level with the required 
degree of efficiency or economy. The possibilities of 
providing biomass through agroforestry are discussed. Some 
attention is . so paid to the demands put upon the soil as 
a result of iicreased nutrient removal by biomass schemes, 
many of which envisage the complete removal of the entire 
vegetation. The possibilities of overcoming such problems 
through bioog icail/microbiologica] means are mentioned, 
but the energy needs are noted. Finally, the overall 
requirements for technical resources are stressed, and 
some comments are made on development criteria for 
successful agroforestry schemes. 

INTRODUCTION
 

Biomass production and agroforestry, whether combined or sepa
rate, are both aimed at increasing the production of biological 
material for use not only as food and animal fodder, but also 
as fuels, building materials and chemicals. The interest in such 
systems has greatly increased over the last decade or so due to 
a series of crises related to fuel availability and price, as 
well as to global shortfalls in food production. 

On the nationat! scale in developed and more industrialised 
countries, the biomass concept has arisen from pressures due to 
the incre ased price of oil coupled with problems in terms of 
balance of payments and political pressures from the suppliers. 
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In many of these countries the choice of a biomass route to
 

attain some degree of fuel self-sufficiency is also the result
 

of an agricultural crisis. Not one of shortage or high cost, but
 

quite the opposite for intensive farm methods have led, in many
 

cases, to overproduction, depressed farm prices and movement of
 

the towns.
the population from rural regions to 


Increased agricultural production of plant materials for
 

fuels is seen as one way of overcoming such problems, and of 

to farmr, rs. However, the number of regionsmaintaining prices 
the gasohol

where this holds true is limited. To varying degrees 
programme, andprogramme in the USA, the Brazilian Proalcool 

the biomass activities in the Far East (Philippines, Thailand, 

is not the case in theetc.) fit this picture. However, this 

majority of developing countries. 
plants have remained the majorIn most developing countries 

of energy, especially in rural communities, although oil source 

transhas assumed an importance as a source of energy for both 

such as irrigation. Theport and stationary power for purposes 
representproblem in these countries is that, although oil may 

less than 20 per cent) of theironly a small percentage (often 
oil or petroleum may

overall energy requirement, the purchase of 

now take a major proportion of a country's foreign currency 

spendinq p(owe r.
 
In order to moot an everincreasing fuel bill 
 some coun

sales of wood, culled from climaxtries have turned to increased 


little thought of conservation of the system as a

forests, with 

parts of the
who]e, cr to the increased use of those species, or 


not an innsMLediate expmort
harvested trees, for which there is 

opportunity. Other ways of financing oil payments again result
 

of forest. These include the increased
in widesprtad destruction 
on a widespread planproduct:ion of ronoculture cash crops grown 


tation system, or the destruction of large areas of forest and
 

woodland for ctitt1e raniching. The result, 
 in most cases, is the 

at the longsame. The short -t em qneration of foreign exchange 

and the welfare of the localterm expense of Land s: t aioi ihlitiy 
of increasingfarmer and the country as a who)l.; since the spiral 


by yet: further exploitation of the
oil prices can only be met 


land.
 
The only ,l ternat ive to an everincreasing fuel import bill
 

is to direct indigenous resources to energy production. Most
 
not have
developing countries, especially the poorest, do 


only restricted sources of hydroreserves of fossil fuel, and 


mnny be available. The alternative solar, wind
electric power 

can be significant in many counand geothermal nergy sources 


For many countries
t:ries but these cannot provide liquid fuel. 


source of SUC- li]I igd transport fuel is
the Only Indigenous 

b i Im,s . 

In trie rigios, due to climatic conditions, or changes in 

there may be a surplus of food
international markting policies, 

can ho used to produce fuel ethanol via fcrmentation. crops. which 
reserve.

In otlier regi ns wood represents tlho only large biomass 

areas lack both sustained agricultural and forestry produc-
Many 


regions much of the biomass being produced is

tion. In mst 

at rates in excess of the renewal rate,
already being used, often 

to provide fuelwood and charcoal for rural and urban homes as
 

agricultural

well. s, increasingly, for small-scale industry and 
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processing facilities. Thus important changes in both the prod
uction and route of utilization of biomass will have to be made
 
in order to implement liquid fuel schemes based on wood as a raw
 

material while, at the same time, meeting the increased, and in
creasing, demands for rural firewood and more food.
 

ThC teohnolog , " mqui',?d 

Current use of biomass in many developing countries is unsophis
ticated and inefficient in energy terms; but with good reason. 
To increase the efficiency of both production and use of biomass
 
requires technical and capital inputs often beyond those avail
able in the countries concerned. The recent renewed interest in 
biomass in developed and technically advanced regions has led to
 
a re-evaluation of crop production systems and established con
version technologies with higher efficiencies; development of 
new technologies; a diersion of large amounts of money for 
research; and initiation of a number of national programmes and 
many individual conmercii] projects. 

Associated with this resurgence of interest in biomass is 
much information and technology which could be of particular 
significanc, if transferred in an effective manner to the dcel
oping countri.is. llowver, there are dangers that direct extra
polation from th,ra major power alcohol programmes (in the United 
States based on mai-e, and in Brazil on sucar cane) could gener
ate more problems rather than solve the current fuel and food 
crises. Both these large power alcohol programmes are based on 
large-scale monocu]tures, and the raw materials are potential 
food products. Widespread land clearance for production of sugar 
or grain for fuel production will, of course, have the same 
results as c learance for fl)- production of a cash crop, or for 
catt:le ranchinL!. 

RAW MATERIALS AND CONVERSION SYSTEMS 

The major sources of biomass and the technologies available for 
converting it to a variety of gas, liquid and solid fuels arc 
shown in Figure 1. As far as raw materials are concerned a wide 
variety of biomass production systems has been proposed, or dis
cussed, in the literature (Hall and Coombs, 1979; Palz et al., 
1981; Biomass for Energy, 1979) and some of these are indicated 
in Table 1. At present, and as far as the large-scale commercial
 
production of biomass fuels is concerned, the primary raw ma
terials are sugar, or starch crops such as sugar cane, maize and 
cassava (Coombs, 1980). On the other hand, the greatest volu
metric consumption of biomass as a fuel will be that of wood, 
together with various agricultural or process residues and 
wastes, such as sugar cane bagasse, sawdust, straw and husks.
 
Most of the aquatic systems based on algae or water weeds are
 
still experimental or speculative. 

Various technologies for increasing the efficiency of bio
mass use or upgrading it to a fuel of a higher physical and/or 
energy density are available. One is the production of heat or 
gas suitable for stationary power, or the generation of elec
tricity, on a local basis. The processes involved include direct
 
combustion in improved stoves or boilers, pyrolysis, thermal
 
gasification, liquefaction by hydrogenation or catalytic means
 

http:countri.is
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PROCESS 	 PRODUCT STATE OF ART
 

(a) Thermal
 
Combustion 	 CO 2 , water, ash, Well established
 

heat, steam,
 

electricity
 

Pyrolysis Char, oil, gas Small scale 

(CO, C2 H4 , H2 ) established 

Gasification Mainly CO and H2 Large scale under
 
development
 

Gasification + Methanol,
 

catalytic synthesis hydrocarbons
 

(b) Biological
 

Yeast fermentation 	 Ethanol + CO 2 Established
 

Anaerobic digestion 	 Methane + CO 2 Established
 

BIOMASS-,
 

Energy crop
 
PROCESS .Food crop
 

FUELS Pyrl 	so l Wastes
 

H~eatReduction 

Char ]Anaerobic
 
Oil digestion
 

Oil 	 Fermentation
 
Gas
 

Methane
 
Ethanol
 

Fig. 1. Conversion techniques for producing fuels from biomass
 

and anaerobic digestion. Some of these systems also produce
 

solid fuels, or by-products with fertilizer value.
 

Another major area of biomass conversion is that concerned 

with the formation of lower alcohols such as ethanol and metha

nol. The Pttraction of these products is that they may be used 

as fuel in internal combustion engines; either as blends with 

petroleum, or as a fuel in their own right. Plant oils may also 

be used as a liquid transport fuel in a diesel engine (Hall, 1980, 

1981). At present almost all ethanol produced for fuel use is
 

derived from either sugar cane (as juice or molasses) or starch
 

crops. Most methanol is currently derived from natural gas, oil
 

or coal. However, it may also be fori.,ed using wood as the raw
 

material. Methanol in the past was obtained by destructive dis

tillation of wood; now it is almost exclusively derived by cata

lytic conversion of synthesis gas (a mixture of carbon monoxide
 

and hydrogen) which may, in theory, be derived by pyrolysis or
 

gasification of a variety of biomass raw materials, including
 

wood and agricultural residues. The catalytic synthesis is, of
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Table 1. Biomass sources oE raw materials
 

LAND CROPS 
 WASTES
 

Sugar crops Manures
 
Beet 
 Slurry
 
CaneAQUATIC PLATS Domestic
 

Starch crops Sewage
Sarch Water hyacinth Food
 
Ma ize
 

Cassava Reeds
 

Trees Rushes RESIDUES
 

Eucalyptus 
 Wood
 
Willow 
 Straw
 
Poplar Husks
 
Luceana Unicellular Peel
 
Pines
Pines 
 Multicellular
 

BY-PRODUCTS
 

Inulin crops Molasses
 
Chicory Whey
 
Artichoke
 

course, well established. The problem, at present, is that no
 
proven coiunercial biomass gasifier is available which provides
 
synthesis gas of the required quality.
 

Power alcohol derived from wood will most likely be in the
 
form of methanol formed via the synthesis gas route. This is due
 
to the present problems inherent in the hydrolysis of ligno
cellulose to produce a feed material suitable for yeast fermen
tation. At the same time co:osiderable research and development 
is at present directed towards finding a suitable procedure for
 
the production of sugar solutions suitable for use as fermenta
tion feed from cellulose and woody materials. The objective
 
varies from project to project. In some the aim is to produce a
 
substrate suitable for the production of ethanol by yeast fermen
tation; in others the aim is to use various bacterial and fungal
 
systems, or enzymes, capable of degrading ligno-cellulose with
 
the production of a variety of chemical products including etha
nol, butanol, acetone and butanediol. In all cases the raw ma
terials will need physical pretreatment to produce small parti
cles, and this can be done by mechanical milling. The particles
 
may then be subjected to a variety of physical, chemical or bio
logical treatments in order to produce a number of product
 
streams comprising cellulose, glucose, hemicellulose, pentose, 
and lignin, for example. 

The problem with cellulose is that, in its natural state 
in the plant cell wall, it exists as an insoluble complex wit',
 
lignin and hemicelluloses. Delignification can be achieved using
 
reagents such as sodium hydroxide, peracetic acid, etc., as well
 
as sulphites. Alkali treatment will swell and separate the
 
fibres. Hydrolysis may be accomplished either by using mineral 
acids or enzymes (cellulases) derived from fungi such as Tricho
derma, Sporotrichum and Asrw jiZhw. An alternative biological 
approach is the use of a thermophilic bacterium such as 
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Clostridium thermoceZlum, which will grow on cellulose itself.
 
are costly in terms of capi-
However, at present, these methods 


tal, process chemicals and energy inputs and, as a result, no
 

clear commercial process has yet emerged.
 

Power a,ohoTl 

At present the only viable commercial process option for prod

from biomass is the production of
ucing a liquid transport fuel 


using yeast fermentation of a suar-containing feedethanol 
the Brazilian Proalcool, and
stream. The major programmes are 


the Gasohol programme in the USA. The objective set by the Bra

of ethanol, mainlyzilians is 	 to produce some 12 billion litres 

from sugar 	cane by 1985. In 1978 the production capacity of
 

litres; in 	 1981 they willethanol in 	 Brazil was some 2 billion 

produce over 4 billion litres. 
toThe short-term objective set in the USA is produce 500 

million gallons of ethanol, largely derived from maize, by the 

with a long-term objective of an overall 10 perend of 1981, 
all gasoline by the 1990s. In addition,cent substitution of a 

large number of countries including Thailand, the Philippines, 

Kenya, Zambia, Zimbabwe, Nicaragua, Paraguay, New Zealand, 

have already initiated molasses-basedAustralia, 	 Fiji and oth(ers 

or they have carritd out feasibility studies. The imfactories, 

schemes dependds on governri-ont initiatives,
plementation of such 

coupled with suff ic Lnt infrastructural support and a belief 

that such schemes are economically viable and of leng-term 

benefit. 
A number of reasons have, been given fo- initiating a power 

iaclude: selfalcohol proqramm. The most important of these 


suf fic -ncy and the subsequent avoidance o pol i.tical pressures
 

from oi.l suppi ier1; avoidance of large balance of payment prob

better use 	 of internal resources such as the use oflems; the 

and the long-term advantages of uti-crop surpluses or wastes; 


than a finite one. Power
lizing a renewable 	 resource, rather 


based on sugar aind starch crops have reached
alcohol programmes 

a large scale very 	quickly, particularly in Brazil and the USA,
 

for a number of reasons. Probably the most important was the 

the raw materials were already available, the infrafact that 

structure for growth and transport of both sugar cane and maize
 

in existence in the countries concerned, and the technology
was 

needed for processing was already well known from the sugar,
 

starch, brewing and distillation industries. Furthermore, since 

the crops concerned are annual in production, a rapid expansion
 

of raw material production was possible once such programmes had 
case
 

of the USA this was land which bad previously beer, taken out of
 
been initiated since additional land was available. In tile 


production in an effort to maintain farm prices during a decade
 

of increased yields and smaller demands. In the case of Brazil
 

additional land was, and is being, developed for sugar cane prod

uction from previously unfarmed regions. The production of liquid
 

fuels from wood will be a more complex situation to
transport 

the technology is not yet proven, and the infrastructure
resolve; 


for production, collection and transport may not exist in many
 

countries, although it undoubtedly does exist in others.
 

If we assume that the majnr impetus for the current wide

spread interest in biomass-derived fuels is as a means of
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CANE MAIZE 

Mill Bagasse Excess Cleaning
 

JuceBoIeSteep -- Steep ware D 

Clarification Sta Grind I Germ cake) 

.Fi.od o Separator 

o f Sieve gainofe
 

f by d centrifuge
 

Hydrolyse J 

ojFermenter feentI J <8 
tionisesstha tht of imt in ori nd, seOdihal h
Fermentationth w el 

Distillation by bStillage 

Dehydrationp6% 
a ethanol,oeex er 

Denaturation J Feed 1 

I (~Fuel 

Blending J Methane / 

Fcg. b . Flow diagram of principal ethanol processes 

reducing the high energy costs associated with the import of oil,
 

we presuppose two things. First, that the cost of alcohol produc

tion is less than that of importing oil and, second, that the 

overall process does, in fact, result in a net gain of energy. 
The various partial processes involved in the current industrial
 

scale distilleries typified by direct fermentation of sugar cane
 

juice in Brazil , or the fermentation of glucose syrup derived by 
wet-milling of c,-rni in the USA are shown in Figure 2. 

Briefly, it is wort., contrasting these two systems in rela

tion to the fuel used for processing and the production of eco

nomically valuable by-products. In the case of the sugar cane 
based system all the energy for both extraction of the juice and 
distillation may be obtained by burning the fibrous residue of 
the cane- (bagasse) . Although the bagasse as produced from the 
mill. contains tip to 50 per cent moisture, sufficient steam may 
be generated by its combustion to provide the energy for the. 
overall production of et-hanol, and to leave an excess. This 

could be used as an energy source for processing, for example, 
starch to ethanol or for generating electricity, or the surplus 

bagasse could be used for the production of charcoal, paper or 
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board.
 
In contrast the maize based system needs an external source
 

of fuel such as oil or natural gas. However, since the total
 

amount of energy put into the system to produce ethanol is close
 

to, or exceeds, the energy content of the ethanol produced this
 

is not a viable proposition if the objective is liquid f:1el sub

if the maize based distillery is
stitution. On the other hand, 


fuelled using coal, it represents one way of producing a liquid
 

fuel 	 from coal which may be both cheaper arci cause less environ

routes. A second benmental pollution than thermal or chemical 


systems lies in the by-products:efit 	 obtained from maize based 

protein and animal feed. These have both a financial value,oil, 

which may be offset against the finar cost of the fuel olcohol,
 

and an energy benefit if the overall process is taken into 

may also be used as a fu,.], and an intagrated woodaccount. Wood 

enerfuelled / starch-based power alcohol plant could show a net 

gy gain in terins of ethanol produced. 

It is general ly accepted that in the sugar cane based system 

there is a net gain of energy. Put some confusion arises due to 

the lack of al :;tandald means of calculating such a gain. One way 

divide the heat content ofof exproesing the -,n,rgy gain is to 

all the inputlts r(qiatred in its piroduction (other than the agri

cultural r-iw m.iti,riil it,(lf) by the heat content of the ethanol
 

produc,,d (C)t i ily Aiur products) . The resultant
 

number is refr a, th, net energy ratio. For a mai ze based
 

system with currt ilt otMititclilly used technology this ratio is
 

r, sugar C~ie based system it would appear toless than one; 

lie bet.werl w .-ld ILhri,.
 

At prost th(. :o.st )f pruducing1 thanol by fermentation
 

.:;, 1k, ,Iti t than tlat of imprted oil. The
may, 1 N:nIIy , 

1-.,, ;ll inug price (exclusive of any
t 


t axes; 


major ro i(,n f tht, t iiiI 

wh ich b1i(y 1ifit kXduced by ll ild ividual government) is 

aised on sugar or starch crops,the fcedatock, 1.")r fr mtntAt iol; 

arid the method
depending on th,, h..1i 11; )f the procuss ing plant 


Is;may cont r ibutte between 60 and 85
of f inancte , the r iw iit ,r 

per cent af1 tht. uveril1 co,:t; (Figure 3) . A recent report, issued 

by the World Bank (Aton, 1,O) suggests that sugar cane based 

ethanol product lon is likely to be economic at the early 1980 oil 

level of US$31 per barrel of oil (f.o.b.) , providing theprice 

economic cost of sugar carle 
 at the factory gate is less than
 

US$14 pel ton. Ethanol production from titolasses is likely to be
 

is ls;; than US$60 per ton. Cassava and
economic where molasses 


maize based factories appear to be less attractive because of
 

the need to purchase erneirgy and the higher capital costs of prod

low cost raw materialsuction. To comppnsate for these drawbacks 

maize at
are required; cassava at less than US$ 13 per tori and 


less than US$1 per bushel (= 56 lbs).
 

Thus the problem facing power alcohol production in the
 

form of ethanol are the costs, the competition for what are
 

and the poor energy
essentially food timatorial!; (Brown, 1980), 

as a 	 fuel.balance if an agricultural residue is riot available 


At present, if one is inf[luenced only by economic and energy
 

the decis ion to proceed with the construction of
cons iderat ions 

a power atcohol factory might be based o the lines of argument
 

shown in Figure 3. Thi; makes it clear that, at present, the 

those based on sugar cane. However, the number
best 	systems are 
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Oil and coal ---* STOP 

Yes
 

No
Balance of payments problem - STOP 

tYes
 

Net food importer 0 STOPI
 
No
 

Net sugar/starch importer STOPI
 
No
 

Existing or potential - Existing of potential _ STOP 
cane grower starch crop growerlI
 

Yes Yes
 

I No 
Excess cane Cheap fuel - STOP
 

(not oil)
 
Excess available
 

molasses to I
 
Ye Yes Yes
 

YesYe
 

-A E STARCHDCANE 

DISTILLERY DISTILR IDISTILLERY
 

4

Is land Yes 1. Surplus bagasse 1
 

available available
 

ilo INTEGRATED
 

STOP DISTILLERY
 

,: .. ,. Power alcohol options 

of tropical cauntrie!c which could initiate a power aicohol pro

granune based on those lint-!; is limited. Indeed the total world
wide availability )f iug,ir ind starch as food is low when com

pared with the, pro!;,,ent dmand for oil based fuels (Table 2). As 
indicated in thi c t bi the, on1' biomac;c resource of a magnitude 

comparablo with thIt f ,1 i woct. 

P";', :. Annual w,,r Id bitmr;:;; pr-)duction compared with 

NET 13IOM1ASS PRODUCTIIN 2 lO 1 1 tonnes 

Fore at pre(duc t. ion 9 × 1010 

Cereala; 1.5 X 10 " 
I X 10 I an stirch 


5.7 x 108Root crops 

2.2 x 108as starch 

1 x 10
Sugar crons 7 
 "
9 X 10as sugar 


9

2.8 x 10 "
 Oil, USE 
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Wood as a source of liquid fuels
 

The most likely liquid fuel to be produced from wood for the
 

purpose of oil substitution is methanol. As is the case with
 

ethanol, this alcohol can be used as a blend with petroleum in
 

existing spark engines with only small modifications, or it can
 

be used as a fuel in its own right in new vehicles. It can also
 

be used as a blend to 40 or 50 per cent in modified diesel
 

engines, in modified boilers for central heating or, for the
 

generation of electricity, in gas turbines. The technology is
 

known, but not commercially proven, so that estimates of the
 

cost of production are difficult. However, estimates produced in
 

the USA vary from around 50V to over US$1.30 per gallon. Because
 

the calorific value of methanol is only about half that of petro

leum the cost may be as much as US$3 per gallon equivalent for 

the saimre mileage. Studies carried out by the Department of Energy 

(ETSU) in the United Kingdom indicate production costs of between
 

£150 and £250 per ton, depending on the process of synthesis gas
 

formation. Again, considerably higher, on an energy content basis,
 

than the present cost of oil. 

The problems of the actual availability of wood as raw ma

terial for fuel production, in particular where developing coun

tries are concerned (Smith, 1981), closely parallel those of 

ethanol production from food crops. The technology for the 

production of methanol from wood, al1though not yet commercially 

proven, is not likely to be a major obstacle. 

Once again the major cons iderations will be those related 

to the production of raw materials and compet it ion both in terms 

of availability and economics with alternat ive markets, both at 

home and through ,xpo rt. The World Bank, in :inenergy classifi

cation of dovelo ping csntri;es list soe 75 countriet in which 

not oil import,. account for bj,-twt on 75 and 100 per cent of their 

comm ereia] -n.ergy demand (Anon, l(Wtl) . Of these, a In-ast two

thirds have , actuil or potnt ial fuelwood problem. In addition 

export. of hard wO:))d- t, indu;trial i,:,d rt-gions (USA, , 106 ml 

Europe, 1' K I ;iJpan, 42 - 10 ,III' ) represents a consider

able sourer' of incom f,)r t ost count ri s with tropical hardwood 

forest s. 

At the same time, it would appear, from a nurrolder of estimates 

that the innual ;,, ' '* , demand far fuel wood in rural communi

ties of many developing countries lies between 0.5 and 2 tons per 

year. Current estlmate!; of avail ability of wood and the future 

potent iil production vary. llowovr, two point ; ire clear. First, 

that aiIthough the!r., i; a reaidy availability of wood on a j,.t 

o,,,' :bahisi rn ame rIIi ls-m (notably Canada and tih,,USSR), 

ovailibilit y is, usually res,:t ri1etf-e l the r glails with the 

highest dIlamid for w)da a a ruta] !ul s;ourco. Such regions also 

;how the' greaites:;t rat, ,f lo;s of forest and woodlard, probably 

totalling worldwide some 10 to 25 milliori ha per year. Part of 

this loss; arises from trh (c1eating of forest to permit the growth 

of cash craps and cat t Ie loth for loiaconsumption jnd for 

export ;o- as t) (geneat fore igniexchange for the nurthase of 

oil.
 

Hence, in the same way that product ion of ethanol would 

appear to be l imit(ed by conflict with food needs, the production 

of methanol as an indil genous liquid transport fuel from wood 

would appear to be limited by similar conflicts between 
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a l ty andialternative uses , The answer obviously lies in 
greater~'production.'.'Again constraints exis~t in teris,' of lack of''<
capital,,resources and trained manpower. 

ft enrals an v research into1 thius.eloped~countris 
of teesas crp has. been>'centred~ on short rotation,n eerg 


coppiced plantations.cAparticular study hasbeenmade (Siren,
 
1979) of-those broadleaf species most suited to growth in the 

of ~-w orest -~sff tesadfoe trln 

in France, Canada and the USA. Selection criteria have included 
rapid juvenile growth, climatic and pest resistance, high genetic 
variability, ease of vegetative, propagation, ability to show 
early competitiveness in plantations, and overall yield. Physical 

wood properties such as hardness, colour and machinability are 
less important than short-term yields and energy content. The 
Swedish studies have included Salix, Populus, Alnus and Betula. 

This work has shown the importance of climatic adaptation. only 
Scandinavian, Finnish, Siberian and Canadian clones were hardy 
enough to survive the winter. Of over 2500 SaZix species screened 
only nine or ten survived screening through various conditions of 
drainage, soil type, pH, fertilizer regime, cutting sizes, plant
ing conditions, and weed control. However, these 'survivors' 

1
could give good yields of 16 to 18 tonne ha-1 yr- .
 
Suggested spacings of about 1 ml to each rootstock, coupled 

with frequent harvesting, at cycles between 2 and 10 years, put 
considerable pressure on the soil in terms of nutrient removal 
as compared with conventional forestry with harvesting after 30 
to 100 years. Studies (Steinbeck, 1981) in the USA.have suggested 
a removal rate of around 50 kg ha -1 nitrogen; 10 kg P; 20 to 30 
kg K; 35 to 40 kg Ca and 5 to 8 kg Mg, in such intensive systems. 
One of the major needs of such systems is, therefore, high inputs 
of fertilizer. However, even with such inputs, the net energy 
gain is between '12 and 25 times; with the major energy inputs 
being associated with the initial ground clearance and planting, 
rather than fertilizer application after each harvest. 

The Swedish study (Siren, 1979) draws attention to the in
crease in employment that such energy plantations would provide. 
It is suggested that an area of 100 ha would produce around 1000 
tonnes per annum and give employment to two or three people. 
Transferred to a national scale this figure implies employment 
of 20,000 to 30,000 people in a total area of one million hec- ' 

tares. The contribution to the domestic energy supply would be 
of the order of 100 TWh, resulting in a 30 per cent oil substi
tution. 

Such large-scale energy plantations do exist in Brazil where 
some 40 per cent of the energy needed for the steel industry is K 
provided from Eucalyptua plantations. The Brazilians havi also 
looked at the possibility of methanol production from this 
species and suggest that for a' 1000 tonne per day plant over 
70,000 ha of trees would be needed; harvesting would be on a 

7-year cutting cycle in an enterprise which would employ some 
200people.
 

Although the emphasis in this sectionhas been put on the 
production of methanol from trees it must be pointed out that 
ethanol may also be produced, without the need for wood hydroly

i,, for example from sago-starch (Malaysia), or the babassu 

palm (Brazil).
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FUEL PRODUCTION FROM THE LAND
 

The most important factor affecting the viability of the present
 
or postulated power alcohol programmes is the size of the opera
tions. A power alcohol factory producing 40,000 litres per day
 
(about 3 million gallons per year is small). A large plant to be
 
built in the USA will produce over 100 million gallons per year.
 
Similarly, a methanol plant based on wood will have to be in the
 
range of 500 to 1000 tons per day of product.
 

The agroforestry alternative 

Neither the scale of operation nor the agricultural production
 
systems lend themselves to agroforestry, hence, one must consider
 
the other alternatives of pyrolysis, gasification and anaerobic
 
digestion. Here the situation is the reverse. In spite of con
siderable research the large-scale industrial plant necessary to
 
convert biomass to gas or liquid fuels have not yet been produced
 
on a commercially viable basis. On the other hand the small-scale
 
gasifiration plant suitable for generation of electricity, water
 
pumping, etc., has been in existence for some fifty years, and
 

although displaced by the use of diesel fuel, should now be a
 
feasible option (Anon, 1979). The design and operation of small
scale anaerobic digesters is even better established, in particu
lar in China, where over 7 million digesters are operating at the
 
village level. Similarly, although large-scale charcoal produc
tion plants, capable of operating on a continuous basis, are now
 
available, the majority of charcoal is still produced on a
 

small-scale batch basis.
 
The production of biomass suitable for the small-scale gas
 

production could well be a component of some agroforestry sys
tems, whether the conversion be thermal or by anaerobic diges

tion. As with power alcohol systems it is a question of species
 
selection and the integration of the production of the raw ma
terial with other requirements so as to optimize overall land 
use requirements. 

Although anaerobic digestion of a wide range of organic
 
materials, including plants, is possible in general there is a
 
need for a significant input of animal manure, both to act as a
 
source of quitable micro-organisms and to improve the nitrogen:
 
carbon ratio. Anaerobic digesters produce a mixture of methane
 
gas and CO 2 as a result of the breakdown of organic material by
 
complex mixtures of micro-organisms. These'also hydrolyse cellu
lose and some convert sugars to fatty acids, CO and hydrogen,
 
and thence to methane. As the required product is in the gas
 
phase it can bubble off and no complex separation process is
 
necessary. The possible raw materials which can be used in a
 

digester vary greatly from agricultural wastes, spoilt crops, to
 
wastes from processing and purpose-grown crops. Characteristi
cally these raw materials all have a high content of cellulose
 
(ligno-cellulose), and they often do not readily find an alter
native use, or are of no commercial value. Typically the gas
 
produced consists of 60 to 70 per cent methane, which is produced
 

3 -
at a rate of around 0.5 m kg dry volatile solids, with a
 
residence time in the reactor (detention time) of 15 to 30 days.
 
The actual destruction of material varies from around 20 to over
 
70 per cent, depending on the nature of the raw material and the
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design of the plant. The residual sludge has value both as a
 
fertilizer, where the nitrogen content may have been increased,
 
or as an animal feed.
 

The largest number of biogas plants are of simple construc
tion and small in scale. Although a number of different desiqns
 
exist, in China their common feature is that they are brick
built with the gasholder and digester combined in one unit placed
 
under ground. The volume may be 10 m3 with no moving parts.
 
Several tens of thousands of digesters have been built in India
 
also. In general these are somewhat more complex, and so more
 
expensive and prone to faults, and constructed of concrete or
 
iron, with iron or plastic gasholders.
 

As far as the use of crop residues for anaerobic digestion
 
is concerned most materials are suitable, as long as the size is
 
small enough (some milling may be necessary) and the content of
 
ligno-cellulose is not too high. As far as the production of a
 
tree crop for fuel is concerned the requirements are for a wood
 
that burns without sparks or toxic smoke, and has a high calorif
ic value. This latter factor is influenced by the moisture con
tent, the amount of mineral matter or ash it contains, and the
 
density. Species which have a rapid growth rate, or regrow
 
quickly after cutting and which do not attract goats and other
 
wildlife are also good candidates. Other plant characteristics
 
which have been suggested (National Academy of Sciences, 1980)
 
as advantageous are: nitrogen fixing ability, a ready adaptation
 
to different sites and soils, easy establishment, and a low
 
demand for subsequent care and management. In particular, differ
ent species may have to be selected in order to grow successfully
 
in a wide range of environments, including different altitudes,
 
soil types, rainfall regimes, light intensities, and on various
 
types of terrain. A careful se.ection of provenance is also
 
likely to be important (Siren, 1979).
 

SOIL DEPLETION
 

In many agricultural systems a significant proportion of the net
 
biomass produced is left in or on the soil at harvest. The prob
lem with integrated fuel/food systems is that, since all parts
 
of the plants can be used, all parts could be removed. Such
 
practice cannot be permitted. The removal of mineral nutrients
 
through harvesting forest plantations can be offset by adding
 
inorganic ferti]i-r-. Howeve., this on its own is often not
 
sufficient, particularly in the tropics where soils are generally
 
more fragile, because a most important component in soil sus
tainibility is the organic mattcr. This serves both as a source
 
of nutrients for various micro-tcganisms responsible for the
 
release of mineral nutrients, and the fixat ion of atmospheri( 
nitrogen, as well as a physical agent to improve the crumb struc
ture of the soil and its waterholding capacity. In general, an
 
otherwise unsupported ecosystem can afford to export only 10 to
 
20 per cent of the annual net dry matter increment. However, this
 
applies in a situation where the canopy is kept closed throughout
 
most of the year. Where soil is laid bare the rate of loss o!
 
organic matter will be increased. During rainy seasons leaching
 
and erosion of top soil removes organic matter at a high rate,
 
and may cause related problems due to silting of water courses.
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Where soil is bare during the hot season the increased soil
 

temperature increases the rate of microbial destruction of the
 

organic matter. Hence, if agroforestry is to provide both fuel
 

and food the complex of trees and field crops must be managed in
 

such a way that the system also results in sufficient retention,
 

or return, of organic matter.
 
As far as trees are concerned the annual leaf production
 

may be comparable on a yield per unit area basis to the produc

tion of a field crop. In a deciduous forest this organic matter 

is returned to the soil each year. Furthermore, in many forest 

systems the harvest 
is taken once only every 30 to 100 years.
 

The carbon balance is thus quite different from that in a system 
or as
 

material for anaerobic digestion, and then the woody material is
 
in which all leaf material is removed for food or fodder, 


burnt. Hence, an integrated approach is needed with an emphasis 

on the return of organic material to the soil. Furthermore, both
 

free-living nitrogen fixins; organisms, and symbiotic Phi.n:oblin, 
have a high energy requirement as, indeed, does the actual reduc

tion process of inorganic nitrogen (nitrate) to ammonia for sub

sequent assimilation by plants. 

BIOCHEMICAL AND MICROBIOLOGICAL CONSIDERATIONS
 

Nitio)'o,?'7: .55 

on the possibilities
Considerable research has been carried out 

of replacing the use of nitrogenous fertilizers with biological 

nitrogen fixation. In legumes fixation of nitrogen from the at

mosphere depends on the presence of an effective symbiotic Rhin:o

burm. A number of free-living blue-green algae and bacteria, for 

instance A?:dn, 7: , A:' )'Jo , , B',h; z 'k ii and (is; i'.dinm 

species, are also capable of fixing atmospheric nitrogen 

(Granhall, 1976). Some tropical grasses have also been shown to 

have associated nitrogen fixing organisms such as S>pizlm
 

1ZPoJc 1vL7.
 
For most plants nitrate is the immediate source of nitrogen
 

(Hewitt and Cutting, 1979). Assimilation occurs as follows:
 

+
NO e-
- 2e-NO
3 2 NH4
 

This sequence is catalysed by two metalloproteins, nitrate
 

and nitrite reductase. The source of electrons (indicated as e

in the above equation) is either photosynthesis or respiration.
 

In both cases there is either a direct, or an indirect, competi

tion for the energy needed for carbon fixation, cellular metabo

lism or nitrogen reduction. Of particular significance is the
 

fact that assimilatory nitrate reductase from most organisms has
 

a fast turnover rate, being present in high levels only when the
 

plants are in contact with nitrate.
 
Most higher plants contain a chloroplastic nitrite reductase
 

which accepts electrons from photosynthetically reduced ferre

doxin resulting in the production of ammonium ions. Traditionally
 

it was assumed that ammonium ions were assimilated into glutamic
 

acid in a reaction catalysed by glutamate dehydrogenase. However,
 

an additional, more efficient pathway exists through the reactions
 

catalysed by glutamine synthetase and glutamate synthase (Miflin
 

and Lea, 1976). The first enzyme is localized both in the
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cytoplasm and within chloroplasts, whereas the latter is situ
ated mainly in the chloroplasts. Once again there will be compe
tition for both energy and reductant between these enzymes and
 
CO2 fixation processes.
 

In the case of nitrogen reduction, the basic metabolic
 
requirements are: a strong reductant; a source of energy, and
 
low oxygen concentration. The enzyme complex known as nitrogen
ase catalyses the overall reaction
 

+ 3XH 2 + 6ATP - 2NH 3 + 3X + 6ADP + P1
N2 


This enzyme is once again a multi-subunit metal containing
 
protein. The larqer component, molybdoferredoxin, has four sub
units and contains Mo, non-haem iron and sulphide, whereas the
 

smaller contains only iron and sulphide.
 
The growth of legumes as a ley can be attractive as a bio

logical source of nitrogen, as is the cultivation of N2 fixing
 

trees such as Loucae?a. However, the position as far as grain 

legumes is concerned is more complex. During nitrogen fixation 

between 46 and 76 per cent of the photosynthate transported to 

the roots, which represents from 19 to over 40 per cent of the 

net photosynthesis, is lost as respired CO 2 . Hence, there is 

significant competition between the use of carbon for growth and 
as an energy source for the fixation of nitrogen. This competi

tion may become even more significant during the period of seed 

set and pod filling, and may result in a rapid drop in the rate 
of nitrogen fixation during the very period that the plant has 

the greatest need for nitrogen. The second problem is that the 

application of combined nitrogen to the soil reduces the ability 
of the Ku :.}s'1 to fix nitrogen. Hence, if inorganic fertilizers 

are applied to field crops grown, for example, in association 
with Lrmesz-scz, the potential benefit of nitrogen fixation may 

be only partially realized. 
A similar decrease in the ability to fix nitrogen is seen 

in the free-living species such as A:o,ctr ' when treated with 

combined nitrogen. However, effects of such organisms on plant 

growth cannot be associated with nitrogen fixation alone. In part 

the effect of these soil organisms may also be attributed to the 

production of chemical compounds with 'growth-substance-like' 

activities. In addition, there is evidence that compounds pro
duced by ,,ut§4'a't, via association with root surfaces are 
antagonistic to the growth of pathogenic fungi. Hence, in addi

tion to contributing to the nitrogen economy of a given ecosys

tem, such bacteria may improve growth by suppressing deleterious 
fungi. tLid, at t e same time, the stimulated growth due to the 

plant growth hormones con strengthen the plants traking them, in 

some cases, less: susceptable to infection. There is also the 

possibility that such bacteria assist in the mobilization of 

phosphate although, in general, such activity is of more import
ance when associated with the mycorrhizal fungi. 

Most plant species, and trees in particular, are dependent to 
varying extents on their association with mycorrhiza, which
 
assist the plant in the assimilation of phosphorus, potassium
 

and other essential nutrients. Again, there is evidence that 
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these fungi can protect the host plants from attack by disease
 

organisms.
 
The problem in understanding their actual contribution is 

similar to that with the nitrogen fixing bacteria. In the absence 

of applied fertilizer, improved plant growth is seen upon inocu

lation of sterile soils with such bacteria. However, application 

of phosphate, for instance, reduces the ability of these fungi 

to assimilate this nutrient. Again, in similarity to nitrogen 

fixation by symbiotic I hi::uJibzm, the symbiotic fungi do exact a 

toll from the hosts by diverting carbon compounds to their own 

use. In some cases over 50 per cent of the carbon diverted to 

the roots may be used by the fungus, which in turn may decrease 

the extent of plant root growth. 

Work
 

SOLAR 
F_ 1116 

ENERGY Leaf Foder Wastes Anaerobic 
" ... TREES - |digester 

MICRO-ORGNIM Asti Steam
 
soil 

I N2-fixation organic, 
matter Work 

FIELD CROPS
 

BOUGHT-'* Grain Food 

ENERGY Roots 
Work 

Fig. 4. 	 Notional int;rat (.d agrofeorestry system for producing 

food, fuel and fodder. 

INTEGRATED SYSTEMS
 

Some aspects of an integrated agroforestry scheme for food, fuel 
and fodder are gwivern is an example in Figure 4. A certain amount 
of energy will be trappod by the system, which may be removed, 

and subsequently reloas.ed and us!ed for work (mechanical, human 
or animal.) , with the r;esult anir evenitual release of carbon dioxide. 
The amount t)fimateri,al which con b harvested froll the system 

will depend on the ami)unt of non-.;olar energy inputs, illterms 

of chemical.s or tractors, for examp] . In the absence of such 

inputs the tot.al aoiullt of maiterial which can be remroved from the 

system is limintd to only a percentage of the tot:rl annual bio

mass incrf-ment . The problem is that. such systems are complex, anid 
skill; and tra ininlg needed to understand them diverse. Relevant 

ilfot tion i; poorly co umifentod and widely spread. What is 
neededare,dotailed st:u(li es of the e:ne!rgy iind material flows i, 

such sy!.toeri;tObviously in fotration concerning physiological. the 
aspect.'; of the plont!; in !;uch systems is of particular value. 

But of equal importance are cons iderat ions of the demand which 

may be put upon such aiproduction system in terms of the energy 

http:reloas.ed
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and materials required by any given country or region, so that
 

resources and demands may be wisely integrated.
 

At the physiological level the particular areas of research
 

peculiar to agroforestry must be those resulting from the inter

action (mainly chemical in nati.re) between the three living com

ponents: trees, field crops aid rhizosphere. Such interactions
 

are poorly understood, even in relation to single species of
 

higher plants and specific genera of micro-organisms. The complex
 

nature of the agroforestry ecosystem increases such problems.
 

However, a parallel may be drawn between agroforestry and the
 
'organic farmer' in developed countries. In general, studies on
 

status in such systems indicate a deficiency of
soil nutritional 

nitrogen, potassium and phosphate. In particular, the required
 

nitrogen input is not met unless the farmer also produces animals,
 

such as chickens, which are fed on a protein-rich diet imported
 

onto the farm. The status of such nutrients within agroforestry
 

systems would appear to be a key research issue.
 

IMPLEMEntATION
 

The noed for t aU*ed soiefntists 

On the basis of our experience in organizing and running UNESCO

sponsored training courses in 'Bioproductivity and Photosynthesis'
 

several problems emerge in relation to plant physiological
 

research in the developing countries. In general, the provision
 

of the basic tools and instrilmentation for field and laboratory
 

work does not seem to be a problem. The trouble lies with having
 

a sufficient number of people who understand how it works, how it
 

to do if it goes wrong. In many areas
may be calibrated, and what 


the emphasis quite often appears to be misdirected, in as much as
 

attempts are made to repeat fundamental research aimed at primary
 

reactions, often using plants which are not native to the area,
 

and which are grown with difficulty in controlled environments.
 

Furthermore, such is the respect for the existing literature -hat
 

very significant differences in the behaviour of tropical plants
 

and micro-organisms are often overlooked in an attempt to repeat
 

not enough just to define the probpuilished work. Hence it is 
also be given to attracting
lem- in agroforestry, attention must 


a greater number of suitable, trained people to such vitally
 

important work.
 

Undorlyisg p ,obTimf 

It is one thing to propose development schemes for biomass energy
 

finance and implement them. Very
and agroforestry, but another to 


often there are known technical options for solving problems, or
 

at least some knowledge of how they could be solved, but what is
 

lacking is the manpower and infrastructure to accomplish the
 

tasks. Only a sustained effort plus adequate funding by both
 

national and international organisations can overcome this situa

tion. 
Some points made in another context (Hall, 1982) seem worth 

repeating here since they are especially relevant in the present 

context.
 

Prestige. A top-level commitment on the part of those involved
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has to be obtained in order to ensure any success in the long
 

term. A major problem here is that agriculturalists, foresters,
 

and even regional developers, often have a relatively low pres

tige and recourse to only limited facilities in many countries.
 

It can be difficult, therefore, to persuade people of adequate
 

calibre to make their main commitment to implementing regional
 

energy or agroforestry schemes. This requires a change in atti

tudes at the highest level.
 

Incentives. A problem that regional developers often have is
 

that their appointments are considered 'hardship' posts, and
 

therefore undesirable. They are very often lower paid, with fewer
 

privileges to go with the job. The opposite is required and
 

support in the form of housing, sc'hooling and, especially,
 

adequate transport is mandatory.
 

Training. What is needed here are not so many high-level scien

tists but rather an adequate number of extension workers, engi

neers, agriculturalists, and foresters who are brought together
 

to work in a practical way as a multidisciplinary team. Such
 

people are needed immediately as well as for long-term develop

ments so that training must be taken into account as a prime
 

requirement for development. A continuing commitment to training,
 

both prior to service and in service is required. Besides the
 
regular educational and technical establishments, philanthropic
 

and community organisations should be used to the fullest extent,
 

since they often have useful local expertise and knowledge which
 

can help.
 

Infractruotzou. An adequate infrastructure is essential for the
 

proper development of renewable energy resources, including
 

agroforestry applications. An adequate number of full-time career
 

positions is a prerequisite for attracting the required quality
 

of people in all types of relevant jobs. This is especially
 

important where the returns, in terms of productive effort, can
 

take five to ten years.
 

Monitcring and feedbaok. During the implementation phase of a
 
project it is essential that monitoring nf progress, and the
 

attitudes oF the people and their local leaders, are continuously
 

assessed. Immediate feedback should be available to the regional
 

planners and others involved in implementing the schemes who can
 

then adapt to changing circumstances. Such feedback should be
 

part of any project from the outset.
 

Demonot ratlonc and timnq. In such schemes the most difficult 
stages are the first few years, because governments and develop

ment agencies usually want immediate answers, and these are not
 
always available. Therefore provision of demonstration exercises
 
and a realistic timing should be built into any scheme from the
 

outset, and the expectations should not be too great. Those
 
involved should have employment, and possibly some other form
 
of income during the initial stages. Schemes which are well
 

integrated into the local patterns of work and social habits
 
will obviously be most acceptable and, in the end, most fruitful.
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Implementation requirements. When the foregoing points are
 

recognized, and can be met, the main requirements of successful
 

implementation are:
 
" Involvement of local people, local expertise and artisans,
 

entrepreneurs, creditors and leaders.
 

• 	Political, public, law, bureaucratic and media involvement
 

and co-operation.
 
" A continuing commitment by leaders at international,
 

national, regional and local levels.
 
" 	Incentives such as credit, guaranteed purchase and salaries,
 

especially in the initial stages.
 

Only if these conditions are met is it likely that renewable
 

energy/agroforestry schemes can be brought to a successful con

clusion.
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DISCUSSION
 

BRISCOE - Is there any promise for alcohol production from
 
starch or sugar using a 'low' temperature method; for example
 
solar power?
 

COOMBS - On a large scale, commercially, we need to make the
 
process energy-efficient. Which means efficient use of fuel by,
 
say, generating steam to turn a turbine to make electricity
 
which drives the rollers to crush sugar cane, and also provides
 
the low temperature process steam. On a small scale it is pos
sible to crush the cane using wooden rollers using oxen, then
 
ferment and use a solar still, but the yields of alcohol will be
 
low and the energy efficiency very low.
 

LOOMIS - The overall energy requirement for ethanol processing
 
is roughly equal to the energy available in the ethanol.
 

HUXLEY - Agroforestry systems involve complex mixtures of 
plants. Can we really apply management techniques which are 
aimed at diverting crop growth and development into particularly 
efficient biochi,.vfncal pathways? 

COOMBS - We should at least keep these opportunities in mind,
 
especially where the crop is limited by nutrients. For example,
 
with starch as the plants' end product more of the gross photo
synthate is recovered than for protein synthesis.
 

LOOMIS - There may be two other appropches which can be made:
 
(a) oil crops for diesel fuel, and (2) pyrolysis on a small
 
scale. But in the former the problem is low yield per hectare,
 
and in the latter the inefficiency of the process when done on a
 
small scale.
 

COOMBS - There certainly is a place for small pyrolysis units,
 
for example to provide fuel for internal combustion engines.
 

RAINTREE - How much evaluation has been done to substitute tree
 
crops for starchy agricultural crops in alcohol production, for
 
example by using Ptvo. opi.u spp.?
 

COOMBS - Ther' has been a study of Curatonia (carob) in the
 
Mediterraneai region. The fruits contain 15 to 20 per cent su
gars which can be extracted for food and/or confectionary uses,
 
and could be used for alcohol. The problem can be the economics
 
of harvesting tree fruits (pods) when these do not fall off, and
 
the trees may be widely spaced or on inaccessible slopes, for
 
example.
 

RAINTREE - Some stands of particular Z1r'o ;opi,, spp. will give up
 
to 20 mt of dropped pods per hectare.
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LOOMIS - There is a problem using optium figures of yields, and
 

/or optimum efficiencies of processes. Some very unrealistic
 

totals can accrue.
 

STEPPLER - You mentioned that we can get a much higher (up to 10
 

times) production of ethanol from sugar cane than oil from any
 

oil crop. Can you give some actual figures you used?
 

COOMBS - I estimated 75 tons of sugar cane per hectare per year
 

(close to the world average) which would give 125 GJ per hectare
 

per year. The questions are, really:
 

* what is the yield?
 

* what is the net output?
 

* what is the energy ratio?
 

Oil crops give a good energy ratio, as we do not have to use so
 

complicated a production process. But most systems such as sun

flower, with whici I am familiar, give a low yield per hectare.
 

So that the energy gain is about 10 GJ per beccare per year.
 

However, the oil palm system may give higher yields, but I have
 

not looked at this in detail.
 

ODERA - Gasifiers and anaerobic digestors are being used in
 

Kenyr. Also, one should remember that the latter can return
 

organic matter to the soil.
 

COOMBS - You have to work out the whole budget. Are you taking
 

out carbon from the ecosystem? For example, a digester will lose
 

carbon through carbon dioxide but the nitrogen content in the
 

system can increase, so you may be returning nitrogen but not
 

carbon to the system. Sludge is high in protein and this could
 

be used for animal feed for meat production, then even less
 

nitrogen is returned to the soil.
 



Understanding Agroforestry
 
Systems
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COMMENTS ON AGROFORESTRY CLASSIFICATIONS:
 

WITH SPECIAL REFERENCE TO PLANT ASPECTS*
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Nairobi, Kenya.
 

ABSTRACT. A structural process for designing classifica

tions for particular purpose!; is suggested. Clearer con

ceptions of the spatial and temporal patterns involved in 

various forms of agroforestry land use are needed if they
 

are to be adequately classified. The chronology of plants
 

related the uc, crop 

and ;pic;,, or the occupancy of the land itself. Space 
occupying land is to un of species 

utilization must take into account sole, mixed or zonal
 

cropping systems. A standard terminology that will encom

pass all forms of land use is proposed.
 

INTRODUCTION 

Commentaries on world agricultural systems (for example, Duckham 

and Masefield, 1970; Grigg, 1974; Ruthenberg, 1980) include 

detailed accounts of perennial cash crop systems and/or shifting
 

cultivation with planted tree fallows. The role of woody peren

nials in many other kinds of agroforestry systems is either 

omitted or scarcely mentioned, however. Existing classifications
 

of agricultural land use systems are, in any case, inadequate
 

for agroforestry because they fail to encompass the greater 

dimensions of space and time needed. While forestry classifica

tions do not offer uifficient complexity. 

If we are to consider agroforestry land use systems ana

lytically thteie is a need to have a clear conception of the 

broader spatial and temporal references involved. This becomes 

partic.J.arly important when considering systems analysis proce

dures. Furthermore, in order to compare all types of land use 

systms a common set of references is required. It must serve 

for tropical peasant. farming where different cropping schemes 

may be arranged no more than tens of metres apart, as well as 

for plantation forestry, where the scale may in kilometres. 

* 	Based on an ICRAF 'in-house' paper of August 1979 which was
 

circulated prior to the meeting.
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Similarly, any common scheme has to deal with within season
 
cropping lasting only months, as well as with rotations of woody
 
perennials, the individual steps of which may each take over
 
half a century.
 

The ideas presented in this paper are put forward as exam
ples of what has to be more fully explored, with some suggestions
 
for consideration.
 

TOWARDS CLASSIFYING AGROFORESTRY SYSTEMS LOGICALLY AND
 

COMPATIBLY
 

Classification schemes for agroforestry land use systems must be
 
able to include the necessary wide range of temporal and spatial
 
scales. And they have to accommodate a logical way of grouping
 
key factors on which the primary and secondary production of
 
such systems will depend, as well as indicating how the system
 
is managed.
 

Sets or subsets of information, in this case descriptions and 
data concerning agroforestry land use systems, can be assembled
 

in several ways to facilitate data storage, extraction, descrip

tion and comparison. If data are logically hierarchical it may
 
conveniently be assembled and stored in this form. However, such
 
a scheme is enormously cumbersome to reorganize if a new need,
 

requiring a new access approach to the stored data, is required.
 

Assembling descriptive information and/or numerical data in a
 
network form allows a greater flexibility in deciding, or chang
ing, the ways that data items can be related to one another. A
 
relational arrangement, in the mathematical sense, may be an 
excellent way of storing and retrieving data about agroforestry
 

land use systems, but it is less likely to be helpful in classi
fying them for practical purposes. Simple hierarchical schemes 
have been proposed by Torres (1983) and a rmore complex combina
tion of categories, based on sets of agroforestry techniques, by
 

Combe and Budowski (1979), later modified by Wiersum (1980).
 

Genpeatigs. -o,;rati 1 tEonsEb , : 

Any clas.ification is of value only in as much as it facilitates
 
inductive statements, or conclusions, about particular cases in
 

relation to general law. or taxonomic concepts. To be of practi
cal use a classification must be easily understood and readily
 
handled. In an agroforestry or general land use systems context,
 
the concepts dealt with must cover both biological/envi ronmental/ 
physical anS] social/economic/management elements. These com
plexities rmay not be comfortably assembled in just a single 
classification scheme, any one of which could be constructed in 
order to serve a different purpose. If a parallel series of
 
classifications is to be made it could be helpful to have them 
originate from the same structural process (see Figure 1). 

Any schens' of class if ication should start from tile concept 
of the 'proto-agrofore:try' land use system: a simple unit con
sisting of a woody perennial, an agricultural crop species 
(woody, herbaceous or a grass), and man. Figure I indicates a 
process whereby practical classification schemes can be assembled 
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'protcJ-,igrotr;t ry ' (woody .,renni,il , crop p]ant, man) a 

f irst mir, !i spic ify land is pracj]r t t-1o i; to whotihir rotatlion 

t iAl'od r 11't . 'ht , within t ,::lof thu"e irlitial categories, 

to indut ,it, whL,,Ihi r tl, JAitIl(; i r-iiargod uidhr it mnixed or 

;.onr I ci ,,l'Iwj ]i i- hiorrcrhyehi'i otherrai;;.qunt of 

(:ir il(:tr it ic,; ,I , :i;;tq nhbltd (thilpriority ranking, from 

thf 1,,tt cii uipw,rid., will uh pond on th(t purpo.t of the classi

,jt~rt~i~ii),) iii tinig for ih tht le vil of coniplxity 

involvo'd it thi' 1,rt i(-Ilir !;it,, trnd in apjproprieltt , steps 

(1, I , ., d ' 1,n)f)r ,r h ihir iit ri;t ic. In seich a way 

tih (oriputni4lt '; I , I :c,;i fi ion sci(hrini can be groupcd and 

(-Orp,|ich-d, indl t li,i-r t',lit Vi iport aiice e valuattd. (uinendedc 


fr)ITi on ijinili ' ts-hoW;0' t),1PY-, 1979. ) 
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to suit particular purposes. For example, with an emphasis on
 

biological components, or on management, and so on. Animals
 

may be included as secondary producers. Two basic categories
 

designating land use / land management have been chosen to form
 

initial (hierarchical) steps. Three-dimensional schemes can be
 

useful, at least to help display the alternatives (Huxley, 1972;
 

Spedding, 1975) - this is done in Figure I - taking 'increas

ing complexity' as the third-dimensional category for each of a 

prioritized list of characters that need to be considered. Any 

specific outcome may be directed towards either anlhierarchical 

or a network type of classification system.
 

In Figure I the two initial steps in classification are: 

first, whether land rotation is practised or not. For example, 

cropping may be followed by bush fallow, or individual cropping 

patterns may be rotated. Second, is a management decision one 

which affects the whole organization of a land unit; that is 

whether the spatial arrangemer t of crop components is zonal or 

mixed. Zonal arrangement-s can be, for example, alley cropping, 

strip cropping or sore other geometrical arrangement whereby the 

crop components are separated within the unit of land being 

cropped, although to some extent they st ill interact biologically 

or management-wise. For example, litter or residues can be 

transferred from one to the other. 

Thereafter arological/physical/environmenta1and social/ 

econonic/iana,-.mn t charact_'riat i can be categorized in any 

logical way and, within each, !,.,v,!, ," : . ," 1 "i O t J.It ity. 

The arrangement of t:h( step:; wi II be the same in any one clas

sif ication, but they could b, re.arranged, omitted, or added to 

in other clas sif icat ions made for different purposes. For exam

ple, : t oths; can In. catego rizo(d according to a sories of factors 

which relate ma ilsly to their priml ry product ion potential. That 

is according to the following. 

* The level (or range) of soil fertility.
 

a The rainfall/vaporation ratio (periodicity and probability).
 

* The number of woody components. 
* The number of agricultural crop components. 

* Land occupancy.
 

" The cropping sequence.
 
• The horizontal geometry. 

* The vertical geometry. 

Or, again, according to management characteristics. 

* Irlhieritance and ,land tenure. 

* Level of inputi; in terms of labour, skill, machinery. 

* Land unit siye (and social/economic factors related to this). 

* Acces; to capital. 
• Need to obviate risk/uncrtainties. 

And so on.
 
Another agroforestry classif ication might be based on a 

mixtures; of the-;, . What ever i; chos;en as the set of basic vari

ables they need to be ranked, and the structure of actual sys

tems categorized in terms of the increasing complexity involved 

in eac-h. 

http:econonic/iana,-.mn
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Terminology 

No set of common terms exists at present that will completely 
serve for all forms of land use, whether small- or large-scale,
 

or short- or long-term. And there is probably little to be
 

achieved by trying to establish a new set of definitions. The
 

terms in common usage by agriculturalists and by foresters
 

relating to area, for example, 'field', 'plot', 'block', 'zone'
 

and so on, may suffice, although each of these can be used to
 

mean something different under different circumstances. A glos

sary of terms used in agroforestry is certainly needed, with
 

cross-referencing of all comparable terms at present in use.
 

Many terms used for different types of crop mixtures, such as
 

multiple, inter-, relay, and mixed cropping are, certainly, now
 

well understood (for example, see Beets, 1978).
 

MAJOR CONSIDERATIONS OF TIME
 

In agroforestry systems the time dimensions can be particqlarly
 

complex. They must relate to the life cycle or economic spans of
 

the plant species involved, and hence the phenological events 

within them; to the management practices carried out from plant

ing to final harvesting in multiple crop systems; also to the 

sequence of cropping on any unit of land which will involve 

short-term herbaceous species and long-term woody ones. 

Multiple cropping schemes on the same unit of land may 

involve many crops a year. At the other extreme, shifting culti

vators in moist, lowland tropical forest can clear previously 

cultivated 'forest fallow', so as to replant agricultural crops
 

.'nly after 30 or 40 years or so. And the cropping phase may 

.ast about four or five years before the land is allowed to 

cevert to natural secondary forest again. Or it may be planted 

to a selected woody species or mixtures of species. Where agri

cultural rotations on whole fields are still practised, this may
 

involve phases of up to several years with the same crop, espe

cially with grass leys. 

Agroforestry involves multiple cropping in which at least one 

woody perennial species is involved. In considering a chrono

logical order of events, planting or sowing, and final harvest

ing and clearing, form natural limits. Within this will be a
 

juvenile and a mature phase. The whole can be designated as the 
'cropping period'. For perennial species this is not necessarily 

the same as the life span, because they are seldom left, either 

in agriculture or in plantation forestry, to reach an uneconomic 

stage. Particularly with perennials, either sequential or partial 

harvesting is possible. Or a significant harvest can be taken at 

regular or infrequent intervals, as can happen with some fruit 
harvesting or the lopping of fuelwood and/or building poles. 
Terms such .as; 'ratooning' or 'coppicing' are used to describe 
the more regular forms of harvesting for agricultural crops or 
t r(es. 

in considering the chronology of plants occupying land there are 
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two conceptual comparisons to be made - sequence and succes

sion. The first refers to the crop species, the second to the 

occupancy of land itself. 
Sequence is the time course of events among crop* compo

nents utilizing the same unit of land. That is a designation of
 

the patterns of planting, growing and harvesting with respect to
 

each other. This can be described as 'co-incident', 'concomi

tant', 'overlapping" (of which the extreme case is 'relay' crop

ping), and 'interpolated'; as shown diagrammatically in Figure
 

2. Where more than two species are combined, each will stand
 

to in of ways.time-wise in relation anothsr one these 

The other comparison is in relation to the occupancy of any 

unit of land, and the successive way in which it is planted or 

sown. A single crop species, or a sequence of different species,
 

whatever the real time of the cropping periods involved, may
 

occupy the same unit of land either 'intermittently' or 'con

tinuously', depending on whether or not the land is left vacant 

for any reason between planting oe sowing successive crops. 

Continuous systems assume only that there is a virtually 

unbroken succession of either the ,same or different crops. This 

occurs, for agr1cultural or horticultural species with a short 

life cycle, only where there is a continuously favourable envi

ronment. For example, in the lowland humid tropics, or in par

tially contro Ihled uivironments such as witl irrigated crops and 

in greenhouse-s. Species with Ionger life cycles, spanning years, 

can more readily be plantud at an appropriate season, even where 

there is an unfavourable cl imate for part of the year. That is 

they are p1]antd successive ly, and c-.- c-cupy the land continu

ously.
 
Then$s( i:<i rw ic l Successiomns refer to a characteristic 

of the way land is used but, because the renloval, of a crop 

canopy and e.Xposlure )f blire soil can, in the tropics and sub

tropics, lead t) ext ramey rapid soil degradation, it is prob

ably bet tet to def in(. 'cont inuous' and ' intermi t tent ' in real 

time, , iid not rlat iv to thelhetugth of, say, the maximum crop

ping pe_.riod invol viI. gure 3 gives some examples of crop suci.'i 

cessions with diffftent crop sequences involved.
 

MAJOR CONS IDERATI ONS 01 SPACE UTILIZATION 

Land can bi p1,intti (or sown to i single crop (sole cropping) . Or 

to more tihan ai. 5j)0icii,.;, which can then be arranged in some 

form of mixture; or t hi spei(a r ;jic ios ixes call be clus

ter,.d iti oic, These, zol( s might I ak the form of strips of 

s iliiilal ( r difforiig widt hs; oir (f some othit geometric arrange

liteiI. .sucIi i .ihojuorboard or ilia-mond pittern., s 


There ,irt a numh igratig in
ot ut1 area-s all classifica

ion!; r(lat ing Io plant issociat ions or land itusi, however, For 

exallsl]e, aitijeruotia agii icul i uia] cyst em, such as 'alternate! 

row' cropitig, i!; mreily in, spat iaIy regularized thanr a mixed 

cropping (nio illwhihi the Lridividuals. of l ifferent plant species 

are sited in an irrn-egulIam f,:,Jiiii (but ,lAdom spiced randomly). 

* The term 'crop' is uisedlii li it s widiest s inse to incorpo

rate furhs , grasses aid woody pcrennial species. 
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Another problem is to differentiate between macrozonal and
 
sole cropping systems, as this depends on defining the units of
 
land and differentiating between a 'zone', as the term is used
 
here, and a 'field'. This raises a basic question: 'How best do
 
we define 'area' in order to encompass !he huge range of actual
 
dimensions involved?' when considering, for example, tropical
 
peasant farming, temperate or tropical plantation agriculture,
 
and tropical or temperate forestry. In all these cases it is
 
possible to define 'area' in the following way.
 

" 	 In rel tion to the boundaries of the systems or subsystems
 

as defined by the species or species mixture being grown and
 
the r nanagecn t.
 

" 	In relation to the extent of the plant interactions of the
 
species, or species mixtures involved.
 

Spat !aI unZt1-

Only three basic spatial units of area are needed. A 'primary
 
land unit' (plot); a 'management boundary' (field) and the
 

'total area' (farm). The equivalent forestry designations might
 
be 'stand' (or 'plantation'), 'compartment', and 'forest' (or
 
'block'). The objective is only to have meaningful divisions
 
which will enabl us to relate the parts of the systems under
 
any one form of management to the whole, whatever the actual
 
sizes may be. 'Regional areas' and 'ecological zones' obviously
 
form larger divisions, but these are related to whole land use
 

classifications, and not to units of land under individual
 

monagement or control.
 
A fourth division is needed when loking at economic as

pects because it is usaal to consider common activities as ap 

entity, or as an 'economic enterprise' , whenever they are 
located within the farm boundary. Foi example, if a farmer grows 

a particular cereal crop the areas used may be either spatially 
continuous or separated within the overall confines of the total 
area. For economic purposes, therefore, such space used for a 

common purpose might be termed an 'enterprise area' usually con
sisting of one or more 'management boundaries' (fields).
 

Tho pirl.lar'y inilt. In tropical subsistence agriculture, or in 

small-scale horticulture anywhere, this will be what is common

ly called the plot. That is, a homogeneous area in which a com
mon species or species mix, and , common form of management is 
being practised. For zonal. systems in agroforestry, however, 
plots or zones might tetter be defined as 'those regular shaped 

Fi[j. -"(L)qo,() Crop succession, or land occupancy cycles. 
Showing basic (a) intermittent and (b) continuous forms (upper 
part of diagram). Continuous succession will have not nore
 
than a few weeks' gap between harvesting/clearing and sowing/
 
planting. Examples (lower part of diagram) have different num

bers of plant components in the systems. Examples (c), from
 

agroforestry, could be a tree species A interplanted with a 
succession of herbaceous agricultural crops B,C,D, B,C,D, and 
so 	on. Examples (d) and (e), from agriculture, could be
 
respectively, maize (E), interplanted with cowpea (F), and
 
cassava (G) relay planted with sweet potatoes (H).
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areas between which, at any one time, the population 
of plants
 

of different species, including at least one herbaceous 
and one
 

interact in some way' and/or 'between the boundaries
woody one, 

of which man or animals can readily move primarily 

produced
 

The second part of the definition is needed to 
cover
 

materials'. 

macrozonal systems in which the tree/shrub components 

are used
 

for browse or woody mulch. For example, rows 
or plots of trees
 

between which plots of agricultural crops, or 
grasses, are grown
 

as 
in alley or strip cropping systems.
 

Individual 'management boundaries',
The mnagement boundary. 
 'field'
 
which need to be ecologically homogeneous, 

will be the 


in agriculture or extensive horticulture. In intensive horti

a greenhouse or a common set of gieenhouses, 
or a single


culture 


piece of land within a common boundary but devoted 
to growing
 

one crop (or crop mix). In forestry, it can be a 'compartment'
 

'stands' or 'subcompartments', for exam
with any divisions into 


'primary units' mentioned
 plt by firebreaks or paths, being the 

(or field) is not conabove. Any single 'management boundary' 


tinuously or intimately m .agement-related in 
any way with an
 

ioes not preclude the transference
adjacent area; although this 

in older
 

of material on occasion. For example, dung or 
straw, as 


temperate mixed farming sjstems. 'Fields', as larger units, can
 

thus be considered largely self-contained, 
whereas agroforestry
 

'zones', as smaller on. . ,ill regularly interact with their
 

neighbours in some way.
 

In much of forestry, as in large-scale temperate sole crop,
 

tropical plantation crop, agriculture the 'primary unit' or
 
or 


in existence
 
plot, is not fundamentally required; but it may be 


as a convenient ni.ision for management purposes. For example,
 

spraying, or for fertilizingpruning or lopping,for oiganizing 

more efficiently.
 

This is thc' largest unit referring to the whole 
Total ama. 


system beinq considered. It will be the total of
 
farm ol rarest 


or 'blocks'), which may or
 all the smaller divisions ('fields' 

or 'zones' and it 

may not h)edivided into primary units: 'plots' 
cases
 

is the sum of the various enterprises. Clearly, there are 


form of agricultural or horti
where, for example, with some 

with certain types of state farming,
cultural co-operatives, or 


whole farm groups interact or are directly 
managed in a unified
 

way. Such larger conglomerates are readily designated 
without
 

their manageiii an appropriate way related to
misunderstanding 

are the 'regions' and 'ecological zones'
 
ment or oganizatiun, as 


mentioned above. 
systems, more substance and pre-

In describing individual 
to any definition by providing actual spa

cision can be given 
tial dimensions. From what has been said above, 

however, it can
 

be sen that- no unified classification of the plant aspects 
of
 

land use systems covering temperate and tropical 
agriculture,
 

horticulture, forestry and agroforestry can be satisfied by
 

simple, absolute, or even relative, dimensional 
statements.
 

Boundaries of common management, cropping 
periods and their
 

relations to one another and, in some cases, 
the dimensions of
 

the interactions be qeen differunt plant species must be taken
 

into account.
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In agroforestry the extent of the differences between these
 
interactions in various systems is considerable because we can
 

be concerned with a very wide range indeed of both herbaceous
 

and woody perennial species being grown together.
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THE DESIGN OF ECOLOGICALLY SOUND AGROFORESTS
 

R.A.A. OLDEMAN
 
Landbouwhogeschool, Wageningen, Netherlands.
 

ABSTRACT. The survival of all living systems requires
 
cyclic change, and size is limited by the need to maintain
 
organisation. A concept useful in agroforestry is to con
sider eco-units in this way and to attempt to understand
 
the structure and dynamics of natural eco-units, through
 
their successional stages, in order to rationalize the
 
design and management of man-made 'agroforests'. Similar
ities between population structure and dynamic changes
 
can establish an analogue between natural and artificial
 
systems, and transformations can be effected by substitu
ting more productive species for wild ones.
 

Using diagrams, design stages are noted and suggestions
 
given for some examples in tropical humid climates which
 
include complex mosaics of very small eco-units, such as
 
the multistorey village forest and home gardens found in
 
Indonesia. In dry or degraded tropical environments simi
lar principles can be used in designing productive and
 
sustainable vegetation units, but the extent of cyclic
 
change is more restricted and successional patterns are
 
less well known.
 

INTRODUCTION
 

Guidelines for the drafting of project proposals in the sphere
 
of forestry and agroforestry nearly always refer to aspects of
 
ecolonv; and in two principal ways. The first is the avoidance
 
of undesirable side effects caused by natural forces such as
 
inundation, erosion and pests. The second is the creation of
 
possibilities to produce outputs with a lower-than-food priority
 
such as fuelwood or the so-called minor iorest products. How
ever, no distinction is generally made between tree plantation
 
and forest establishment, which are quite different things, and
 
a hypothesis, implicit in many such guidelines, is that once
 
'solved' ecological problems do not exist any more. In the
 
following pages we are going to try and make a more complete,
 
and operational diagnosis of tropical forests and agroforests.
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The ecological approach
 

The features of such ecosystems,which are sought after by human
 

users of all categories,are the following ones. They should be
 

durable, the economical term being 'a system with sustained
 

yield'. They also should have buffering characteristics towards
 

perturbation factors from outside. Furthermore, they should be
 

local soil and climate and, finally, their
perfectly adapted to 

production has to show a certain degree of diversity which will
 

depend on their use.
 
In many instances the perfect example of a stable, well

buffered, adapted and diversified system is the local natural
 

a forest, a tree savanna , a prairie or a
ecosystem; be it 

tundra. All these vegetat:ion types are living systems, adapted 

to specific sites and climates, as are the plants and animals 
have afunctioningo as elements within them. All living systems 


common di lemuna. On the one hand their survival demands ,; 1,
 

the most enduring system does not chanvie at all. But on the 

no system that lives does so without cgrowth, that is,other hand, 

answer to this dilenma is, of course,
Cka?;(i, . The biological 

eyclt o change. The nearer perfection a biological cycle the more 

lasting will be the living system which displays it. This lesson 

has been learnt by all successful agriculturists and foresters. 

Sustained yield, in an ecological sense, can only be obtained 

when the planting -to - harvesting cycles are perfect. Degraded 

Fig. I (O ') of the living systems, 'trees' and-c> Scale 
(b) Organ complexes (left
'forests'. (c;)Organs (leaf, axis). 


to right: seedling, axis bearing leaves and flowers, unbranched 

palm). (!) Branched complex, each branch being an organ com

plex (left to right: Troll's model, eg. guava; each of Rauh's
 

models, eg. mahogany; Massart's model, eg. nutmeg); these
 

models* are hereditary and mostly express themselves well in 

saplings. ((!) Reiterated complex, each spoon-like symbol rep
left toresents a model-conform structure, trunk and branches; 

right: reiteration on curved trunk, as a replacement after 

damage, as iatershoots, in crown expansion, and as root sucker

ing, respectively. (,,)First collective scale, the rejuvena

tion (= forest regeneration) unit: this small patch of forest 

is even-aged and started developing on the same surface. (f) 

Second collective scale: the age mosaic; this surface is cov

ered by all developmental or age classes of one successional
 

sere: A - seedling phase; B, C 
- sapling phases; D - transi

tional phase; E - mature phase (note roles of strongly reiter-

ated dominating trees and shrubs against suppressed 'saplings',
 

drawn as model-conform); F - decaying phase with underlying
 
succesnew rejuvenation unit. (g) Third collective scale: 


sional mosaic, including all age classes of all successional
 

seres: I - pioneer trees; II - late pioneer (half-shadow);
 

III - later successional stage, sometimes called 'climax'.
 

From scales (a) to (CI)systems always become more complex and
 

have a tendency to become bigger and longer lived. A succes

sional mosaic is sometimes larger than the site unit and then
 

occurs in fragments throughout the landscape. Later succes

sional seres always show smaller rejuvenation units. Figure
 

very schematic, from Oldem-n (1981).
 

* All tree models referred to are described by Hall6 et al.
 

(1976).
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agrosystems, tree plantations, forests or agroforests are the
 

results of an ill-conceived or faulty cycle.
 

A second dilemma in any living system is that of organiza

tion versus size. Any particular biological growth programme can
 

sustain, with population differences, only a limited amount of
 

biomass. That is, the universal solution is division of biomass
 

be managed by some specific set of
in adequate amounts, each to 


biological instructions. This process is known as replication on
 

as cell division in cytology, as multiplicathe genetic level, 
tion in organisms, as reiteration in large trees, ani as regen

are theeration ot rejuvenation in vegetation. These mechanisms 

basis of the universal existence of populations: as cells, 

tissues, organs, herbs, treelets, or trees. No:.e of these exist 

alone as unique individuals. 

although it seldom is, about vegetationThe same can h,-said, 


units. A one-hectare
, field of eucalypts is not a unique phenom

enon. 
 It ii:o wember of a population of such fields. They may be 
oneolder or younger, _- btly smaller or bigger; just as 

:i/ t11 : ree of a population of T'. ,gob .i'a
Dc'l{ ' t is part 

which have varying ages and dimnsions. The termthe metl, rs af 

used is 'r,*juven,jt ton unit' or 'eco-uniti', de fined as tho unit 

,t.Ut m omcct0]" , t ' ,tur'L,, ; ta .,.' + .'lc til, M 

in kinds, for 

where a single tree has 
Eco-units exist numerous 

instance a patch of forest growing 
or a maize field.fallen (a 'chabli') , 	 a Caribbean pine stand, 


it is not always easy to delimitate eco-
In naturail .cosystens 

of the existence of
units from nirhbouring eco-units, because 

gradient-s blt ween their (see Florence, 1V)1 for examples of
 

ron trary, .n artil.cial ecosystems,
chablis in Gabon). On the 

well by - liits,
.n
eco-inits nraily, are separated man- ,,..c 

the following pa'J"!s .'co-units are represented by graphical means; 

that is, by scale drawin(i;, or by schematical diagrams derived 

from scale drawings. In the same way, populations of forest 

types, populations of succo:s!3ional stares (each including a 

can be usedpopulation of eco-units), populations of 'climaxes' 


for analytical purposes.
 

Figure I give an outline of t':,is rtasoning, as described 

by Oldeman (1981). For instance, the organs (Fig. la) can be 

considered as 'integrated populations' within organ complexes 

(Fig. Ib). These ornan corrpwexfrs can live in their turn as free 

popula tions or- aS I)op1ulations{ integrated within an organism of 

a higher order: the branched tree (Fig. Ic). At this level, 

trees branch according to a strict programiie called the archi

tectural rw)de (see llallI ,i/al., 1978). Model -con form trees may 

free living populat ion!;, for example, young coffeeconstitute 
-re pruneci sack. But model-conform treeplantations before they 


like structures may also form an inoegrated population origi
higher ornating from meristems within an organism of a still 

der, the large tree with model-conform crownlets (Fig. Id). 

This is the largest individual organism. All living systems of 

higher orders are ,'!!.!,:n'tu'2 (a term used by Leibundgut) of 

and each of which is part of such andifferent plants animals, 


ecosystem, neither 
quite free because they are not built to 

survive outside, nor quite integrated because of movement and
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i -isecosyt ian even"aged of vegetation, 'The m"aing 

patcste
smalest_se 	 or partially

its-development onsome -cleared, 

'clearedspot: (Fig. le) ithas already been defined as an eco 
starts small 'and becomes bg:hlunit'Such an: ec-unit 

developing'dts structure: a population of eco-units indifferent 
kind ofdevelopment phases is represented in Figure If. This 

ecosystem is essential~ for agriculture, silviculture and~agro
forestry: their eco-units are fields or silvicultural' stands, 

and the developmental series differs, according to its economi

cal application, in duration, size and complexity. Now in the 

series, the eco-unit-is different in successional
Successional 
Stages I, II, III ... etc. (Fig. ig). The figure having been 

made for forestry purposes no eco-unit before Stage I has been 

indicated here. These preforest stages do exist and are herba

ceous (a 'forb stage', Fig. 5): they are comparable to agricul 

tural fields. Stage I contains fast growing.treelets, lianes and
 

some herbs, as analyzed in West Africa by Kahn (1981) and the
 

authors he worked with (Guillaurnet, 1978; de N~amur, 1978, de
 
Rouw, 1979, and others). Stage II is 'late pioneer' or 'pre

a century. Stage III
climax' forest which may live longer than 


often is the last possible one in temperate regions. It can
 

exist for several centuries.
 
This third successional stage, long-lived and often stable,
 

is at the root of the original 'climax' concept, developed in
 

'	North America by Clements and his school. However, there are
 

sound indications that, in the humid tropics, more stages exist:
 

Stago IV and, probably, a Stage V. From the herbaceous stages
 

through Stage I, and up to Stage III, the eco-unit becomes pro
 

gressively smaller. Herbaceous eco-units can be large-scale
 

features of the landscape, Stage III eco-units start in,.
 

forest gaps (chablis: see Oldeman, 1978a), causedby the fall of
 

or two trees. The minimum size for.an eco-unit to develop is
one 

a one-tree chablis (one-tree gap). It is thought that differences
 

between eco-units in Stages IV and V are determined not by the
 

size, but by the shape -)r architecture of the gap. Wide, funnel
 

shaped chablis stimulate another development, with different
 

!species, compared wih narrow, chimney shaped ones (see data
 

in Florence, 1981).
 
* 'i as 

The uae of eco-units 

use it differ-4
Each different eco-unit invites human beings to 

ently. Herbaceous units grow up by means of plant species out of
 

which agricultural crops have been selected.."Pioneer forest
 

yields fast growing trees, and some fruit producing species which
 

are needed for forestry and fruit orchards, respectively. Later
 

successional stages contain some fruit trees, but also many other
 

species providing other pxvoducts. These often are wrongly called
 
'minor forest products', from the viewpoint of wood-oriented
 

human communities. For local populations, the wood may be rather'~
 
(for example,
lesimportant than things like fibres from lianes 

rattans), medicinal, products (many tree barks and roots), fruits 

and meat (game). Accordingtovan der Ent (perS.comm.,198 
1)
 

the productsnumberwell over' 10,000 in all in the, world's 

j~: tropical forests. The optimal uses ot!different eco-units in a 

'~'. successional se~quence are indicated in Figure 2. 
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In reality, these eco-units do not occur according to such
 

a sequence but are dispersed in space. They form a mosaic of
 

different units in different growth phases, large and small,
 

fast developing and slowly growing. In nature the dispersal of
 

these units is mainly due to different growth and mortality 

rates. 

The death of an ceo-unit makes room far one or more eco

units to be established. In nature, dying of such units is 

ascribed to 'accidtnts' or 'disturbanes'. In cultivated systems 

it is caused ibyhrvesting. This is a croci. 1 concept in ,stab

fishingr sound aqroforests. The death of a laroe eco-unit qener

ally means its fra ntllit oati(Jn smilltr units. is causedinto This 

by the! fact that such I arc even-ied volumes of forest (Stage 

I) are built: by a population of tiv,-n-aged trees. But the moment 

of death is not simu1tineus in all these trees: the sound ones 

die later, tle weak onjit; soonor. The difft ronce between weak and 

strone may be qfnet ic, th,,ri Peni, eithor difffernt: pioneer spe
cies or difftererit (ainutypt.;withii )nt :;uch species. it may also 

be caudl;'d by co ip t itlun tetwen ti, s, 1)y ibiotic factors such 

as the [reso a f roick it dito iot dohjth, or by biotic factors 

such aL parasit,: di ste ; er t he absence of certain mycorrhiza. 

Kahn (1)H11) dlesei ibhts hew, in tile Ivory Coast, an ,)1d abandoned 

shift in cult iv,it i,)n il i sari cur I fc '; remain withbout trees 

and ar. covIrl(- by a I 1, kt ft icn for long pr rods. Where

as other hao; nl 1 itiht 1 lnes, unders hies Iy a c.,vir of which 

long-livd tree sp1-ia row up. St ii I other patches; are covered 

by shrt-lived pliner t re'; rapidly building a forest architec

ture more- sr les Ilk,e St visr I (Fio. li). 

Oi thl ither hand, 1,argo .urfaces of herbaceous vegetation 

can be) rcolunized first by shrubs, thi'n by trees. This process 

also displjy; a :;plotchy pitto.rn, is cm h observed on the 

ane i cut ioi ,ldows.; around Sail (French (;u iana) which are now inva

ded boy bu.;tes .I tijlastomceoos shrubs, in the middle of which 

some rare t rees of biqijer ;pc ionS are establishing t hetnselves. 

The meacdow in t hi; way is berin 'broken up' into smaller eco

un its which, in their own time, builI their own structure: 

li;. 1.) H use successional(ujj>: human of seres. 

(a) Natural forest mosa c, schematic diagram; note eco-units 

of different. sizes, with different frequency and of different 

architecture, the chablis (gaps) causing the mosaic to shift 

in a Ytlfido;;copic way. () Seeding-harvesting or planting

harvesting cyclee in different, land use systems; note the 

different surf ces( of the harve;te(d eco-units (compare Fig. 

5), the ;ilnplicity of the 'classical' agricultural, arbori

culturIl, silvicultun-al and taungya cycles, as contrasted to 

the compo;ite onis in igroforestry and traditional village 

forestry. I:it' 1['ma : rejuvenation, regression or 'r renera

tion' cut ting (iharvest ing) . [at, h ! /,*? i: accelerated succes

sion by -lilt
icipi tion, t:he appropriate eco-uqiit surface being 

supple.nint~oi by planting adapt-ed plant species, a process 

which i.!;!;tch,utic iii th natural forest mosaic. 

The artificisil charactor of the 'successional series' can be 

seen clearly; in reality every stqe can succeed to every 

other including itself. All these natural processes together 

may be called sylvigenesis (Oldeman, 1974). 
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to be followed later by new eco-units of another kind which grow
 

on the debris of the first ones. Both progressions - the frag

mentation of monotonous early secondary forests and the patchy
 
-colonization of monotonous herbaceous vegetation by forest 


lead to smaller eco-units belonging to more advanced succes

sional stages.
 

Evo-unit cynamios
 

The death of forest patches is a perfectly natural mechanism 

which constitutes the motor of all vegetational dynamism. Some 

rules apply to the mortality factors which, most often, are 

of one or more trees.operated by the fall 

the risk that an accident or" The older a forest the higher 

tree death takes place. 
as loose or shallow soils, exposure to" Site factors, such 

steepness of slopes, or earthquakes, can increase thewind, 
of eco-unit disappearance (Garwood et al.,

frequency and size 

1979).
 

more chablis there are in a 	 forest-, the more tree crowns* 	 The 

the more
become asymmetric when growing into these gaps, and 


accidt.nt prolite the ttees 
be,-Come. 

* 	 On any sito A stiatist-ically regular frequency exists of me

and hydrological forest attacking
teorologjei.1, liooqical 
disturbance oftenfactors on diff:rterit icales, large-scale 


being rarer 
 th,in smill-scale disturbances. 

forest mosaic on any one 

site may be compared with a kaleidoscopic image: the same eco

units are always there at quite constant rates, but they are not 

For all these reaLIsons the resulting 

to the next. 

Ip rcce;s from large-scale to sinall-scale eco-units 
at the same plato from one year 

The whio] 
has been sumairizid ill Figure 3, with the characteristics of the 

each of these eco-units (seeplants which aret n ewt.d to build 


PJ7cih, ,79M, 1979b). In general it can be said
also Oldeman, 

that up to Stages Ill 
or IV there is an increasing number of 

]. [](Ol,. IThe breaking up of large-scale eco-units 

into small ones, in t h context of the processes and struc

in Fiq. 2a . (For syml s see Figure 1.)tures shown 

(c:)Pioneer forest on rather large surface, bzeaking up into 

smallet unit.,; of 1,it,:r successional stages by differential 

t Sl: tr.ees shown here growingdyi. g of p L,.n(i r 5.ucces:or 

s to obtain easy visualization of
with exiggerit id 1;ll s I 

til fourth stage- of tilt! proce1ss. ,;]edo :dif fer(tiCn''; in 
Linen sri' inn herb-s;. 'f'ulk ',is: lu1ly grown

lerbaeo 1nu!; ,id 

t reens. 'lb :': . : trees with pot(entiil for further develop
; : s, Fig. 5 and text. Nlotte potential formilent. Bio;tait i 

varying ages;in different co-units of 

fain i';ti: difFerficos impliiosit_. (b) Colonization of secondary 

m,adu)w illa forest zon; for dyllnmiCS Of ruderal 

diffi-rent planlt typi-s 

Sa illIlhl or 
(1977) . 'The large-scale herbaceousvec<,t.,t iolls seeld ily( 


veretat.ion is;i)rokein up by the dtevelopii-nt of bush nuclei with
 

shrubby heliophilo ns ltuiers
; , among which some larger tree

later. Note root crop potential,lets and trees can develop 
ixh,l .;,ils.
on uie stedexisting only 

http:accidt.nt
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species involved in the correct functioning of the eco-unit, and
 
that in later stages this number decreases. The peak number in a
 
different stage depends on the specific site: Stage II may well
 
be the richest, for instance, in less humid regions with more
 
wind. This leads us to Figure 4, which represents the succes
sional sequence from the most to the least hospitable environ
ments. This may occur through climatic changes, for example, the
 
inclusion of seasons with frost or drought, or be linked to soil
 
changes, such as the eccurrence of shallow, waterlogged, very
 
light or very heavy soils. In any case where the environment
 
becomes less hospitable the successional sequence is shortened; 
a fact which often has been observed but never completely 
explained. In Whittaker's terms Figure 4 would represent an eco
tone, but on our figure no 'climaxes', but whole successions, 

are used as ecotone indicators. It is to be stressed once more 
that the successions in the diagrams do not exist as such, and 
are no more than an intellectual tool to help understand the
 

uneven-aged, kaleidoscopic forest mosaic. Within this mosaic 

virtually every stage can succeed to every other stage including 
itself (Oldeman, 197la). 

PRINCIPLES FOR AGROFOREST DESIGN 

Comparison with the, local natural ecosystems can be useful for 
the design of new or improved agroforests aiming at higher 
durability and, whenever possible, also higher yields. Criteria 
then should be the architecture and growth dynamics of both 
agroforest and wild forest. 

Analog ain", '?:jrzt) i tnot 1W2JO 

Recently, Hart (19Hb) has used this cualo concept which depends 
on the use of ;imilaritiAes in population structure and dynamics 

between artificial and natural systems. More analogies consti
tute more reasons to think that the cultivation cycle is close 

to the natural cycle. 'Ihe risk in this method lies in the 
infinite number of variables that may be considered, and their 

Fig. 4. ((jorit,) The successional mosaic, characterized by 
an abstract succession model, in increasingly inhospitable
 

environments (top to bottom). (For symbols see Figure 1.)
 
Note stem suckering and natural coppicing, which are forms of 

reiteration characteristic of less hospitable environments. 
Several examples checke.d in nature; quantitative proportions 

between diffe rent successional !;tadies still remain approxima
tive. In the lower three environments some kind of herbaceous 

succession has be:en sugucested; this hypothesis should be 
checked (compare Descoinqs, 1976 p.122 ff.) . Frme lf t to 

1i;gh t. (top): eco-units smaller, then narrower. The disturb

ances which bring them into being become more frequent from 
left to right. Suppressed trees drawn as fine vertical lines. 
This schemitic diagram should he worked out very precisely so 

as to create an ecological site reference framework, indi
cating what is possible, in agroforest architecture and the 

dynamism for e ach ecological renion. (After Oldeman, 1980a, 

modified).
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f equentmutualdependence.Consideration of too few variabl "' maesfr uerficial}!analog !moes Inmany~selectie cutting
 

"systems'for~tropical rainforests it is, 'for instance assumed
 
that the cutting oftrees over a certain diameter is-analogous
 

to air asterlearly
natural fall and such wian assumption will be, 

A -....d onceptis -that -of-tri eform ation .-The -,basis .ere 
is'theasrctural analysisofcolleclive units, as the eco

'eaioudesc ifrgid'eairlier Transformation maybe effected by rer

:-lacina wild species Iby useful species fulfilling the same
 
funcectional and structuraluniche as their wild precedents It can
 
also aim at the transformation of structures while maintaining
 
certain 'properties of the whole system. The risk of this method
 
is the absence of absolute ecological identity between the
 
behaviour of organisms: there always are small differences.
 
Hence the balance of new structures has to be corrected over and
 
over again, until 'it becomes self-equilibrating. Many trans
formed systems turn out to be unstable.
 

Both approaches of course are complementary as tools in the
 
design of forests and agroforests. Agroforestry design needs
 
both methods for different purposes.
 

When to use them
 

In regions where no natural vegetation is left, the basis for 
new designs can only be established by an analog model. Consid
ering similarities becwee the region in question, as well as 
other regions with comparable abiotic environments. Successful 
agrosystems or agroforests from the intact region cau then be, 
imitated in the degraded one. Only afterwards can transformation 
analysis come into play, with a view to improving structures and 

V%;! 	 species composition. On very degraded land, the only applicable 'V 
analog should concern primary succession, followed by trans
formation to accelerate it. 
whee"On the other hand, in still intact regions, for example, 
where there are natural tropical rainforests, prudent trans
formation shculd be the first step, taking into account the 
processes and'the architecture at the different scales ment.icned 
before (Figure 1). Some transformations having been made, analog 
analysis becomes a useful tool to compare the re3ult with the 
natural forest and with other agroforests in equivalent regions. 
Analogy here concerns secondary succession. ' -

Hart:Itshould bc- noted that the succession concept used by 
Hart (1980) does not take into account the development of 'an' 
eco-unit from young to old, as disti,-ct from succession from 
early (big eco-units) to late (small eco-units) stages. In the 
development of a crop system, as represented in Hart's Figure 2 
from beans to rubber over 50 years, a succession can' be seen, 

'iot 	it could equally well be interpreted as the development of a
 
single eco-unit belonging tu one early successional sere, if all
 

'V crop components were planted at the same time. This figure by
 
$1 <Hart should be compared with Oldeman's'Figure 2 (1979b). Taken ,i
 

together, they perfectly illustrate the complementary character 
of the two approaches. 

Such a fine point may seem academic, but it should' not !,-I 
forgotten that ecosystem design will have to become a very re 

'V fined business in order to succeed. Living systems are muchx"" 
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more complex than the most sophisticated industrial ones, and
 

require a kind of biological engineering which can be compared
 

to very advanced technological activities such as the designing
 

of spacecraft.
 

AGROFORESTS FOR TROPICAL HUMID CLIMATES
 

Too often the humid tropics are treated as one homogeneous block
 

with one ecosystem: the Tropical Rainforest! Descriptions at
 

this level must essentially remain global and be based on aver

ages. Rollet (1974) wrote one of the most rigorous approaches in
 

this sense. His Figure 31 is an example. It concerns the 'total
 

[mathematical) structures of different tropical formations',
 

showing the 'mean pantropical curve for rainforests' of the num

ber of stems per 100 hectares, in diameter classes of 10 cm,
 

with itu variation for different forest types: Venezuelan man.

grove, Trinidad Mora-forest, Malaysian marsh forest, etc. Rollet
 

uses the term 'architecture' in a statistical sense; here, on
 

the contrary, it is used for the form complexes shown at any one
 

moment by a living system and without the details pertaining to
 

smaller scales (Figure 1). Holdridg2 et aZ., (1971) arrive at an
 

average image of forested landscapes by means of a statistics

based pictorial shift from 'standard forest profiles' towards
 

'idealized forest profiles'.
 

The importance of studL;ing variability 

For the design of forests or agroforests, averages are less use

ful than deviations from the mean. These very often indicate
 

phenomena at scales below the one that is characterized by an
 

average. Along a forest transect, for instance, actual forest
 

height can be measured at every ten metreb from the starting
 

point (see Figure 2a). The average of these values gives a
 

general impression of the forested landscape. However, the
 

variation of 
this value shows 'the forest' to be broken up into
 

units with different height and other properties. These units
 

can be explained by descending towards a smaller scale (for
 

example, from Figure lg towards f or a). This smaller scale is
 

of interest to the farmer (Figure 2b). As a designer, of course,
 

one has to consider all those scales, one fitting within the
 

next one, so as to harmonize structure and function at the level
 

of the field, the farm and the landscape.
 
Figure 4 is the first step to serve in evaluating the kind
 

of agroforest best adapted to a particular site in the humid
 

tropics. Site analysis should be carried out carefully, with
 

regard to all factors influencing forest dynamics, so as to
 

estimate where a particular locality belongs on the environmental
 

'hospitability' scale. An example is the frequency of thunder

storms (Nieuwolt, 1977, and see his Figure 6.2). The more
 

thunderstorms, the more chablis (gaps) in the forest and hence
 

the younger the average successional mosaic. The mechanism im

plied is the loosening of soil cohesion by heavy showers, a
 

lessening of the anchorage of trees which then fall by the
 

influence of squalls or thunderbolts. Such a forest is in a
 

position similar to that in Figure 4b or e. For the agroforest
 

designer this points to the use of many fast growing pioneer
 

tree species and fewer slow growing, accident-prone, late
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successional trees.
 

Other important climatic factors are cyclones; the amount
 

of precipitation beyond the physiological rainforest minimum
 

requirements which can lead to lack of soil cohesion, soil ero

sion, and the leaching of minerals; cloudiness which can affect
 

photosynthesis and the capacity to withstand short dry seasons.
 

Is it possible, in some areas, to conceive earthquake-resistant
 

agroforests? For example by using many young eco-units belonging
 

to pioneer stages (see Garwood at aZ., 1979).
 

Subdivision by site use
 

Soils and agroforestry have been treated in detail (Mongi and
 

Huxley, 1979). They of course are among the major site factors.
 

Natural fertility and structure, as well as soil life should be
 

carefully assessed and used or improved. A precise regional soil
 

map should be the basis for the agroforestry landscape (scale:
 

Figure 1g), and the analysis of toposequences (see Beaudou et
 
ai., 1978; Vooren, 1979) should precede farm and village design.
 

Low fertility and shallow soils, limited underneath by a
 
'root floor' where roots cannot penetrate, may not influence
 

forest mosaic architecture overmuch. However, growth, develop

ment and the production of forests or agroforests on such soils
 

are slowed down. Forest life is maintained by virtue of tight
 

mineral recycling systems through co-evolved rich floras and
 

faunas (UNESCO, 1978; and see Brunig and Sanders in this volume).
 

Fig. ". (Oppostto) Natural forest development (sylvigenesis) 

and principles of agroforest dynamics in the humid tropics, 

schematic diagrams. For analog basis see column 'natural' at
 

the right, to be compared with Fig. if; basis of transdisci

plinary analysis (Beaudou ct al., 1978; Guillaumet and Kahn,
 

1979) indicated in 'static' development phase (supraplexion,
 

metaplexion, infraplexion, see text). 1. Herbaceous or forb
 

phase, basis for all. agroforests; note root crops. 2. Giant
 

herb phase with potential trees. 3. Lower structural tree set
 

expanded (fruit trees), some giant herbs (for example, banan

nas) left. 4. Biostasis: stable, perduring phase; note reit

erated subcrowns under small main crown reduced by lopping
 

in dominatinq trees. 5. Mosaic broken up into smaller units
 

by selective cutting of big trees. 6. Small-scale mosaic (see
 

Bompard ct al., 1980; Iskander, 1980), mainly agricultural.
 

6bis. Small-scale mosaic adapted to husbandry; note that this
 

mosaic of small eco-units should not be confused with a mix
ture of trees and other plants. Series 2a to 4a: taungya
 

system, main aim sawwood production after a short, preliminary 
stage of subsistence agriculture. Series 2b to 4b (3b not 

separated frcmn 2b): coppice and pollards production; note ab

sence of potential trees which is compelling us to clearcut 

and start again at Phase 1 when crop plants are ageing. 

Abbreviations: C, EC, SC = coppicing (early coppicing, second
 

coppicing); CCr = conmmercial crops (not necessarily industrial);
 

CW = construction wood; F = food crops; Fi = fibres; FOD =
 

fodder; Fr = fruits; FW = firewood; H = animal husbandry; M =
 

medicinal plants; mr = medium rotation; NH = no harvest; pr =
 
$permanent rotation'; S = spices; SW = sawwood; t = taungya;
 

TH = thinnings.
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These cannot be replaced by simple agricultural systems, and the
 

use of such sites will always be very expensive because 
no imi

tation of the natural system is possible, and alternative 
cul

tural inputs are costly and could only possibly be considered
 

use of these lands therefore
for highly priced crops. Rational 


often implies the maintenance of wild forest, which fulfils
 

landscape and watershed protection.
other functions such as 


Soil properties are closely related to toposequences. A
 

site is more or less hospitable according to steepness 
of slope,
 

shallow root floors, or laterite
valley hydrology, role of 


shields on hill tops, and other features related to 
topography.
 

At this scale the toposequence should determine the position 
of
 

dwellings, the arrangements of fields with different 
production
 

timetables and characteristics, and the localization of protec

tion forest. Schematic drawings of possible spatial arrangements
 

on toposequences have been published among others by 
Dubois
 

(1979) and by Oldeman (1979b).
 

Designing the eultural practices 

Once the landscape is rationally subdivided according 
to optimal
 

site use, the cultural practices on aaroforest sites 
have to be
 

it is important that its

conceived. Whatever the design may be, 


'broken down' into components
can be
architecture and dynamics 

farmers.
which can be understood easily and applied by 


In this context, the transformation of eco-units will be
 

Such eco-units constitute the
considered first (Figure 5). 

or stands, composing an agroforest; a forest farm
actual field,,; 


will often include many of such units. The case of home 
gardens
 

belonging to a village as common property will be treated 
later.
 

All eco-units within a new agroforest can be said to 
be so
 

to start at the very beginning of a secondary succeslarge as 

'forb stage' (Fig. 5.1).


sional sequence, sometimes called the 


The surface then is occupied by herbaceous plants, sometimes
 

lianes and most often seedlings of woody plants. During 
one or
 

this is the equivalent of an agricultural
two growing seasons 

(see Fig. 2). It


field, whatever its subsequent use may be 


should be noted that all plant species playing some 
role in this
 

field, up to Phase 4, are already present in Phase 
1. Specific
 

Gramineae

for this first phase are shortlived food crops, such as 


several medicinal
(maize, dryland rice), Papilionaceae (beans), 


(Araceae, Zingiberaceae). These plants
herbs, and root crops 


most often are heliophiles, with tillerinc growth forms 
(for
 

prostrate herbaceous or lianescent
example, Tomlinson's model), 

swollen rhizomes, root
 

architecture (Jeannoda-Robinson, 1977), 


tubers or a combination of these features (Fig. 6). Because of
 

the preponderance of this plant form many of the essential life
 
cx
 

processes in this phase are subterranean (see Plaige, 1977; 


Wassink, 1977; Nair, 1980).
 
agroforest,
However, if this field is to develop into an 


space should also be provided for the plant species which are
 

towards Phase 4, for example,
going to determine the development 

This always means that monopolization

trees, shrubs and lianes. 

of the field by food crops is excluded in agroforestry, 
unless
 

it occupies one special year, after which the perennials are
 

planted. In general, however, yield maximization will 
not be
 

field has to 
remain unharvested
possible, because part of the 
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so as to prepare and improve the land for future development.
 

Hence, spacing of different crops is of the utmost importance,
 

and models for this have been suggested in many publications
 

(see Fuentes Flores, 1979; Kartasubrata, 1979).
 

The geometrical plant spacing models most generally pro

posed should be considered as forerunners of more ecologically
 

refined ones. There are, for instance, very few quantitative
 

analyses of the occupation of root volumes by the subterranean
 

parts of plants (for example, Bell, 1976 on Zingiberaceae; and
 

see Huck, this volume).
 

Some altcrnative design approaches
 

Three alternative ways are nowadays being followed from Stage 1.
 

These have been rigorously separated in Figure 5, as Series I to
 

4, 1 to 4a and I to 4b, but a variable and imaginative approach
 

allows all kinds of combinations and transitions, so as to adapt
 

the resulting agrofor-st to the site in an optimal way.
 

The first alternative is represented in Series 1 to 4. It
 

follows the natural events rather closely (Fig. 5, column on the
 

right); however, the proportion of useful species in the vegeta

tion has been largely increased, and the plants are treated in
 

special ways. For example, the fuelwood trees in Stage 4. Use is
 

being made of the 'structuring from below' by the formation of
 

layers of fully expanded crowns, which starts with such a struc

tural layer composed of treelets or shrubs (Kahn, 1981). Among
 

these plants there are many useful species, coffee and cacao
 

being commercially important, and several other genera (for
 

example, Annona spp. and Psidium guajava) yielding edible fruits.
 

The 'commercial crops' indicated in Series 1 to 4 may therefore
 

either be industrial or destined for local markets.
 

The treatment of the high trees in Phase 4, drastically
 

reducing their cro.wns by lopping off most inferior branches, is
 

a traditional way to provoke the formation of 'sub-crowns' by
 

stem suckering on the trunk, a form of reiteration (Fig. id). It
 

is a long-standing practice in Europe (Mayr, 1909) where it is
 

applied when producing fodder and fuelwood. In many tropical
 

rural regions it can be observed, for example, in Kenya (Euca

lyptus spp.) or in Indonesia (Albisia spp.). Moreover, the
 

reduction of the highest crowns modifies the vertical light gra

dients in lower reaches of the vegetation, so that carbon fixa

tion can be greater near the ground.
 

In the column at the right of Figure 5, representing the
 

natural situation, the equivalent of Phase 4 has been indicated
 

as 'static'. Biostasis is the steady state of a living (= open)
 

system with equal inputs and outputs, as distinct from homeo

statis in a closed physical system. The biostatic phase has been
 

used to illustrate some elements of the transdisciplinary analy

sis of whole ecosystems, as developed by a group of researchers
 

from the Office de la Recherche Scientifique et Technique Oatre-


Mer (ORSTOM) (UNESCO-RCI, 1977; Beaudou ot al., 1978; Guillaumet
 

and Kahn, 1979; Kahn, 1981). The whole systemn, includi.ng the
 

inorganic parts, is divided into 'hoplexols', that is layers
 

without any disciplinary definition, be it botanical, pedologi

other. These are each analyzed, whenever
cal, geographical, or 


they can be found in the ecosystem. Descriptions do not use pre

conceived height classes, but clearly defined qualitative and
 

http:includi.ng
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quantitative terms for the contents of each 'hoplexol'. The
 

'supraplexion' contains all 'hoplexols' above the ground. The
 
'metaplexion' includes the 'hoplexols' in the organic border
 

zone between vegetation and mineral soil, which is neither quite
 
'infraplevegetational, nor entirely pedological. Finally, the 


xion' comprises the lower mineral 'hoplexols'. This method, and
 

its underlying idea of one approach for the whole ecosystem,
 

deserves careful attention. A study according to this concept,
 

of landscapes modified by man in the southwest of Ivor:y Coast
 
struc(UNESCO-RCI, 1977) proved the existence of several of the 


tures represented in Figure 5.
 

It should be noted that an agroforest in Phase 4 closely
 

approaches the ideal durability as often formulated in forestry:
 

the harvested quantities should not exceed the increment. When

ever some biomass disappears, by lopping (tor fuelwood or fodder)
 

harvesting of fruits and gathering of spices and medicinal 

plants, this is only an oscillation ,round a steady state. On 

the other hand some production accumulates in the trunks, to be 

Fig. ( ((Opo:"tt') Plant architecture in humid tropical pio

neer phases and dry or degradd tropical environments. (a) 

Tomlinson's model (see our Fig. 1(.), characteristic for many 

Palmae (sago palm, date palm) , Musaceae (banana) , Zingibera

ceae (ginger), Bromeliaceae (pineapple) : orthotropic axes, 

branching at the base, influrescence terminal (as represeated 

here) or lateral; definition see Hall 6 t a'l. (197a). (b) 

McClure's model (see our Fig. 1,), characteristic for many 

bamboos and distinct by the preformation of very differenti

ated shoot complexes in basal buds (see lal6 ,'tal., 1978). 

(o) C!!.,< ,':, s t, lacheen, representative of many Ara

ceous tuber crop plants (from Plaige, 1977). (,,)C']peP 
a sedge with edible rhizome tubers (from Lorougnon*, ., 


1971, ex Plaige, 1977). (.) Champagnat's model (see our Fig. 

1") with orthotropic mixed axes forming a sympodial tree or 

shrub, is representative for many woody plants in secondary 

bush (Torquebiau, 1981; for definition see Hal16 It al., 1978). 
(J') .s:oz :.,,H or with its huge tap root and crown of 

shoots which are burnt annually (after Cesar and Menaut, 1974) 

is representative for many dry zone shrubs, another example 

being a South American fyxsmn species. (g) Ceoarort:ic 
fbi ,[fuiq- (after Cesar and Menaut, 19/4) illustrates the same 

architecture and fire dynamics as the preceding. (Ji) MasilOt 
1977)'it1!i.'!i171o, cassava or manioc (after Halle, '. Plaige, 

shows Leeuwenberg's mdel with terminally flowering ortho

tropic relay axes building a sympodial tree (for definition 

see Hal1Ict al., 1978); its subterranean root tubers suggest 

pioneer habitats; (:*) to (1). Examples of graminoid growth 

habits taken from the classification by Descoings (1976): 

caespitose type with cauliphyllous and basiphyllous variants 

(i), lawn type ('type gazonnant ')(,j), rhizomatose type with 

two variants (k), and uniculm types (1), thk last ones corre

sponding quite closely to the architectural tree models (}{all6 

't. al., 1978). (m) to (o). Ci iwal. ita thonn big i, after Cesar 

and Menaut (1974) as an example of a dry zone plant with pre

ponderant subterranean survival strategy in dry tropical 

biomes (from the Ivory Coast). 
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Figur'e 6. 
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harvested later as construction wood or commercial wood. Yields
 

are not maximized in this way, but they show & rather constant
 

level from year to year, with peaks whenever a cumulated product
 

such as wood is harvested.
 
The series from I through 2a to 4a (Fig. 5) represents an
 

approach mainly oriented towards wood production. It is the
 

nd a half old, invented in
 

Burma, and applied elsewhere under different names, such as
 

'systeme de couloirs' (corridor system) in Zalre or 'tumpangsari'
 

taungya method, nearly one century 


in Indonesia (Kartasubrata, 1979; Soekiman and Wahyudi, 1980).
 

After an initial year or two of subsistence cropping simul

taneously with forest establishment, several rather extended
 

growth phases do not show any yield immediatly available to
 

farmers. Later, some fuelwood or poles may come out of the
 

forest in the form of thinnings and, in other cases, pasture
 

plants may be grown under an already well-developed and thinned
 

tree coer (Phases 3a, 4a). This is done for instance under
 

Pinus cariba,o plantations in Surinam, which were established by
 

the taungya method some fiftoen years ago, in combination with
 

as a marketable crop. The fact that a considerable
water melons 

number of cattle can be maintained in this way, wood increment
 

scarcely suffering more than it does through competition by
 

weeds, shows the considerable ecological potential which goes
 

unused in the later stages of classical taungya forests.
 

The series from Phase 
I to Phase 4b are current in South
 

and Central America, where 'coppiced' coffee and cacao treelets
 

are grown under pollarded Erytlurina spp. which, in turn, are
 

a rather open canopy of wood producing trees (see
overtopped by 


Budowski, this volume). The abseice of trees and other plants
 

with a potential for future successional development has to be
 

noted. In ripe systems, such as Phase 4b, when production of the
 

nonwood components decreases, the whole field is clearcut and
 
no plants which can
started again at Phase I because there are 


initiate any other development.
 
Often, the high tree layer is diversified and may yield
 

many kinds of wood, fruits and medicines, for example in Sio
 

This author also noted the probably
Tom6 (Groenendijk, 1979). 


beneficial effect on cacao of pollarding Erythrina twice a year,
 

as is done in Central America but not in S~o Tomd. Cacao has
 

periods when it thrives with light and others when it is best
 

shaded: pollards produce precisely this kind of microclimatic
 

alternation. Moreover, the pollarded Erythrina periodically
 

yields fuelwood, cuttings, and a supplement of leaf fodder for
 

cattle, whereas the leaves left in the field improve the organic
 

matter content in the soil. As a leguminous tree Evthrina can
 

also fix nitrogen.
 
Finally, the presence of large quantities of weeds under
 

the lower parts of the tree components can indicate a potential
 

biotrope for useful herbaceous plants. This space remains gener

ally unused; sometimes herbicides are applied to keep it empty.
 

It should be considered whether any useful, shade tolerant her

baceous plants might occupy it. For example, root crops such as
 

the lianescent yams (Dioacorca) or terrestrial Araceae, or
 
and see Tieszen,
creeping, tuber forming plants (Plaige, 1977; 


this volume).
 
Such root crops do have a traditional place, which however
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remains to be precisely analyzed, in the sequence from Phase 4
 

to some alternative phase like 6 or 6 bis. These sequences are
 

among a multitude of possible outcomes of the interventions
 

still currently practised in tropical villages around the world
 

the recently studied kampungs in Indonesia (Bompard et
such as 

and see paper by Michon, this
al., 1980; Iskander, 1980; 


volume).
 
The beauty of these systems is their all but unlimited
 

elasticity. Phase 6 and 6 bis are only examples taken among the
 

myriads of structures which can be built by the cultural measures
 

represented in Figure 2b with dashed lines, and by the arrow
 

complex indicated as 'agroforestry'. Because of the small, vary
run
ing eco-units one village forest or home garden which is 


along these lines can yield a large number of diverse products.
 

One category of plants which should be kept in mind is, for in

stance, that of medicinal plants (Barbier and Courvoisier,
 

1980).
 

Eco-unit mosaiCS 

One essential point should be perfectly understood when working
 
that such phases
with agroforestry in Phases 5 and 6. This is, 


C-1opping syStems with a mixture of individualare not mixed 

trees, but mosaics of very small eco-units. In Figure 5, Phase 6 

for instance there are, successively from right to left, one
 

unit with growing trees and shrubs, one unit with three high
 

fruit trees (for example, durian (D)urio %ibcthinu8)), useful 

treelets and spice plants, one unit with growing trees and fruit
 

small fuelwood and fodder eco-unit,
yielding treelets, one very 

(for example, Coiocasia sp.).
and one very small root crop unit 


The system of each of these eco-units, which includes certain
 

plant and animal components while excluding others, has 
a func

eco-units constituting ation within the whole mosaic of such 


home garden. In such agroforests the eco-unit
village forest or 


neither coincides with any economical 
 unit ('field' or 'stand'), 

nor with the space occupied by one single plant.
 

One handicap of these complex and refined systems is that
 

they need skill and refined work to maintain them. Foreign or
 
a
uneducated farmhands are no substitute for the expertise of 


traditional local farmer, who knows and understands the demands
 

of each species ind, perhaps, even of each cultivar. Much more
 

intensive study of these systems is indispensable to our under

standing of them, let alone the possibility of improvina them.
 

There is also an absence of production data for such sys

tems. We can state only that villages with such home gardens are 

year round with all subsistencefairly well supplied the whole 

products and more (for example, spices) , but no quanti tive
 

assessment is possible as yet. Certainly, at present, we cannot
 

the population density of
calculate what the upper limits to 

are.
regions where such agroforests could serve a useful purpose 


Nor can it be determined if, and to exactly what degree this
 

of other plants, or
production could be improved by the use 


different eco-units. As lona as this information is lacking, no
 

the criticism concerning agroforestry
response can be given to 


formulated by Andriesse (1979).
 

A third subject to be investigated is the subterranean part
 

of the eco-units. It is very possible that they interpenetrate
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below the ground, and it is certain that their limits there are
 

determined by factors other than those that determine the spread
 

of parts above the ground. Statements promoting the association
 

of shallow rooted herbs and deep rooting trees are often based
 

on very inadequate information (see Jeannoda-Robinson, 1977;
 

Ndiaye, 1977; Kahn, 1981). The difficulty of looking at roots in
 

soil seems to have been overcome to a certain extent by the per

forated soil method recently developed by van den Tweel and
 

Schalk (1981) followed by Bosch (pers. comm.). Henceforth it
 

will be possible to analyze root system dynamics, at least in
 

the young stages, by the use of this cheap and simple device,
 

a monolith built with loamy soil and horizontally
consisting of 

(0 < 1 cm). Different
pierced by numerous straight narrow holes 


on top. Their roots traverse the perforations,
plants can be sown 

possibly like equivalents of worm holes, and can be observed,
 

counted, measured, and described by looking through the openings.
 

An interesting possibility with the home garden agroforest
 

lies in its potential transfer of matter and energy towards
 

secondary producers, concurrently with the recycling of household
 

a place mainly for small
wastes. In phase 6, there would be 

a pond (Soemarwoto and Soeanimals, scuch as poultry or fish in 


but in phase 6 his, eco-units can be managed to
marwoto, 1979), 


sustain larger animals, perhaps goats. The forest eco-units then
 

tree which show climatic gramay shrink towards small groves, 

sharp
dients from centre to periphery and which do not display 

The minimal forest component is constituted by some iso
limits. 

case the analysis
lated trees in a landscape of meadows. In this 


of meadows becomes necessary. However, it is not known as yet
 

for example as a

how an herbaceous eco-unit could he defined; 

1. Even the data gathered by Descoingssubsystem within stage 


(1976) and Ndiay, (1Y77) are not sufficient for this purpose.
 

be borne in mind
When reconsiderinn Figure S, it should 

that only the sequence from Phase I to 6 follows some pattern 

The two derived transforcomparable with succession (Fig. 2). 

2,1 to 4 z) and coppice- pollard- high
mations, taunqya (Phase 


are limited to an imitation of
 
tree systems (Phases :1, to 41/), 


pioneer stanes and their development. However,
pioneer or late 

to shift oven from one sequence
it is certainly possible to
 

another or to conceive agroforests combining features of more
 

than one sequence.
 
Weeds can be a general problem. Their architecture and
 

ecology should be carefully analyzed and useful plants with the 

should be sought to replace them. same or compOtitive features 

phase which has no equiva-
There also is a natural development 


5, bottom
lent in agroforests: the senescnt eco-un it (Fig. 

grow beyond the useful stage.right). Farmers se ldom let plants 

Hence the dynamics of forest ,c-)-units, which in nature are 

a potential fut.ure development ('treesdetermined by trees with 

fully expanded ('trees of


of the future', }lall],, I a.., 1978), 

the present') and decaying tree{s ('trees of the past') cannot be 

simply transposed to agroforests. Here, the dynamics are deter

potential production 
-

and trees in actualmined by trees with 
pat1980). Hence the same gnc5 -l

production (Bompard ,t. al., 
both a natural forest andtern of development does occur within 

an agroforest unit, buti profound differences exist in other
 

processes and properties, such as the bioqeochemical cycle, 
 or 



ECOLOGICALLY SOUND AGROFORESTS 	 195 

the living conditions for small, wild animal life and their
 

interactions with plants.
 
The durability of traditional agroforests in Southeast Asia
 

has been demonstrated by their millenarian history (Wiersum,
 
have been summa1979). Those properties of such ecosystems as 


rized above, confirm the idea that agroforests can be designed
 

as custom-made systems for nearly every specific site in the
 

fittina within humid tropical development framehumid tropics; 

works such as those conceived by Poore (1976) and Webb (1977).
 

AGROFORESTS FOR DRY AND DEGRADED TROPICAL ENVIRONMENTS
 

A comparison between Figures 2 and 4 shows how biological and
 

be used in different environments. For the
ecological cycles can 

humid tropics, the sequence from 1 to 6 (Fig. 5) makes full use
 

... , constituting
of all cycles, within cycles, within cycles 


the rich gamut of humid tropical forest dynamics. Now, from 

should consider inhospitable -nvironments. Here theFigure 4 we 
number of available cycles strongly decreases, and their proper

ties change. 

A ceeii~7io,'2.i 

(1965), which 	 says that pioneer rainforest treeBudowaki's rule 
species occupy a la rqe geographical area, including dryer 

regions, cmn be o.xt.nded when considering Figure 4. It might be 

,':'' ,h y (Ici r)7.iOrl,',"[Pin role inamplifi,.d dS follows: lO, <ito fri un' 7.Ofl, •ti '00 1't' t,/2117h4,,7 )I gtie'l 

Zit ? , , : 	 7:,Y -'t'. ' g a. Like Corner's rule 
can 

less esily explained. This 
(19491) concrningrth,, biranching of trees, Budowski' u rule be 

checke(d a.; ii tilt fie-ld, but 
' by classical theory ofshould, how,''-r , ibl means of the 


1 iitini f :;, l'i.oner plants iiiht be viewed, in this con

oqic] requirements
;c- ith l I1' eco i 1 

tqid i a fcto. or at ]least one factor. 
text,, !;I) 'rIIt r y low 

with 	 r tKo 
It -die uld h,. cl.-aily underteod that a high tolerance to

does 	 not implyward; ,iii,)rm 1jf ;- 2 1)lscal stress 

that such plint'; l , iit to lo-.' value s of most, or all fac

tors iin It ir -nvi'ami;t. Dreolit resistant plant species, for 

instanIc, , [:),ay 	 w ]l ! uff o -rum low ;iil fertility, as recently
 

aIrd -h, <ll, ian countries (Stroosnijder, 1977;
shown ill r-lii i 
Penning do VI i!; I.i12). On the left side of Figure 4 

fact or; <Ir - l-tel whilh ,nay render an environment lessseveral 

hospit.bi]' t') fult.t 
 : lh: dl not. necessarily coincide with 

to species or populations,minimum 	 tact,';; -; ii;ually ppli ed 

th,yi ,tor t,, o o-iriit a nd not to individual plants.
becaus-


)reovol , v r al factori; have tsollmtlil-s iee 2 lumped together
 

into on, tXaiipl rot ll, Lad . Ai example of theiriij1-., , 'bad 

joint ac tiIon Ili Mli he; Lten documented by Boudet (1979, p.33) 

whore t~he( l-yoi 9 .1;'ro;,ion'. 

No ;lt 1inc t 1011 it; imcAdh inI Fiqurt- 4 betweoen natural and man

lade ili pt., I i t y• Tit, proce:es, - which arf, sumuarized in Figure 

3l,, for inst c , Iinay occur equally in dry tropical regions with 

a rather low ;.oil trt ility ind fire hazards, or in humid tropi

cal regioins iftel a period of t,() ilntlensive cattle keeping on 

artifici i pastur(t.; repl acing the forest. So the design of
 
extent
healthy 	 agroforeets for dry reqions is to a large 

http:hospit.bi
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identical with that for degraded regions in other, richer clima

tological zones.
 
One more reason not to separate natural and man-made inhos

pitality is the fact that in most semiarid and arid regions, as
 

there is scarcely any natural ecosystem
mapped by UNESCO (1979), 


left. Usually there has been a heavy human impact, often 
by pas

toral nomads or by settled human populations with roving 
herds
 

1980). Some dry lands of Australia
(for example, Gevers at al., 


and South America have been less affected but, in such 
cases
 

there is ucually a lower insight into the causes and risks of
 
new


degradation displayed by the inhabitants. Thus the design of 


agrosystems, or agroforests, has to be approached very carefully.
 

Are agroforest:i for dry or dcgraded regiono? 

to be raised whether agroforests do, indeed,
The question has 

degraded regions. In
formula for dry or 


both, the prime necessity is to upgrade environmental hospital

ity for plants and animals so as to increase it for humans. Up

grading through the classical means of irrigation, fertilization
 

and the use of improved crop or pastoral plants is a 
slow and
 

Traditionally,
 

constitute an optimal 


expensive business (Linnemann and Buhring, 1981). 


these costs are thought to be justified only when directed 
to

wards the establishment of maximum yield farms. This is done by
 

minimizing the investment in the ecosystem while at the 
same
 

time using a maximal proportion of the available means in short

term processes such as fertilization (once per season) and short
 

cycle cropping. The input- output aspects of such farms far out

weigh all features of consciously designed and inbuilt 
durabil

ity factors, except mechanical land management (consider the
 

terracing and other systems Jescribed by Adams at al., 1978). 

the other hand, trees are organisms with an ecologicalOn 
Matter and


investment strategy (Oldeman and Westra, 1980). 


energy are immobilized in long-lived woody structures. Litter
 

recycling functions by virtue of these structures as a long-term
 

process with very few losses. To integrate trees into 
the agro

system, that is to build an agroforest, is the equivalent of
 

creating a decrease in immediately available productivity; 
an
 

increase of accumulated production to be harvested with longer
 
re

intervals; and a cheaper production method, because of its 


cycling virtues (see Fig. 5, sequence I to 4).
 
less well known for the degraded
Successional patterns are 


and dry tropical environrnts (see Descoings, 1976, for grass
 

savannas, and Boanetteau-Verlinden, 9BO:t, b, for dunes in
 

Niger). They would be variants of the three lower levels in
 

Figure 4. If a counterpart to Figure 2 were to be drawn for the
 

forest or vegetation mosaic of these lower levels, 
there clearly
 

would be less numerous and less varied ways in which to conceive
 

cycles on different scales. What follows 
planting-to-harvesting (1974),
is based mainly on documents from Cesar and Menaut 


and Adams ot. al., (1978), each of whom gives a
 Descoings (1976) 

savannas, steppes,
number of instant pictures of whole tree 


treeless savannas, deserts and the herbaceous part 
of 
savannas
 

with some trees. FAO (1974) and Delwaulle (1979) can be used to
 

document some practical cultivation methods.
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General considerations
 

Savanna forests, park forests, open forests are some of the
 

names often used for the most current vegetation types in semi

arid areas. The openness of such a vegetation is then compared
 

with that of a forest supposedly possessing a closed cover. Thus
 

the comparison is expressed by the degree of cover or density
 

(of trees) per hectare. This criterion cannot serve the specific
 

purpose which is the design of agroforests. For the description
 

useful, just like other
of vegetation types it is of course 


average values mentioned above for the humid tropics.
 

For different savanna types around Lamto in Ivory Coast,
 

Cesar and Menaut (1974, their Figures 15, 23, 26, for example)
 
Using
show the 'distribution of woody plants taller than 2 m'. 


the scales represented in Figure 1, and the processes in Figure
 

as a starting point, it is possible to conceive a hectare of
 

tree savanna as a mosaic of herbaceous and forest eco-units. The
 

forest eco-units become established and maintain themselves by
 

the dissemination pattern shown in Figure 3b, and the plant
 

3b 


The herarchitectural types given in Figure 6 (f, g, m, 71,o). 


baceous eco-units, when made up of grasses, are often maintained
 

through fire, or through soil compaction by cattle. The grasses
 

can be architecturally understood following the classification
 
Other
made by Descoings (1976; and see our Figure 6 i to 1). 


herbaceous plants have been analyzed by Jeannoda-Robinson (1977)
 

and Ndiaye (1977).
 
Fire and soil compaction, and probably other mechanisms
 

such as gradual soil exhaustion, maintain the vegetation mosaic
 

the lower levels of Figure 4. When protected against fire,
at 
woody eco-units soon become predominant (Cesar and Menaut, 1974). 

In all cases of fire hazard biological processes become more and 

more subterranean (pyrophyte architecture: 1ig. 6). 

true for other limiting factors. For instance,This is also 


the ratio between subterranean and above-ground volume in eco

units gradually increases when following the ecotones from Ama
can deszonia towards the Andean pdramos. In arid regions roots 


to 45 in below ground level (for example, Acacia spp.) and
cend 

zone is rive to ten meters deep
usually, the woody plant root 


(Adams eoial., 1978). If technical ways could be found to har

vest the subterranean woody biomass of forest eco-units without
 

disrupting the soil ecosystem, the value of these semi-arid eco

units could be greatly enhanced.
 

Besides the predominance of herbaceous eco-units and the
 

of many biological structures and processubterranean character 

ses, the remarkable role of large herbivores should be noted
 

In the humid tropical forests
(Ricklefs, 1980, his Table 8.4). 

account for an important part of
secondary producers may well 

biomineral and bioenergetic cycling (see van Roosmalen, 1980), 

but their role remains discreet to the eye. On the contrary, in 

semiarid regions, the big herds, or sometimes groups of other 

such as kangaroos, are conspicuous. Hence the use ofanimals 
such regions for 'zoo forestry' (Montsma, pers. comm.) is easily
 

conceived. These environments are the traditional domain of
 

can scarcely be reconciled
nomadic herdsmen whose way of life 


with sedentary agroforestry. It is now accepted that browse
 

shrubs play a vital role in providing animal feed in these drier
 

regions.
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There is a traditional agroforeL.try system for dry regions,
 

the oasis, which should be studied more closely, in the same way
 

as the traditional Indonesian systems. It proves the point that
 
not excluin other times the investment of means and effort was 


sively consecrated to short cycle agriculture but has, on the
 

coatrary, been used for the establi: hment of agroforests. An
 

tree component is constituted by suckeroasis is irrigated, its 


ing palms (date palm: Fig. 6(a), ncwadays mixed with small eco

units containing one or two fuelwood trees each. Herbaceous eco

units are sometimes present (for example including millet), and
 

lower shrub layers in forest eco-units contained useful plants
 

like chillipepper (Capaieunaennwn). 

Designing siriai .(Z agi~r-ooecr 

The design of a semiarid agratorest can follow, in principle,
 

the same lines as the humid tropical one. In the first place, a 

by means of climatological and
general diagnosis of the site, 


soil maps, should yield an impression of the overall hospitality
 

should be made more precise oyof the environment. This two 
have to be assessed:methods. First, toposequence properties 


(1974)
some illustrated examples are given by Cesar and Menaut 

and for dryer regions by Boudet (1979). These are the site pro

at the scale which is inediately relevant to the farmer.
perties 


should be established as to the degree cf

Second, a diagnos is 


with other comparable regions

human interference: here, analogs 


are the logical frame of reference.
 
be situated in very variable climates where
;ites may often 

limiting the next and nonlimitingfactors may b,, lethal one year, 


in the third y.a r. Drought -s such a factor. Boudet (1979) has
 
to
 

-es cr ibed the i c.-dependent 'succcssion' of tree savanna 

the great Sahelian droughtssemidesort arid back durinq and after 

sketch of a small ag roforest nucleusRough 

semiarid or deosrcued environnnts, preciso architecturalin 
piart . Note importance of subterranean part

element ; lacking in 

of the, eco.)ystemi and lack of knowLedge ?) of the roots in 

several cases. Eco-unit undor Ac. 'fe-like Mimosaceae (A) after 

from the dry parts of Caichi (Ecuador),unpublished observations 
along road excava

roots extrapolated from observed fragments 
c1. l2Z., (1978).tion. Tamrn;air (T) after African data from Adams 

as aerial drought barriers (adb) in dryApzr spp. are used 
J' fouc - fOJfnz withneotropicaI roqions, cacti (here Opil t. i 

edible fruits, mi ht, sv, rye the same purpose. Root. crops, for 

in Upper Vol ta, agricu]turrexanpl, yams (1bbe;, om a spp. ) as 
to many tree an6with mi]i I e(t or sorghum. Coppic ing is natural 


shrub opocies in these regions 
and can bo used in fuelwood 

or to obtain fodder. Subterranean drought protecproduction 
reaching the water table; termites'ion (sdp) by deep roots 

take water to the surface; usealso descend to this level and 
should be conof theise anirimals in agrofores t hydrology etc. 

role as crop parasites. The very
s idered and not just their 


synthetic and s;chomat: i' nat-ure, of this sketch is to be
 

more e xtct data are still needed, and elementsstressed: many 
zones are mixed here. This

from very differont (m)og raphical 
point in conceivingfigure r1may , however, 1be used as a startinq 


such agroforesto.
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in the years from 1970 on. Every agroforest should have some
 

inbuilt protection against such environmental fluctuations.
 

Very generally, the regions in question have a potential
 

vegetation mosaic with more natural forest eco-units than actual
 

man-made ones. Forest eco-units, moreover, are much less vari

able in comparison with those in wetter countries, because they
 

rarely represent late successional stages. This certainly is
 

linked to the diminution of the number of species, including
 

useful ones, from humid to dry environments. The image given by
 

Nair (1980, Table 5) does not represent this completely, prob

ably because in rainforest zones the majority of cultivated
 

plant species are not 'official' crops but home-grown, and often
 

very localized plants (see Budowski, 1978).
 

In the absence of adequate information on semiarid tree and
 

ecosystem architecture, the problems inherent in the design of
 

agroforests for such regions have been indicated just by a rough
 

sketch in Figure 7. Self protection of such agroforests, which
 

are conceived as nuclei in a landscape mostly dedicated to cattle
 

husbandry in its less vulnerable parts, will repose to a great
 

extent on the functioning of root systems: the largest part of
 

the ecosystem is, indeed, subterranean. Root systems of the
 

trees forming the skeleton of the agrofore3t should descend to
 

the groundwater table, which is situated at a certain depth not
 

always dependent on climate. As examples, certain Acacia and
 
Tamarix species have been chosen. Certain neotropical cacti and
 

Agave species might show enough drought resistance to be used as
 

anti-erosive belts above the ground. The architecture of their
 

roct systems has rot been analyzed as yet as far as we know.
 

These species are used in this way in South America; moreover
 

they yield fibres (agave) and fruits or fodder (Opuntia, Cacta

ceae). For environments with particularly long and severe
 

droughts, other species from near neotropical deserts might be
 

sought.
 
Figure 7 shows small surfaces not covered by trees and used
 

for food crops, like those existing in the African oases. Some
 

form of irrigation in dry regions, and fertilization when these
 

zones are also degraded, may be necessary in order to grow agri

cultural crops at all. One of the advantages of agroforests is
 

a diminishing necessity for both when developed forest eco-units
 

start fixing nitrogen, producing litter and regulating local
 

hydrology. Termites may well be necessary litter decomposing
 

components of the ecosystem, and also might be used as water
 

carriers between the phreatic level and the surface. Because
 

these insects can also be dangerous pests, systems to put them
 

to use must be carefully thought out, considering for instance
 

ways of encouraging saprovorous species and of maintaining rea

sonable population densities.
 
Cattle are, of course, an almost natural element in and
 

around these agroforests, which can become accumulation loci for
 

their dung when the animals come into the shade of the trees
 

(Boer} )m, pers. comm.). Their access to agroforest nuclei should
 

howevc be carefully regulated because cattle must never be
 

allowed to become a degradation factor, causing soil compaction
 

and eating seedlings. In fact no establishment of agroforests
 

is possible unless at least a temporary and complete protection
 

against cattle is undertaken. Perhaps this can only be achieved
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economically by encouraging the existence of sedentary agricul

tural inhabitants in the agroforests, as a complement to the
 

nomadic herdsmen. The usa of small domestic animals and the
 

application of organic household wastes to the land is a means
 

of reducing the needs both for cattle and expensive fertilizers.
 

A spectacular photograph of land protected against herds next to
 

overgrazed land has been published by Boudet (1979).
 

There still persists an important lack of knowledge: most
 

publications concerning the establishment of such agroforests in
 

semiarid regions are based just on empirical data (FAO, 1974;
 

Delwaulle, 1979). These are an essential asset, but they should
 

be complemented by more fundamental research. As long as this is
 

not available the refinement of agroforest design will be
 

severely handicapped in the more inhospitable parts of the trop

ics, where many problems can only be solved by means of a very
 

flexible approach. These problems in the first place concern the
 

acceptability of systems to the local inhabitants, but also the
 

optimal health and productivity of such agroforests.
 

CONCLUSIONS
 

The approach presented here allows the elaboration of very pre

cise models or designs of forests, agroforests, zoo forests or
 

agrosystems. This kind of analysis has by no means yet reached
 

its potential Level of precision. Much more research on vegeta

tion architecture above and below ground, and at all integration 
levels or scales as defined in Figure 1 is still needed.
 

Architectural research can be conducted with simple instru

ments and yield quick results. Moreover, it can easily be in

cluded in a fedback loop coupled to practical application. The 

work by lwmloiird ,f !. (19",0) and Iskander (1980) shows how 

existinc; or rewly built agroforests can be followed by periodi

cally mak ilg scalec drawings. The results of analysis then can be 

used in the a(roforestry project in the form of suggested im

provements or additional observations. This does not eliminate 

the necessity for parallel work on natural vegetation which, for 

every life zone, probably represents thr most durable system in 

existence. Feedback of the results can strengthen agroforestry 

design and experimentation in the same way as research on agro

forests themselves. 
Aeiroforest desins in the form of Figure 5 have another 

advantaec . ThI'y includo' v ,ry procrise informat ion on a high level 

of abatyr ljt ion. hivrt:hoIs, th(ey represent the agroforest in 

sach a ;c:'/ th ,e" ryhody ec, rf-oqr; si it. Very little training 

wauid h, i)(cesnary for Iocai. f,1me r to underst-ii,. _;uch -awings. 

For inst arice, it i; p robabi that an inhabi tant of rural Java, 

when looking at .'ieuro 5, will rf act at the- localization of some 

crop plant aind cith e r indicato an error, or mention some specific 

plant or cultivatr. 'the gri eli-print' approach therefore seems to 

enhanc. the, chniico; to st iiiulatt l(cal participation in projects, 

because its VkSUao iloculorits are 'conive rsation pieces'. 

The tralttion ')f ;uch model; into math ematical terms is 

also possille, iaihas 1wun d(,m(.i;t rated by D( Reffye (1979). For 

the moment , liowev, it (,eon. ivot seem to be immediately useful, 

particularly if contact!; with Iocal populations have priority. 

This situation may abrupt ly change whenever information of 
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an architectural model,
another nature is to be linked up to 


as data on biomass development, population dynamics, 
bio

such 


geochemical cycles, or energetics. This may lead to considerable
 

simplificatiui of observations if certain energetic, 
biochemical
 

biomass states could be linked to diagnostic 
indicator 
struc

or 

Some current ORSTOM research in French Guiana 

suggests

tures. 


(Surinam).

this to be possible, as does current work at Celos 


Such linKing of different data can improve 
agroforest designs
 

the prediction of yields, crop requirerents, 
pest


with regard to 


risks, and other important features of 
agrosystems and forests
 

in general. The balance of the approach 
presented here is, 
there

a method which cari yield fast and precise informafore, that of 

no
 

a starting point for design, but which is accepted as 
tion as 

solve
 

universal solution and takes its place among other ways to 


the problems of agroforestry.
 
living systems, cannot exist and
 Agroforests, as with all 


the structures which permit
survive without cyclic change, and 


this to take place. The optimal understanding 
of apparently
 

simple but durable living systems changing 
by virtue of very
 

an extraordinary challenge.
refined biological cycles, remains 


It is certainly a field with exceptional scope 
for future devel

in the design and management of
 terms of practical use
opment in 


agroforestry systems.
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DISCUSSION
 

I 

- Are you aware of Horn's book on tree strategies; par-
LEYTON 


ticularly with regard to the shapes of crowns? How do his ideas
 

fit with yours?
 

OLDEMAN - They fit in my Figure 1. Because Horn jumps over some
 

scales (from an 'organ', such as a leaf, to 'canopy', that is a
 

branched complex) he needs to apply statistical procedures. I do
 

not.
 

1. Horn, H.S. (1971). "The Adaptive Geometry of Trees". Prince

ton University Press, New Jersey, USA. (Ed.)
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CONNOR - If I understand you correctly you are saying that the
 
analysis of the spatial heterogeneity of a natural ecosystem is
 

related to the process of replacement. And that this should be
 
the basis for designing a stable agroforestry system which should
 

mimic the natural system. It seems to be not only too ambitious
 
an immediate objective but also one which is assumed and not
 
proven. Therefore it is necessary to design simple, managed mix

tures in which long-term natural vegetation is not a necessary
 
component. Do these have parallels in nature?
 

OLDEMAN - For an example of an existing and demonstrated forest
like complex system you should look at Ms Michon's paper (see
 
this volume). As to simple natural forest you need only look
 
into Kahn's thesis on regeneration in the Ivory Coast (see in
 
references. Ed.) and you will see that early secondary succes
sion is less complex than you suggest.
 

CONNOR - The pattern and processes representing stages in repro

duction must be known. Why should this be necessarily so in
 

agroforestry?
 

OLDEMAN - We are designing ecosystems in which trees and crops
 

have equal opportunities, each in their appropriate niche.
 

BUDOWSKI - With reference to your Figure 7. There may be some
 
interesting findings. For example, in wet areas you get trees
 
with as deep a rooting system as in dry areas. I find it undesir
able to associate depth of the root with water. What kind of root
 
systems should we aim for? And how should they be managed in wet
 
areas?
 

OLDEMAN - We do not have sufficient information on root systems
 

in most plants and, hence, generalization remains dangerous. We
 
need to conduct a lot more research in this field.
 

STEPPLER - Looking at and imitating natural systems, and then
 
continuing just to improve natural ones may not be profitable.
 
Do you not think that there is a need to develop new systems
 
rather than just mimic existing ones?
 

OLDEMAN - I agree. Transformations can be in larger or smaller
 
steps leading away from the naLural system. The transformation
 

should be prudent, and small, in newly settled areas, and there
 

is always an advantage in leaving natural checks.
 
A 

STEPPLER - 'Gardening' research is often very personal (site
specific). You will realize that, with agroforestry, the problem
 

is one of the degree of aggregation to the point of getting a
 
definite unit to work.
 

OLDEMAN - 'Gardening', in its widest sense, can be used to pro

vide technical background information for agroforestry purposes.
 

When devising the internal technical aspects of systems, the
 

experiences from gardening should assist in the provision of
 

much information to be used in agroforestry design. This design
 
should not be 'personal', but it has to appear so simple as to
 
be 'user-friendly', whatever its inner complexities may be.
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ABSTRACT. In the context of plant research 'systems analy

sis' has come to mean the analysis of cause- effect path

ways, as well as the construction and use of simulation
 

models in complex systems. Simple conceptual or process
 

models to develop hypotheses are also valuable. Examples
 

of simple models are given and more complex agricultural
 

examples of the holistic cause- effect approach to problem
 

solving are outlined. The first of these uses an analysis
 
of the growth and development of alfalfa (Medicago sativa)
 
based on research data. The second is a conjectural cause

effect model of a maize-bean intercropping system. The
 

same type of approach will be valid for agroforestry when
 

the information to establish quantitative budgets is
 

available. Meanwhile even fragments of knowledge about
 

control functions can help to formulate hypotheses for
 

interpreting agroforestry systems and to design improve

ments. In considering such models agroforestry should be 

viewed in a continuum with other agricultural and forestry 

situations. 

INTRODUCTION
 

Production ecology is concerned with the integration of physio

logical processes such as photosynthesis which lead to the
 

accumulation of biomass and crop yield. Knowledge of the plant-


environment interactions which are involved helps us in two ways.
 

On the one hand, a better job of farming can be done, since we
 

have a rational basis for diagnoses and decisions on 
factors
 

such as choice of cultivar, spacing, timing and the inputs of
 

nutrients. On the other, the information can be used for design

ing improvements in the farming system.
 
Our understanding of some production processes is very
 

advanced. Photosynthesis, plant nutrition and microclimatology
 

can be placed in that category. In other areas, such as plant
 

development and temperature responses, the information is still
 

very primitive. Weaknesses also exist in our abilities for
 

detailed integration of the cause- effect relations which
 

2 
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4 determine 1yield. 
New methods are gradually emerging for prediction of yield 

from holistic analyses of component physiological processes.
 
These methods have been termed 'integrative physiology (Loomis
 
~etlalr, 1979) and are one example of the increasing importance 
o~f'systems analysis' in agriculture. other examples are found
 
~in nuitrient- cycling (Frissel,1 1977),. grazing studies (Inis, 
i1978), and pest management (Ruesink, 1976). 

Systems-ana ysis.ha~scome-to-have-two €onnotat :-analysis 
of the cause- effect pathways in a complex system (Watt, 1966); 
and the construction and- use of simulation models of complex sys
tems |(deWit and Goudriaan,' 1974). 

* The importance of simulation models was stimulated by the
 
general availability of computers and by Forrester's (1961)
 
introduction of-state-variable methods. In the state-variable
 
approa'!h, the real ttuantities of various components of the system
 
(such aL the amounts of nitroqen in soils and crops).are the 
variables which descfibe the 'state' of the system. As in the 
real world, the state-variables are advanced in time accordinD 
to the rates of various ecological processes (e.g. nitrogen up
take by plants, residue decomposition, and mineralization of 
organic matter). D.J. Connor (this volume) outlines the applica
tion of this method to the analysis of crop productivity.
 

Other kinds of models are also useful in ecological assess
ments. Since systems analysis involves development of hypotheses
 
(models) about how a system works, very simple conceptual models, 
simple process models, as well as large state-variable models 
can be employed according to one's objectives. We can examine 
such models here briefly. What will emerge is that systems analy
sis is really a way of thinking about complex systems. This is an 
important point since it defines systems analysis as an important 

* methodology for agroforestry research.
 

SIMPLE QUALITATIVE MODELS
 

A classic example of a simple qualitative model is the hypothesis
 
that heritable traits are transmitted to the next generation in
 
units termed genes. This very simple concept proved to have pro
found influences in biology. It seemed to explain many observed
 
phenomena such as segregation, and it served as the basis for an
 
enormous increase in experimentation. The concept led to a new
 
way of looking at plants and animals. Particularly important,
 
the hypothesis was vulnerable to tests, and once validated, it
 
could be applied to nearly all aspects of heredity.
 

Most scientific dizciplines are structured around similar 
conceptual models. In'crop ecology, for example, vegetation is 
examined as a 'community', 'trophic chains' exist from crop to 
animal to man, and the relative growth rates of plant shoots and 
roots are controlled by 'functional balances'. 

SIMPLE QUANTITATIVE MODELS
 

We can sometimes extend qualitative hypotheses into simple 
mathematical statements. The 'limiting factor' approaches common 
in crop ecology provide good examples. The idea that nutrients, 
temperature, light and water can simultaneously, or separately, 

.
 

* 
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limit crop growth leads naturally to response functions describ

ing increases in plant growth in relation to increasing levels 

of the limiting factors. Mlthematically, we find that rectangular 

hyperholas, Mitscherlich functions, polynomials, and a host of 

other express ions may fit nutrient response funct:ions. 

Fick's first low of diffusion provides another example 

because: it Ipp] ietS so well t o flu i analyses (g]as exchange by 

leaves, ion movement to rots, and so on . 'hat law takes the 

form: 

J = -k (dc/dx) 

or, flu. : a condiuct ivity .jrodiernt. 

The gradient s dote rmin ,d by the difference in substance con

centrat ions; b'tW'eo sOLirce( atl s irk , tihe iiinus ;ign denotes move

ment from regions of higih coicernt r.it ion:s to regionats of lower con

centration, aild thte c(otdtctivity t,,m, k, J..Scribos the capacity 

or ea/e of I ritrrport . 'lb -, r;'i {-ti , ik, t akesL. tlte_ forrm of a 

ma is!ta ;c . I() toe t lt i3nS[' . h, ! : 

H I t (d 'idlx) 

'he resist a', aIal.' is t. i i t thilikitg tha)ut wter loss 

front plairl.; (1st :ta c] i.t atc ila ! re1ltesi-l readily to the 

Ohitl~s 1-iw ,o rsici of til , I t: t iont' -tillh 

I - /k 

or, elect rico1 poit intt il dro/roistalnce.ctlrr tnt 

Water tc;, off icie.icy(WFuI) ii tntxxample, at a higher level 

of orgalli t ijil, . f a ;ipi e quilllt itat i%'(e itoclel appl icable to 
veqletat ici;. its bar-;ic f, rcm: 

Y -- k.-T 

or, y.'ld =-WUE tlrit-nitat 

sets to hold wel I in 4itvli-r Iont;t.s lth ii)derato evaporative 

demand while if iod form: 

T/T_.
Y It; T 

where 'T', i 3 jmt.(,nt latI tr Iittil It ion, fit,; bettter with high evapo

611Th) generalizationsrat to d ma,ln (s ,'it , . 'lhte;(, ;tiple can be 

derived from t Lst;-re itl:-; of Fick' law fluxes of 

wateor 'Ild CO, excltgj by lves. Iti tlli fa-orm, they serve as 

very pr ict ittl t, 1 t !;tllsi,, at cr)I produlc- iot. 

COMPLIEX lOlI)i1J ,,3 

r ,l-; -. da] h or 

c ;: I; t I t im'. Yi,.16 f,.,ltat ioii by a corrimutity of crop planrts 

is Iucli-h tr ,itt {'x. M must it,)w deal :;IiiottaIit'usI l' with Mally 

aitd I ;im ilnt factor-;. At thi:; point , it _ecoIrTic;; very 

'I'h rst~tlIt'] i~, r,,illy witi ott, tw important pro

di ff icul t to t ll,' all I t til r,lev'itt p celss ttd l'.; state 

vaiti Ii wit I ltt li.rtoi-y It i t itedynaiiicrih- iit:;. tiddit tn, 
Ili ulli( i,'!l - ,'llVir,,11111.n t illit (11 Wt l"11:1 ,lll ( fre(pllelt it

erait i(ti ot t It t; ttnb rI-, Il I tlt t I I f i ,t] r,:;ult is ;iilnulated. 
: t I( 'I'l(Its.- t t , l t 1t prohl(,Ill retention of1! ,iriut -1 I:;;,l v 

vlry ]It(I(- llitrillt :s at it loruIIt toi, id the( proce:s of itiaking very 

10 q151 n 1 it!ii-i ! cii iii a't jolt:;. 
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Connor's example with wheat, in this volume, shows this
 

clearly. It also illustrates that large models require a con

siderable knowledgeof the system. In fact, one of the important
 

uses of large models is the identification of missing information
 

and this helps to eu;tablish research priorities.
 

SYSTEMS ANALYSIS AS A WAY OF PROBLEM SOLVING
 

Systems analysis is not limited to the more formal aspects of 

model conception and development. Returning to the idea of sys

tems analysis as a holistic, cause- effect assessment of a com

plex system, we find t broad range of uses for systems analysis 

in the everyday effort., of agriculturalists. This is the area 

where systems analysis will have the most utility for agrofor

estry since systems thinking is particularly useful in problem

solving and in the exploration of new systems. 

This approach has ben used by us in recent work aimed at char

acterizing the growth and development of alfalfa (lucerne; 

M,:d cs'ao ::' I.) ulider Californian conditions. This perennial 

leguminous forage crop has been grownm widely since Roman times. 

In California, it: occupies 100,00(0 ha of irrigated land (4 per 
- i 

cent of LuLa t cropl and). Yields range up to; 30 nt of flay halyr 

although the average i a only 12 int. 
The r.iain issUes i r research wi!re to dte~ermiite the fac

tors affect ing productivity and stand persi;tetice )vr years. 

Our group had had relitivoly little experience with the crop so 

we adopted a two-tie red approach. At one level, w( focused on 

specific issues such as l orf phot osyntehts is and root - crown 

anatomy which wrt' known to ,, important. At t ihe second level., 

We attomptei an twol(ogica] descript ion of what tire, crop does 

during regrowthi aftor cutt-Ilig. This was "oroL ltrugh harvests at 

5- to 7-day intervalt; in a conilr ccial field to establish growth 

curves over sev,rs] cuttinq cycles. Sops ration of plant parts at 

each harvest provided a vieow of photosynthate partitioning. The 

idea of this 'nonexporim'nt' was to establish a baseline picture 

of regrowth from which wt- tight draw ideas regarding the controls 
of productivity. 

D,'a m tt, r' ,'., ,. Tihe re sult of dry matter sampling for one of 

the cutting cyclesn are illustrated in Figure 1. h'ite yield of 
1 . 

oven-dry forage for tii; late sumier cyce was 2950 ki ha -

Earlier cycles gave heavier yields whih, later ones were lower, 

following the patterti of solar radiation and the tordertcy for 

alfalfa to become dormIsnt ill the fall. Total yield for five 
1

cycles over the etre growing sea sort was rusr 20 lnt ha 

in addition to stein and leaf fract ions, we (list:inguished 

above- and below-ground 'crown' tisi;ues (regrowth occurs by 

activity of axilltry and adverntit1ous bud; oit these sten and 

rhizomatous; structures ) , and the central tap root . OtIly the upper 

5 cm of tLhe tap root wa:; sampl ed; fibrous root!; and nodules were 
-

not sampled. The yield was near 1500 ka iha . This smal l. portion 

of tap root totalled 1500 kq ha - l sn we estimate that the actual 

yield of the entire root system may range upwards from 3500 kg 

ha- 1 



213SYSTEMS ANALYSIS 

6000 Leaf 

m Stem 

-o -AboVLground crown 

Crown BC Belowground crown 
S2000-

E 

Root 

0 10 20 30 

Time after cutting (days) 

Fig. ]. The pattern of dry matter accumulation by an alfalfa 

;:. , " .) crop during a reorowth cycle. Sampling
 

was conduct,'d in a 3-year-old, coiiaieurcial stand of a non

dormant: c :It.var. Each point is the mean of 
 ten 0.1 m quad

rajts; standard error:: were, near 5 per cent of the magnitude
 

of the meat's.
 

Thes e rathe r Sim It r'sul ts revealed a number of interesting 

points. 

I,: :,. :: :. There was no net production during the first seven 

days after cutting. During this first quarter of the regrowth 

cycle, buds were opening and cover was being re-established. The 

crown and root s-ystem showed negative growth. Analyses showed 

that this wasu (!,ie mainly to a decline in starch content and to 

the death f ;t: cm branches from which no regrowth occurred. The 

content o f nonst:ructura] , arbohydrates in woody parts of the tap 

root del ine(d from over 17 to about 12 per cent of dry weight 

during thc first two weeks after cutting, and then returned to 

last two weeks (an anatomical studythe origii] l lv, during the 

cambium in providing
Ls ailmed -t clairifying the, role af the root 

-
new wo(d itd birk t. is sues for carhohydrat storage). 

.2,' ::' ,;- ', '..' :" t a',2. Clearly, a very large amount 

of hiomai;; i!. partitionied to perennial structures. Much more
 
and ttit has been
definition of the root system is required, 

in current work. 31 ice the total of perennialgiven priority 
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-1

7000 kg ha , they represtructures seems to amount to 6000 or 


sent a considerable reservoir of carbohydrates and nitrogenous
 

support regrowth. They also represent a potentially
materials to 


large cost in maintenance. At a relatively low maintenance
 

- crown material perrequirement of I g glucose per 100 g root 
-1 


day, as much as 70 kg photosynthate ha-lday may be expended in 

maintenance respiration. 

RFca'.q,'cJt; ta , . After the 7-day lag, crop growth rates (C; 

or slope of the total biomass curve) were positive, and biomass 

,ccurred durins s1he second 
-

accumulated. The peak growth rate 

week and, for this cycle, reached 185 kg ha-lday . (Othe r cycles 

approached 300 kg ha- 1 day- 1 .) 
with considerably lessRemarkably, this growth rate occurred 

than full leaf cover. Many experimonts with various crop; have 

shown a linear r,1at ion between C and percent cover. Since cover 

(0.3 to 1.9 leafincreased from 12 per cent to only )('per cent 

area index) during the second week, we_.expecte.d C to ncrease 

above 185 kg ha -l(ay -
l duringc the third aid fourth we0-.s as leaf 

area index in.crejs d t,, 3.7 and cover approached 1'IC)pe.r ctnt. 
-


But that did inot occur. Rather, C declined to 77 kg hia-lday 
-

dif -,rencehitween /7 and 250 kg ha-lday 1, whichThe cumulative 


might reasonably he i.xpti(.cted during the la.st 15 days, is 600 kg 
1 and is alsoha- . That behaviour :;e.md giner ,] for this fheld, 

seen in data from .,ther lotit iol! Iowever, there are other cases 

where yield iccumulats centinuou-ly afte r tlhe' lag period. 

quickly focust-ci on possible ixplanations forOur attenti_,n1 
the 26(00 kg of 'mi-ss ing yiel]d'. Iht.s expercise in sy-se(ms11 analysis 

led us t:o rh fll<wig possibilit ion. 

., ,' : :.'. A growth decline of thi" sirt could occur during 
drought. hiwi.,,., y rr igat ions were applied in the first, and 

third week:;. Mi-innr. -t. (,f pl ant wator status were made, but no 

visibleaigns of ,t ri.'ewere noted and the plants used the soil 

moistun free Iy. 

S . " . . rogen, potanssium 


siblie candidat eni as limiting nutrients. It is common for alfalfa
 
I:',' ,', Nit phiosphorun and are pos

forage to conta in over 3 per cent N, 2 per cent K and 0.2 per 

by a 2 itit crop can be very large.cent P so the nutrient removal 


We do not expect deficiencies of K and IPon tthis si te and that
 

fact that plant analyse ; exceeded the
 was confirmed by the 

thi diagnot.to of
critical nutrient consent rations used in 

defic ienc is. 
The nitrogen analyses are pre;;erted il Figure 2. The stand

ing crop of nit r)gen and it s disot ribution among plant parts 

followed a pattern ve-ry similar to that Shown for dry Iltter.
 

The main differenc, in the large propo rtion 
of nitrogen in leaves 

(5 per cent D.W.) at final harve.t compareid to stem; and roots 

(2 per ceint D.W.). The peak increase in nitrogen corresponds to 

week). le tre, we need data for the balance of thepeak C (second 

est a hish a complete story. But
root oystelms anrd the Todules to 

that the crop receive,; a s ingle major contribution ofit appears 
-


about 60 kg N ha 1 during the second week, -ind very Iittle there

fine roots, orafter. Whether that nit rogentis from the soil, 


nodules, is unclear. The nitrogen content of the crowns and
 

http:diagnot.to
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Fig. .	 Nitrogen yields for alfalfa crop presented in
 
Figure 1.
 

sampled portion of the tap root declined from 2.0 to 1.8 per
 
cent during this time. If the whole perennial structure (esti

-mated 	 at 7000 kg ha 1) dec-lined as much, that would account for 
N ha - 1 1-1 kg (2.002 < 7000). Perhaps cutting causes nodule and 

fibrous root decay, providing a single major release. The small 
gair. in nit: regan during the last two weeks might reflect a re
establ ishment periosd for those structures. 

Who tevewr th,.. lllechan ismo;, pulsations in nitrogen supply could 
acc-Junt for th,-- qrowt: h ploteau seen in Figure I so nitrogen 
euo:,llGIy i:; 1wing givon a mijor emphasis in continuing work. 

Th(' d ivi.rsio of pht-osyrtthate to replacement of nodules and 
ti support nodule tout Lvt 7 could cont ribute to the observed 
plateau kaffet in Ftogtulru I. The actual cost nf fixation, however, 
would not Lw grat . Thu. conrvera;ion of to Nil 3 involves reduc-N3 
t on of nlit rogon by the addition of three electrons to each atom. 
Sine, re;pir ,tion of a mi)]l of glucose yields the equivalent of 
21 moles of oeloct rns, the rAtio of assimilate use will be 3/24 
mole glucose per [ )o NH3 or (3 x 180) / (24 '- 14) = 1.6 g glucose 
per q nitrogen. Thus, for the 00 kg N which appeared in this 
cycle, only 96 kg of photonynthote woul be required. Even if we 
double that to a1CCoulnt for nadu]Ie ma intenance, the result is 
only a nina fr,oction of the missing 2600 kg of yield. So we 
have to con;ido r that ' ibrou:: root and nodule replacement as 
well :I., product:ion by the nodo]I cc; would be the major factors. 
Evn if that: account, for the missing yield, one can still draw 
the intI,]pr .tat i(n tohat ! hoo t growth came to be limited by 
ni.t:rogen nuppl y. 

It in ;t Cnp t: think of a vigor)us legume crop encounter-
Ito a doficilcy of rlitrogen. This; field appears to do very well 

in nitrogen fixation. With 20 mt of hay containing over 3 per 
cont. N harve!-Itd each yetr for three years , more than 1800 kg N 
ha - 1 han be n rersvd. That amount is vastly greater than natural 
inputs through rainfall ied dust, It also greatly exceeds the 
nitrogen which could be supplied from organic matter by this 
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desert soil. The high apparent rate of fixation, plus the oft
 

repeated failure of agronomists to c'tain alfalfa yield res

ponses through additions of fertilizer nitrogen, leads one to
 

be sceptical regarding nitrogen limitations. But it would appear 

that small amounts of inorganic nitrogen seem simply to replace 

ari equal amount of fixation. Nodulation and fixation are both 

repressed in the presence of inorganic nitrogen (Evans and 

Barber, 1977). So, to be effective in increasing yield, consider
-

ably more than 600] kg N hi would have to be supplied as 

fertilizer. Such rates have seldom been employed with alfalfa; 

in other words, the nossibility is that the nitrogen respon

siveness of alfalfa his not been tested. 

t ., <, I',. ],,"J ,.',.. Leaf photosynthesis rates some

times declie drarriot ica ]y with age. However, this seemed un

likely as m exp]ination for the mis.;ing yield, since alfalfa 

sterns elongit- indeterminat ely lint ii slowed by heavy flowering. 

At final harvest , thi cinopy wi- dominaited by recently expanded 

young leave!; in tht, uppr strata. In addit ion, laboratory stud

ies revaled thit thI difioronet, i- saxi mum net photosynthesis 

rates; cf the au'sg st ,rsi oldest imit urt, leaves was only 25 per 
" 

cent (2. aid 1. ') :In II CO) cm - 1 , reSj)ectiv2y). 

Those phot osy't in m lasui emont s wore modn onl leaves qrswn 

at rIoderat , l iqht ](,\ ir glashouss ami under a high level 

of nultritio . If lilti:r ig was in slort, su.q ply carbohydrates 

migiht ho .:i-q ted t:,- ic(cuntil al ir cteri-. arid leaves. Certainly, 

if that hadt red, sorei, type of 'e- clhack inlibition' (Neales 

and Incol], 19(-)) mi'ntli a - l i ,:.:|)e"cted undr high light condi

t ion.: if th- : i(ld. Art .Av it iina v-c:ibil ity is that photo

re.spirot rii ,1g'ht ),L inc e'rev d ir t li , ,;ernc' of high levels of 

,, iy,, t-t, ( .1, I_ Ti 'i , fhi.; ,'ol imt) . BI th po,:;ibil ities 
,liri Iib [tlmnir mrIV': tinlt I Wili f llrit; lliner I ,{ilditiolasv1 crrisrmw 

w Lt 1 i I h Ili I I li ii r .tr i t,.dId grwt :Ii inks; 

Acckmiul,tod dry rirtt tt-if, is ,b-,e..rvod inI, l.lir( 1, integrates 

leaf lil(t phit. ViithI--;i with r elm-tir tor'' act ivit ies af the whole 

As ,,i- , ir, i r.. D be 

expoct I'dl ti Ilric,I i I i i)r i lcro, ts-cI aid i li s. ould be a 
plant . not:d r. rr t.i n imti woutd 

si grif ,irt by rid o I cycle. TIm-iI is aiI so thedran tI th,, 

ax)ssihi lit' thit ii i I Irll r c i rpirat ion is ubst: rate dependent, 

illicroas irig i!; 1-il) !;trato :-piFl' iCr-eases. in idditi.cri, Larrbers 

(197)) :;uggt that a high caruohydrate status in plant roots 

mr.:/I iuiduIe 1 resp ton I t: i ;sues. Irn that, wayuIc ed tiit - frilt those 

a. withiH prduit iciri by nihulc :, assimiltes might be wastced 

cway in; ,ac if -orintmiibut iig to dry iwitter production. Again, we 

see tl lr mci for .i qr,-It deal rhir, infiormation about the under

ground a.t runt iire s 

APP ,lCAT[ONS OP SYSTENS ANAI',YSIS TO AGROFORESTRY 

The ci] fo ] fa case out I inediloa)ve provides all examiple of a type of 

systeri-i alyWi whichi ;olnid he, very useful in agroforestry 

rcsearch. 'hi, efllort it: chm - efftct alnalysis, couplod with 

cqilcint i t:,t iv, bu gt, Ii, (tcto ,n wll -dfined set of hypothetes 

and resiirclh oli ,tiv,!. Many of these cain be testced further in 

simple field expirlon!;e!nit so pros;p(ects for clarifying the produc

tion proce! (,s of thi crop si fin very good. We ned s imilar 
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, .situations: 
theyields; 'by what'pattern ofevents and processes do they 

accumulate ; owd.o.th yields compare with biological and 

uantitative descriptions for agrfo .stry. whatare 

Climatic potentials? 

'particular attention must be given to nutrient deficiencies 

and their interactive 'effects with light environments The 

to serve as a balancingps..... 

'~mechanim for nutrient, limitations~are important. Greatly im

~KK~~-proved yields'have been obtained with several crops when shade 
is reduced and nutrient supply increased. However, nutrients ar 

often :a main limitation to yield in many tropical and subtropical 

environments, including those where agroforestry is practised.
 
Waterw ill als be limiting at many sites. It is as well 
to
 

examine such elementary relations before assuming that 
more
 

subtle synergisms occur in mixed cropping.
 

An example for mixed cropping 

Unfortunately we do not, as yet, have sufficient data from agro

forestry systems to outline an example of the use of systems 

analysis in the cause- effect manner described above. We can 

take an agricultural mixed cropping situation, however, which 

will serve to elaborate the essential approach. 

The maize- bean intercrop common near Nairobi, and in many 

other tropical regions, provides an example of nutrient limita

tions. Without fertilizer, grain yields on small farms may range 
1 


.- from 1100 to 1350 kg ha- (Ackland, 1971). Since the grain has a 
-


18 to 22 kgN ha 1
nitrogen content of about 1.6 per cent, some 


are removed with the grain; the total is increased by an addi
-1


tional 8 to 10 kg N ha if the stover is removod also. If
 

:r. / 	 yields are to be maintained, this amount must be supplied to the K

soil from rain, dust, fixation by free-living bacteria, animal i> 

manures, and residues from the leguminous companion crop. Those 

inputs are area-dependent and small in amounts so we must allo
'cate a relatively large soil area per plant if the maize is to 

grow reasonably well. Maize stands are often as low as 1o,000 

to 20,000 plants ha-
1 on smallholders' plots so that each plant 

occupies an area of 0.5 to 1.0 m'. With a rooting depth of 1 .5 m 

it has a soil monolith of from 0.75 to 1.5 ml to exploit. 

At this 	spacing, the maize plants haveo nly about half the -

amount of nitrogen they could use but that is enough to produce 

a modest yield of grain. But ground cover is by no means complete ' 

and only a portion of the incoming sunlight is intercepted by the 

maize. In addition, full utilization of available soil water is 

not achieved. Thus, a companion crop could beneficially be intro

, iduced to share these resources, but it should be noncompetitie!';' 

with maisf foi that crop's limiting factor, nitrogen. Hence, an
 

understorey grain legume is a promising candidate to provide a
 

complementary yield and a possible additional input of nitrogen.
 
In this kind of very simple cause- effect modelling we may
 

wish to alter the assumptions by changing estimates of grain
 

yield, spacing, or nitrogen inputs, but the point to be made
 

here is that such an assessment enables us to state a hypothesis. 

This can then be tested by some simple field experimentation. In 

this case,' by adding fertilizer and by replacing the space occu
'pied by the grain.legume in the mixed crop with more maize. If 

then in the absence of any additionalthe arguments are correct, 
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nitrogen fertilizer, the yield of the maize crop will probably
 

decline due to the smaller input of nitrogen; but with fertilizer
 

nitrogen maize yields should increase drastically. One should
 

also test whether a rotation of maize and legume monocultures
 

would perform as well or better than the intercrop. At Davis,
 

California, with 450 mm rainfall, and with nitrogen not limiting, 

10 mt of maize grain has been obtained without irrigation and 

over 15 mt with irrigation. But , populations near 70,000 plants 

ha - I are required to achieve this. 

Plant -opulat ion- nut rieit - water - shade interactions are also 

likely to be very impt:rtant in agroforestry. Such interactions 

are studied mo;t easily with a 4u1cession of simple, single 

factor or double factor ,ents.;xperiExpoer-imentit with a greater 

number of factors become i ii:),st lmp)ss ihie to interpret, except 

by using mathematical models. It if ilfso evident that one may 

need to distinguish bet ween shade and nutrient cycling roles for 

the cverstorey trees. Nutritent anaily:,; s, fortili Sr experiments, 

and shade removal ait, u;efll tools for thit purpose. Clearly, 

problems of this sort are not s;tudied easily ill small plot 

situations with sinjl- pl ants in complex mixtures. One needs 

relat ively large, unif,,rm plot; to establish rutrient cycling, 

water, shade arid fiant , pul,it ion responses. The resulting 

principles can ho appli(,t i th, initerpretat ion of small plots. 

Other factors such 1s;cinili i oce a r.d ris]k arUealIso important 

consideratonis n sublsit(oce farllllllj, Of course;. 
Trhe word . if, impirrtint. We ire lookilng to iden

tify the plaVi-;riggrowth. Those rul.es takerule-]s p1ant will 

various tortu1s. Iit rojors is 1imit ing; tbh , niitrogen response 

funct ion i; a dimnirilnig return. ' 'Dcidtinis leave; from the 
1

compairlolI ogrii ru t roe{ will suppl y 10 kg N ha - each year, 

leaching is not a prohlm.' 'Shach. lowers the harvest inide: of 

the crop.' And s() ,t. 'ihs( fragin )f knowledge of control 

functions i)ecomt h a is of our model of the agroforestr, 

situation. We then halvte a fou:idit iouj fur msnitoriig and inter

preting crop performauce, in1(d for doesignliug improived systems. 

CONCLUSIONS
 

Agroforestry is not all end in it!soelf hut a means to achieving 

safe, stable suppl ieOs ()f fo)od, fodder, filhre, and otier outputs, 

often from difficult ,nvironmenl andi economic situa t.ions. But 

we must be careful iol to 'if'w agroforest;tiy ut it ion in isola

tion from t lie, Irformince of thlie sam(- p1grris grown i; mnno

culture. The rrinvcultur,!; provdet thi , has.is for inter reting 

nutrient and p1lint populat ion esponses, and yield potent ialis. 
Mixed ciop'ing with t (t; can b viewed, in a cOnt inull with 

other agricultural irid forestry S;;ithlations, is a system designed 

to a ccolllat[d t( ol g itba I , or limii' ;;)I' erivi rollmInta] soc ial 

tations. Soil prols reli t d t) rllitrient cyclii g and supply, 

or erosion, will )i major factorrs. But the s.ituationls will be 

more complex and li; i trsiparo'nt to analy.<i; than tihe illor con

vent iotiaI cropping sy!;tLrms. They will tax our abil it ies for sys

tems analysis whether in problenri-tsol v irig or ill formulation of 

simulation models. 
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DISCUSSION 

* 	 XOZLOWSK{I - Perhaps the alfalfa plants were water stressed, Did 
you measure stomatal aperture? 

LOOMIS - No, But alfalfa has little stomatal control. Irrigation 
occurred at different times in different cycles with the same
 
result. Water used seemed to match the potential Et of 6 mm of
 
water day- 1 . In general, the plants were never short of water.
 

KOZLOWSKI - The plants may have suffered some midday water stress, 

LOOMIS - Ilagree. We are also considering that water use could 
33 relate, to respiration rate (as an explanation of the falling off 

in crop, growth rate) .*Maintenance respiration can amount, to a 
loss equal to around 1 per cent of the biomass. per day, due
 

mostly to protein Increases with temperature.' But the lowered
 
soil temperature and the high rate of water use at full 'cover3
 

kept temperatures low and should have minimized respiration.
 

3. 

OLDEMAN Does alfalfa have much cambial activity? . 

%. 

http:day-1.In
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LOOMIS - Yes. We are in the middle of a time analysis of root
 

anatomy. But this was mostly included in the dry matter measure

ments. The system did not appear to be carbohydrate limited. It
 

could be that nitrogen deficiency, or some other limit to cambial
 

activity resulted in feedback inhibition to photosynthesis. That
 

is, that the system was sink limited. It is not likely to be
 

limited by transport. 

HUXLEY - Do you not need active root growth in order to produce 

controlling hormones? 

LOOMIS - I think of hormones as being like on/off switches. I do 

not see that they could explain the type of result we got. 

HUXLEY - The effect of cutting alfalfa may be so drastic as to 
r '  

perturb the whole system; ml ulcliig tihe biillctrrc -' 11 it'lle 

lators. With regard to the comment ol transport we traced nitro

gen in COWlea throughout Its Ilift CyCeI and found that a problem 

was ildeq(ua te transter ofl nitrogen at pod filling. 

NAIR - An important part of nutrient recvcling, of benefit in 

agrofortstry systm. could h' the leaching of nutrients from 

leaves of' the, uppi' i-Si)rev plants, which are then Intercepted in 

the loer Storev 

LOOMIS - That IS tru(, Hult it IS interesting that there is a 

.ibriurn soil forestIower Vquit of organic mat t'r in systems (and 

thus of organiclnt rogell) than there is under gr'iss. This may be 

due to a (lift'Ierent t imirg, or pitto in of' residue decay with more 

chanlce !or tss'is, 

NAIRP. - (- nut l-l, cycling is involved iII intensive syltems ofr',nt 
product lon, there or, nutri elts beI more acould lost. 

LEYTON - Did you measure the leaf area index in your lucerne 

commun it v? 

LOOMIS - Yes, it rose from (}.3 it olie week to around 2 at two 

weeks, lid theill ros, to a maximum of about 5. 

JACKSON - Did vou ac'tuatlly measure light interception? 

LOOMIS - Yes, but not very well. We fir'st tried a system using 

the lambda I m silicon cell bar, hut this was not easy to place 

in the alfalfa canopy. We subsequently used an indirect method 

using the VertiraIlly projectt! shadow areas taken from weekly 
ph ot ogr)aplhs,.
 

LEYTON - Are thiit pulblished figur's for' nt C02 flux for 

LOOMIS - There are a few studies. Most of the available informa

tion, however, involves growth measurements of recorded sward 

yield at each h',r'vest. 

OLDEMAN - Does alfalfa show phasic or rhythmic growth? 

LOOMIS - That shouldrnot affect these results. Flowering had 

just begun at final Sampling and we were well away from the 

dormancy traits which most cultivars show in full winter condi

tions.
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The biochemical and geometrical architectural
ABSTRACT. 

structure of tree containing mixtures of crops may be
 

considered analogous to a genetic code which determines
 

the functioning, performance and dynamics of the .system.
 

Except that this code itself is dynamic and continuously
 

adapts, in an interactive manner, to variable physical,
 

chemical and biotic environmental factors. Examples of
 

such adaptation to site conditions in natural forest are
 

described. Further research is necessary on the perfor

mance of crop species mixtures and alternations; on 
 -


possibilities to stabilize nutrient supplies and cycles;
 

on interactions between crop species and site climate,
 
N
and its fluctuations; on soil properties, soil management 


and crop performance; and on the interactions between
 

*  crop structure, microclimate, soil biology, soil dynamics
 

and nutrient cycling. Especially, there is a need for
 

research on the effects of continued cropping, either of
 

identical or alternating cropping patterns. The develop

ment of descriptive, functional and predictive dynamic
 

system models is essential to cope with the complexity
 

of factors and interactions involved.
 

SOME FEATURES OF THE NUTRIENT CYCLE
 

In the systern context 

The nutrient cycle in natural tropical moist primary forest is
 

closely linked to, and interacts with, the cycles of organic
 

matter and water. The schematic diagram in Figure i illustrates
 

the input, throughput and output channels and some of the store
 
amount
sizes of organic matter. The growing stock, that is the 


~ :of living organic matter, naturally varies widely with the site
 
.N'Nand the developmental phase of the vegetation. Information is
 

insufficient for a reliable estimate of global and regional 

total stocking and of mean stockings per hectare, but the 
ranges 

and means shown in Figure 1 give an approximate indication of* 
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",i flows and outputs of some factors and elements in the biomas5
 

cycle of mature,humid, equatorial tropical,predominantly 
evergreen, lowland fores very wide range of variation 
of some of the stocks and flows of phytomass and the lack of
 

information on some elements are indicated in the drawing.
 

(From Brunig, 1982).

the vegetative growing stock in humid tropical forests, which is
 

generally larger than in temperate forests.
 

The amount of organic matter in the soils of equatorial and
 

seasonal, tropical forests is on average a little lower than in 

evergreen and deciduous, temperate forests. Bolin et al. (1979, 

Table 1.3, p.156) quote 8 kg m'
2 organic matter in the whole 

soil profile in equatorial rainforest, 10 kg m"2 in tropical, 
-2
 in temperate forests.
seasonal forest, and 10 to 15 kg m
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ThhZ]< 1. Amount of material in each soil horizon on the 
oxisol site in the Intternational Amazon Rainforest NAB-Proj
ect at San Carlos de Rio Negro, Venezuela (Jordan Ind Centro 
de Ecologia, 1980) (in k(I ha-l). 

Tot it Ca K Ma P 

Soil surface mat
 
+
Roots 20,207 17.8 17.3 5.6 7.4
 

.rganic matter4 28,585 12.9 31.4 7.1 7.7
 
Mineral soil 21,1308 0.44 + 0.74+ 0.1 ++ 5.0+
 

'.i 	 49.4 7:... "!0.1 

Sand horizon 
Roots t 

28,318 26.5 25.5 5.7 9.4 
+Organic 	matter 77,005 34.1 83.5 18.9 20.5
 

7.9+ +
Mineral 	soil 1.269,770 22.3 + + 41.5 + + 292.2 + 

,',,}: ' 02 ';. 82'. 1.50. ,5 .5:,,,,: . ,,. 322. 1 

Cl ay 
Root i; 	 7,041 4.5 3.6 1.4 1.7
 

Total for soil oran ic
 
profilIe 161,156 118.5 203.5 46.7 343.9
 

+ total xtr:ictable
 

F rmi St stt: andt Spro t t (1 )77) , weiqht of the respective
 
- I ,
fract ion 	in kg hJ,


1,it I or df,, i t l , frIna t in a nd time soili-y i humsIwI; 	 residerce of 

carkc ,v 	 i, i l,.lI wit h biological , p hysical and chemical condi
! ,i , decompositiont ions t! 1-1 rJ 1 i t t r and t is dept Ih of the in 

t:he sail . A , r di t,, onsif m,i (1)77) ri;idis ce time aIt the soil 
sur ,-wc i., 1:1 1ir y 30( cl of oft 11, 1,a of ,ar, at depth hundreds 
yea is. V,. ry hi lh v ii , i; i)p i caI humus podzol s and,ur in t 
oa t .;W1tii; . Il 1 11i't , Ic ,rding to) Aniher!;Loi and Muller (1975) 
the gt d,(ppi-,i-sitsit (I'' (xc d ftaut t') six thousand, 	 J 

t ('t ii( t ,I 1 I l tThl Il},il I) IIl~ ITI.-it'r ; 1- Iitt r t!i ? is 

showi 8,' 	 t1 i i ,l 1 1 ,m i itiC, I- ; ii TI I 1t 1. T i orgaIIic matter 
frau~t i,. , li, I I h,1 

-1 ct l ; fu .t .f hI, total soil 

sI t 	 t M'I' , I 1 l t II a . i('ii K , 1 tilli;i.' ip: i ros ll T1h . 

i!:i a,1 , u 1 Ih Ifoot;ll , i,i t 11 1i 11ii imI t I-() i 'sll fto? ..;t , o ;y.t. lls 

w t i I .'i I I; ii to 1 t, iIia !,.t i i i 1w ; fo i 11v lt.and nroth fit 
! d::t~l Btrn dia-C(';i'! li', ], -' th)w ! ~ tll(' 11 lroq 'llcycle?. 

.3 Iqi,llw; In A,11 i , leat, , tr-,fic:,ll ftres; ucOSys
to'lli ,1' ,ll .,,'l ;1';1'l w ith ilipult ; ain | Ill')ri' t) I ';! l111 tc h ing o ut

* ltIi('lnt
I'lit!; (jl !z W I I, (,I i wI(It ; and o~rclalniC matteor, 

IvillT dt,,d : ,(tinlg
With ilh(. 
, 

,tild( icm, ,ii; i'lffo tiw filter!; and 

The ivuit. 	 I Ilml,(rtalit :;oul-co lttit ent in hulmidof r illput tie tropics 
1.;proci i il fr(i the atlniosph(,ire of solutes and particles,' tit 
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.fruits
 
CFlowers and 04 

Fine litter Dead timber 

C 10 _
_
N-fixa tion 

[fungi C9 . C8
 

_ Roots Surface 

Cbsoil dcr 

SubsOil dshag 

1l. ",. Schematic madel of Initrujerl Cycling. Rue tangl es rep

resent CoITpa r tit-en to withIlli t tit, > ; i, ow; ,ire-o ropre'

sented by arrows3, input )Ireea sink!; repreout put at, 

sented by irreoqu]ir ahapes. Compart:lrienlt,; n)t dire'etly studied 

in the San Carl,:,:; Pr,),,ct but c,)n,.;idered illpol-t ant aeprocess 

cont-rollei;s ar-e ;or ionultd hy t ! -daid 1 in('. Tll, i ng. 

dashed lino del iiitnn ,,; th(. taint oll ec ;y-;tIem towalrd its 

environmeiont . C tnt' . Mspal(All't l-rei Ikdland 

Jordan , I9Hl) 

and in )ii (x: ,jell.The exi;t inqd,ld it ia, i l)il i)i o i lit 1t 

data oil raillf,il] w,ltl a(ind wit ei alar, nultriient con

t:ents , througlrh lw ;lld ult. FI)w t r p()ticili1t -,il and ianagedi in 

forest;; ,t-e i-it lii- lint i ulii n,, very 11l1 iabl, but , with cau

tion, tl'(i ; Ilc dnilt ict I I t tle flow:; Ilmayhe f'!; illated. The 

rainfall ind it :; not ient iuzt itlut voii. Wit i l(jat l()I, e en, 

year and weather :;ituotio . A !; ['C1 Liv '.'e X:ilnpl(e o IIor re eliable 

research dat-a i. tepr,,ueed in Table 2. 

The nutllr ielt (:()rlt1int fteon i n.rased wien wtIr percol.ates 
through the canopy. Such increa!ai(.s af nutrient CottiRt; in 
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SNutrient contents ofannualprecipitation in.six
 
, ~nr,'' Kdf( ), .... 410,. 4 -, '''/ (in 0
Shlocalities in perhumid and seasonal tropical climates 


ha1)
 

Place N ro P K Ca Mg 

0l0ihen ndma 0 
SPasob, Malaya (2) 2,831 13.5 ii.d. 6.4 4.2 0.7 

Kade, Ghana (3) 1850 13.0 0.4 16.0 11.0 10.0 

Manaus Ahaszon(1 77 1 13.770(3 

E. Creek,
 
Papua New Guinea (4) 2694 n.d. n.d. 0.8 0 0.3
 
Malaya (5) - 2300 n.d. n.d. 12.5 14.0 3.3
 
Panama (6) 1930 .d. 1.4 9.5 29.3 4.9
 

*seasonal 

(1) Stark and Spratt, 1977; (2) Manokaran, 1980; (3) Nye and 
Greenland, 1960; (4) Turvey, 1974; (5) Kenworthy, 1971; (6)
 
Golley et at., 197'. n.d. = no data available.
 

throughfall and stebflow in .atural tropical forests have been
 
observed in many cases. Main sources are dust particles depos
ited on plant surfaces, leachate from leaves and leachate from
 
epiphytes such as lichens (Forman, 1975).
 

The reliability of calculations of nutrient contents and
 
annual totals in throughfall and stemflow is rather limited, and
 
published data exhibit considerable variation (Table 3). In the
 
San Carlos area (Table 3(a))sthe small differences of mineral
 
content between the adjacent oxisol and spodosol sites are inci
dental but, except for potassium ani nitrogen, the lower con
tent of minerals in the throughfall on both sites appears to be
 
significant. Similarly, differences between above canopy rain
 
and throughfall on the groundpwere observed for calcium and
 
phosphorus at six tropical locations. Calcium increased on four
 
sites and decreased on two sites, and phosphorus on all the
 
three sites where it was measured (Table 3(b)). Variation due
 
to location, site and weather is supplemented by additional
 
variation due to the physiological characteristics of the trees,
 
and the nature of the differences in the epiphytic flora and
 
fauna. Existing data for absorption in the canopy and for leach
ing and removal from leaves, phyllospheric vegetation and bark
 
must therefore be treated with caution. The substantial varia
tion in relation to tree species, species association, microsite,
 

and year must be considered if generalizations are made
4hseason 


from local and/or short-term observations. 

STRUCTURE - SITE - ENVIRONMENT INTERACTIONS -.. ~ 
It is now commonly accepted that there are close and c-omplex
 
interactions between the floristic and geometric structures of
 
vegetation stands, the physiognomic and biochemical properties
 
of the plants, the climatic and edaphic site conditions and the
 

dynamics of the ecosystem. Floristic, geometric and biochemical
 
structures, both-it plant and at vegetation system levels, can be
 
interpreted as adaptations to the physical and chemical environ-

ment (Figure 3 and Brunig, 1970, 1971, 1976). Rather typical
 
examples of changes in gradient of the geometric and floristic
 

4 
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TabZe 3. 	 Mineral contents of above canopy rain and ground 
level throughfa]i] . 

(a Oxi sol 	 Spofosol
Ra i n Throughfa,- I I Ra in l hrough falIl 

Ca 27.0 3.6 28.4 6. 7
 
K 23 .4 17.1 2.I.6 28. 9
 
Mg 	 3.4 1.3 1.0.3.5 
NH4 -N 21.2 25.O 21.7 33.2
 
PO4-P 24.8 10.7 24.9 5. 1
 
SO 4 -S 44. 3 16.7 46.6 19.6
 

(b) Throughfall in I 

kg ha -- 1 Cal cC irt Phosphorus 
Trop. montane (1) 21.6 23.9 - -
Trop. moist (2) 29.3 37.0 1.0 0.6 
'Trop. ra infor(est () U.) 23.3 - -

Trop. rainfrt (41) 2 .9 - ro!- 1,1. 

Trop. ri1ifor,,,;t ( .7) .() 3.6 24.8 10.7 
Trup. riif IfC)r t .ro.4 6.7 24. 1? 5.1 

1.')	Arii.ant; i kii; 
-

, :1 rii'Ilts ill ti.o forea:;t associa-

I ionl 11 tol AIrr.ai n .al i ;orat It Sun Cala d Rio Negro, 

) Cl l m 	,odi ph I"i, it Ia ittropi.l Ir,.t.;. 

( ) C (;h(1) J .,di, 	1 ,9/ , Pntw ,, . c(,. 1I ,' ' -. , 197% , Panama. 
(3) Turvt.',, 197,1, Nw ;Uinli(en. (4) K(rnwort-hy, 1Pt71 , MI'Ilaya. 
(5) and ((,)Jordan .1 0, Arnaxonia. 

ATM0 PIHERI ]IATMO;P 	 ER1 

'Purbuloric. 	 Rad I .t Ion ),l anco 
Radiat ion 'ipomp t , ttire
 
Precipi tat itnion ' Wind
 

PLANTS 	 PLANTfS 

Pho otn asoimi I at ion Exchanyo (.')iotr i( !;t eltlre 
Di ffusiiorihi rei at;Irl(t IIr, 
"''ran.;fer W.1 I ;t It u:a 

Repl l(:,t i,)i 4-- (ROlTTI'I 4- '1 l ,i;c it 

So 	 ilO , 

Trariae!;r-	 )!e 'I l' It . It 1II 

- hiot 	 t it-il rnnt"a '. W, t tl i) iila t 

- WaIte A"Aerat i)
 

ga : ; -se O ir i mIi( tet ivi ty
 
ionsa 	 Nut riet av, ilabil ity 

MECIIAN ISMS PROCESSES 	 STATES 

";. ,.Ma or coponents and interactiors in an agrofor(estry 
crop which inItluenc performance iind development )I te ltant; 
and the crop (adapted from EIstor arid Monteit.h, 1l7,). 
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structures of, a.ture natural foest stands in humid evergreen 

S'tropical lowland fore'st in Born o'and in' the Amazon basin are
 
shown in Figure Thee4catenas of sites and 'soils corresponding
 

to .the changesof vegetation~in Figure 4 are shown for the same
 

--- ecsystem -in- F igure--5..- The' .three -ca ten as-shw-o-cmn- f 
222 tug whic h are relevant to the subject. The more mesic and more 

'fa67rable soils on the" left carry tall and complex, species 

rich and mesophyllousvegetations with high storage level. of
 

living phytomass, intensive turnover of phytomass, rapid and :
 
effective nutrient cycling;,efficient nutrient readsorption
 

during the decomposition phase, intensive microbial activity,
 

high transpiration rates in relation to the rainfall rates,
 

ranging from about 1500 to 2000 mm peryear.
 
The more xeric, periodically rainflooded, alternatingly
 

extremely dry, extremely oligotrophic soils on the right carry
 

low, simple, species poor, sclerophyllous and xeromorphic veg

etation. Typical are high degrees of evergreeness, low levels of
 

biomass stocking, slow growth and turnover, slow decomposition
 

of litter and a low speed of-nutrient cycling. The aerodynamic

ally smooth, sclerophyllous, highly reflectant canopy transpires
 

much less than the previous types, usually less than 1000.mm
 

?er year. Low levels of micro-organismic activity are character

istic and related to the unbalanced water regime, lack of nutri

ents and prevalence of antibiotic polyphenolic substances. The 

reduced turnover rates, slow decomposition and accumulation of ' 

soil organic matter may be devices to reduce losses of essential 

nutrients. Typical for these forests on oligotrophic soils are 

high contents of polyphenols (condensed tannins) in the trees, 

common occurrence of mycorrhizas, dense root and raw humus mat- 2
 

ting, root growth on decaying litter and living stems (see Plate
 

elsewhere in this book). Obviously, these aerial roots scavenge
 

nutrients from decaying leaves, stemflow and water drip. 
 '
 

Along the gradient of decreasing fertility, stand stature,
 
.
aerodynamic roughness and species richness decrease; simulta-

neously, litter and raw humus accumulate and humic hard pans are 

formed. High levels of humic substances on and in-the soils 

improve the water regime and the living conditions for micro

organisms. Improvement of nitrogen and phosphorus availability 

by humic substances in many acid soils is well documented and a 

common practical experience. But there is also evidence of -3 
direct effects of humic substances on the- performance of plants : 

(see below). . -

SOME NUTRIENT PROCURING AND PRESERVING MECHANISMS 

On the more mesic soil]s where the nutrient supply is better, we
 

find a combination of larger leaves, a greater tendency to deci- --2

duousness, Ian aerodynamically rougher canopy, and consequently
 

greater aerial turbulence from free and forced convection, a
 

reduced atmospheric diffusion resistance to heat and vapour .
 ',
 

fluxes, more intensive fluxes of sensible and latent heat, high
 

rates of daily and annual transpiration and'a rapid organic
 

matter turnover. These features combined contribute to the suc

cessful scavenging, fixing and preserving of nutrients through
 

high levels of biological activity and, consequently, a rapid -: 

and efficientnutrient cycling.' ' 
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rJ:iesearch'plot'data :and.:aeriali photo :in terpre tation of the / 

':!author (section~s" B and"C) supplemented with published"data 

(sectionA.A; Anderson, 1961) .a deltaic peatswamp forest fromSectio raiSect through 
phasic community (formation 113.11, forest type 31) through 

phasi Themsecti w cosrce from ec community 3 
(13.22, 371373), phasico mmunity 4 (113.23, 381) tothrough 

stunted, open 'phasic community 6 (213.11, 39). The corres

* .* ponding peat dome development is shown in Figure 5, section 

,A.
 
Section B. Transect from mixed dipterocarp forest (115, 42) on
 

sandy, loamy ultisol through a sequence of types of kerangas
 

(119, 513-511) on spodosol to stunted, closed to open kerapah
 

and dry peat woodland (219, 511). Kerapah also can assume the
 

structure of 512 and 511 under more 
favourable site condi

tions. The sequence corresponds to the left part of the soil
 

catena in section B in Figure 5.'
 
Section C. Transect through the natural forest observation
 

area of the International Amazon Rainforest Ecosystem Project
 

at San Carlos de Rio Negro from 'tierra firme' forest (111, T)
 

through various association groups (119, H to M) to closed
 

bana woodland). The corresponding
(219,. P) and open. (219, Q) 

soil and site catena is shown in section C in Figure 5. The
 

catena in. this section corresponds ecologically to section B.
 

ExpZanation.. ' "
 

Formation: major classification unit of vegetation.
 
ForesOt type: subunits according to structural features and
 

Soil '(in section B): abbreviations for red yellow podzol
 

(ultisol); deep, medium and shallow humus podzol (spodosol);
 
peat bog or scelettal soil. 

:
0ZI:estimator of the aerodynamic 'roughness parameter of 

turnover
canopy; indicates capacity for intake of energy and 

of energy 'and matter. 
-* " h/d: mean height/diameter ratio of top canopy trees. in the A 

and B strata, mean values of: sample plots; indicates vigour 

and stability. 
Spp.100.N: species number per '100 individual trees; species
 

richness.
 
D vcesity %: value of the McIntosh diversity index in per cent
 

of the maximum possible for the given spp./l00 N; expresses
 

diverstty within stand.
 

4 
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":...• + '" .B' - , AI MP ClyT " . ' 

10or csoI ;:'giant' gley-type humus spod.o "giant' "peat aQuept beach. 
Mixed Divte rarp nrKer ca aKaer t p.c.1 sws forest .r. 
oigneous sd~~~sw 10'~otasid 

* BC, RIO NEGRO -CASIUIARE 	 20

latertlc bleachedsc s.c. podosolo b.s.c.terra firm. Ye giaro gH-K)Cunur(L-M) BanatP,O) o Cunurl Yevaro cha"ts eh 

Schematic sections through catenas of mesotrophic to " i:
Fig."6., 	 (Aand B) and in thefnorthwest.oieigotrophic soils in Borneo 


Amazon basis (C). The sections A, B and C correspond to the
 

sections through forest communities in Figure 4. Humic (iron)
 

pans are drawn black, peat is shown hatched, rivers are shown
 

black.
 
,A.Transect through a deltaic peatswamp with forest phasic
 

*communities 1 to 6.
 
Transect through an encased pleistocene terrace; to the
 

left a hill with mixed dipterocarp forest on loamy ultisol
 

or oxisol soil, on the terrace the sequence of soils is from
 

.	 deep humus (iron) to shallow podzol or spodosol and finally
 

to a woodland peat bog of the kerapah type. To the right
 

.B. 


*follows a fringing peatswamp and a riparian freshwaterswamp 

and finally a sandy, recent beach ridge. r . 

C. Section through the International Amazon Ecosystem Project. 

*"Larea at San Carlos de Rio Negro from a latric. hillock hwith 

oxisol through a sequence of spodosol soil types to the banha 

- " '-: with shallow spodosol" in the centre. Outside the project area 

the catena merges in riparian formations fringing the
 

Casiquiare river.
 

"An important link in the cycle are micro-organisms,.parti

cularly fungi.Went (1970) noted that fruiting bodies were
 

formed by wood decomposing fungi in the Amazonian forest only if
 
K;there.were no tree roots close by. This suggests that diversion 


of nutrients, especially minerals, to the roots via' mycorrhizas
 

may inhibit fruit body formation of the fungi. Since then, evi

dence.for the existence of direct or mycorrhizal transfer of nui
 

trients from decaying litter into roots has been convincingly
 

demonstrated in the International Amazon Rainforest Ecosystem 

Project at San Carlos de Rio Negro (Herrera, 1979). 

The constraints on biological activities on the extremely 

oliotopicsites with periodic drought lower tile efficiency 
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of 	such mechanisms. Other adaptations are necessary, such as
 

to reduce nu

trient losses. In the almost complete absence of mineral nutri
sclerophylly, pachyphylly, and biochemical means 


major source of nutrientsent reserves in the soil, rain is the 

which are scavenged effectively in the canopy (Jordan :t ai., 

1980). Slowing of litter decay by antibiotic tanning compounds, 

of litter and raw humus, derse surface root mattingaccumulation 
and suspected longevity both of trees and leaves may act as nu

trient conservino mechanisms. These mechanisms would be substi

tutos for the high levels of biological activity and rapid turn

over rates which on the oligotrophic sites cannot be achieved. 

PLANT R.ESPONSES AND 1111ii:HAFURE OF HUMUS 

The orman ic matttr on and in; the soil plays an important part in 

nutrient and water cyclino by dirct physical and chemical 

effect;, ind by maint ainiu(i favourabkl, conditions for plant 

growth and micr<obial activity. This is; particularly true for 

tropical sail:; with inhere.ntly low fertility and an unbalanced 

wat ,r ec. and indiroct physiolooical effects of humicrD:ii iroct 
for a longslbst~aic{ ori plant sirowth and health have been known 

time (Schit;it s, id Khan , 1372, pp.2W-302). They include the 
fol 1low; no: 

" 	 Sma 1 concent rat ionc; ,)f humic substances (enhance root devolop

ment and plant irowth. 

" 	 Ihimic subs talice s antt r plants and tiffect oxidation-reduction 

p roces s,.. 

" 	 Ilumi c .ubat ancec; in plants may aittr the carbohydrate meta

c of 

osm.)tic ; a; '-1aand resistance to wiltinn.
 
bolism cntsllc WuCImulation reducible sugars, and increased 

" 	 Hlumic -ciic;te;; in plant: cay affact oxygen intake and
 

chlorophytl :;ynth- ;is, and prorote t ranslocat ion of iron to
 

leaves, thus preventing chloro:;is.
 

I/at P ; , .:' :, '1 ..tI ;", : 1, 1' 311;'tii.: i , r::,'1 

In rho soil humus ftractioll.- nutrients are absorbed, preserved
 

accmu a tad, which rine rally is Lonetic iaIl. But the chemical
and 
nature of tle orqanic matter vari s witih species and site. Con

sequent ly, it. i a possible that the status of orqanically bound
 

nutrients; is afftwct ad (and ;ama nutri ont ; may become unavailable.
 

nidier .oil , laniC (i'li11)OiadS llmay accumulate which
 

have an alll Io'athic effect- on other t;peciis. An illustrative
 

pat fwarli forest in lassia Forest Reserve,
exanipl(, from nalt ural 


Rejanq dt'lt,a, Saraw,k, Imady servo, to elaborate the point.
 

10 	 widelyT).1'.f",f'c., ,- 1' ,1 t. In eaich of two forest types, 

1 
 aken 


typi,; wfir,' tl, flat i.;t icl ly di -f,ront natural poatswamp phasic
 
:;paced peat c;p in; wrt' , at 40 cm depth. The two forest 

and p.C. 3 = forest type 

Iiclurro; , ar4id ,, Sction A. The samples were immediately 
comllcunit ifc; (p.c.) 1 - tar ;t type 311 

3721 in 
Hrr A of each sample was analysedairfriiqhte'l t' laburn. subsample 


by Di Salfo-ld at the Inst itute of Soil Biochemistry, Federal
 

Research Centre for Agriculture, Brunswick, and by Dr Waughman,
 

University of Durham, UK. The results reported by Salfeld (pers. 
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comm.,,974 ).showednot only significant differences of total
 
niroe content and correspondingly of C/N ratios (Figure 6)',
 
but also of-the chemical nature of the nitrogen compounds
 
(TableA4).:The peat in p.c.I is muchmore heterogenous than the
 

peat,:fromp.c. 3. Both peats differ from each other in some im-


E~~'7T ~portant ;features.-The proportion of HCl-hydrolysable.N is gener
~KQ7,, 	 ally higher in p.c. 1, but particularly high in a group of three 

adjacent samples (Table 4, p.c. 1(2). The chemical composition 
of the hydrolysable N is almost identical within the samples 
from p.c. I',but differs notably between p.c. I and p.c. 3. The 
latter has a considerably higher content and proportion 'of 
ammonium and amide-nitrogen and a much lower content and propor
tion of a-amino N.? 

v 


% NITROGEN 

-2.0 

p.c.1 (2) 0. 

0 \

1.5 1+ + + ,t "o 

(1)l....... ' D.C. + + to/ l I.. 	 . 7:
 

*%*0 

%CARBON1.0 
50 60 70 

:Fg. 6. C/N ratio of peat from peatswamp forest in Sarawak 

from phasic community (p.c.) 1 forest type 311 ( onyo-tylu 
Dactyloc"adus- Neocortechinia association) (circles) and from 
p.c. 3= forest type 372 (Shorea albida consociation) (cros
 
ses). Lassa Forest Reserve, Rejang Delta, Sarawak (from Sal
feld, pers. comm., 1974). P.c. 1(1) = subgroup of seven sam
ples, p.c. 1(2) = subgroup of the remaining three samples.
 

As for nitrogen, the three groups of peat samples are also 
distinguished by the nature of their humic.fractions. These 
fractions show distinctly different light extinction rates at 
the four wavelengths'400, 500, 600 and 700 nm. The quotients of 
the extinction rates, that is E.Q. 400/500, 500/600 and 600/700 
are shown in Figure 7 and display a marked grouping in the E.Q. 
400/500 - E.Q. 600/700 co-ordinates which corresponds closely 
with the grouping according to the C/N ratios in Figure 6. 

The major minerals (Ca, Na, Mg, K, Zn, Al, 'Fe, Mn, P) of 
the same 20 samples from p.c. I and 3 were determined at the 

:
,
 
,, ,i ;, x"k J $:!:;?? :[ ' :,#%k; , * !' W :,, + ts!:, : : : : :q:I
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4.!Tabl:eChemical nature of!the soil nitrogen in 10 samples
 
each~of forest peat in phasic communities Iland 2, Lassa For
est Reserve, Sarawak (Salfeld, pers.,comm., 1974).Phasic
 
community 1(1) is subgroup of seven samples; phasic community 

1..I(-2) 'is-subgroup--of-rming the sape 
6 and 7). The positions of the phasic communities 1 and 3 
along the ecological gradient is shown in Figures 4 and 5. 

Ammonium Hexosamin a-amino 

Phasic HydroiySable and N N 
amide N 

ccmmunity 
, %of total N % of:hydrolysable N 

1( + 2) 54.3 22.7 13.2 47.9
 

1(1) 60.2 22.6 13.4 49.7 
1(2) 51.7 22.7 13.2 47.1
 

3 48.0 27.8 20.6 18.9
 

University of Durham. Significantly different means of the total
 

contents were found for K, Zn, Al, Fe and P, with consistently
 
lower values in p.c. 3 (Waughman, pers. comm.).
 

In conclusion we may hypothetically state that there are
 

differences between the peats in differefit phasic communities
 

with respect to the contents and the biochemical nature of nu

trient minerals and of the organic compounds, and that these
 

differences are the result of the change of floristic composi
tion along the ecological gradient from p.c. I to p.c. 3. The
 

species which is possibly mainly responsible is Shorea albida
 
Sym., which is gregarious in p.c. 3, forest type 371, and
 
excludes almost all other species (see Figure 4).
 

Effects on plant responses. Plants of Gonystylus bancanus Miq., 
a common and characteristic species in p.c. 1, but almost absent 

from p.c. 3, were grown from seed on these peats for several
 

years from 1972. For comparison, plants were grown in quartz
 

sand (Q-series) which simulates conditions in a sandy spodosol
 

where G. bancanus occurs sporadically, and in standard potting
 
' mixture (E-series). After three years under a controlled rain-


forest climate in the greenhouse, the C02 .exchange was monitored 
at different light intensities and temperatures. The plants L I 
growing in native peat (M-series) had medium rates of apparent 

gross photosynthesis and low rates of dark respiration. The 

plants in Shorea albida consociation peat (A-series) had lower
 

rates of photosynthesis, except at 301C, but very high rates of 
respiration. The plants grown in sand (Q-series) reacted simi

larly, but.the temperature tolerance was greater. The lowest,
 

were shown by plants in the relatively, fertile potting
 

mixture (E-series) (Figures 8 and 9)..
 

After four years of growth in 26*C and 60 to 90 per cent 
humidity the G. bancanus plants had significantly different mean
 

heights in the four series. The tallest seediings had grown in 
the native peat (M,h -. 53.3 cm). Intermediate height growth 

occurred'in the Shorea aibida consociation peat (A, h =h41.1 cm) 

and the quartz sand (Q,h - 42.5 cm).' The poorest growth occurred 

in the most fertile standard potting soil (E,h ,-36.5 cm) 

rates 
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E.0, 500/600 

A"P.C. 	 1(2) 

P.C 3 4#+ +:+ +++ +'/+ - : 

++++-2; ;2'':; i"+ 4 I o\
.2 c,4 i+; 

-2.2 	 \'o1 

E.Q. 400/500-20 
3.0 2.5 2.0 

I I 

3.2 	 1 ++ \0 o
 
,.c.3 + o O
 

/ + " -3.4 
i~/o\\
 

$'c.1(2)1-3,6 	 //

-3.8 

-4.0 o
 

E.Q, 600/700 - 2.5 2.0 

Fig. 7. Ratios of spectral extinction rates at different
 
wavelengths by the humic fractions of samples of peat from two
 
distinct phasic communities'(p.c.) of peatswamp forest. P.c. 1
 
is forest type 311, mixed Gonytylus- Dactylocladus- Noscor
*techinii association, groups (1) and (2) (circles). P.c. 2 is
 
forest type 372, Shorea aZbida consociation (crosses). Lassa
 
Forest Reserve, Rejang Delta, Sarawak (from Salfeld, pers.
 
comm., 1974).
 

(Mflhlerstaei and Brunig, 1976).
 

Some conetusion. These tentative results cannot yet be fully
 
interpreted in physiological terms. But some important conclu
sions are possible. The pests in the two phasic communities dif
fer in chemical properties and the growth of G. bancanUs reacts
 
to the two peats in a manner which accords with its performance
 
and social role in the two phasic communities. Nutrients do not 
 A 

seem to be the decisive factors. The peat of p.c. 3 differs 
chemically and contains organic compounds which seem to inter
fere in some manner withthe processes of photosynthesis and 
respiration. The result. is that the sensitivity to high tempe

rature and the respiration rates are siqnificantly higher and 
the net productivity ai'd growth lower In p.c. 3 than in the 
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native p.c. 1, hlabitat. of (. 

Substances which (cu produce imi oIlldllelopat hic effects are 
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ft,'tf, iiI ker , Thisoftti: i ;i w 1 , pothic t(t ion (Whitt 1970). 

0 Kw!t houm ionnlustI-,, , Ill mirild wfwln lw-i.d br u pr ;tt-'.rvot ill agro

fore::try en: ; l,,d , ,xjwct,,d 1(2! climaticohertd h.. l ,11hoh 0 
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A 

1.0-

EE 
0.5I 

23 28 33 

Air temperature c 

. o. Respiration of 4,:, ,. c, , : .zc: .; Miq. (in Ing CO 2 

, _ leaf dry vei(Tht h - 1 in the same four series as in Figure 

B at 2-3, 2 B ahi I3 "C iir temriperature. (See Fiqtur- B) for expla

nation) . 

rele.vant in this; respect if the( risk of periodical drought is 

1ncrI a,,c;' i. 'ic, nt (eract ion of aloelopathy and drought may con

ta-ibile to) th,, nOticeijlbl, tendency to sinigle ;peci:soidomlinance 

in initur,t :;ta and off olictotrophic, xeric:or'c:; and:; pl antations 

si tic; with irc,lan '.:,,dw ter ri otili.; in the humid tropics. Exam

plo'; ari, Ii . k11 i cc for-c;!; ill Borlkeo 'And tl(' very liIilr 

fol(.-;t! ' ,n c cth; 'Ic; in th" ii io B 'ur Orinocco - A oni,; basin. 

]ht - u11il1l it c if! piit ct.. P colpoindl c; 1i; l'c;c; likely in 

,;oil1; with iii i'l ciil a,1t ivity, thut th ' (, re well-knowl 

!;p 'ciil! III iy, hut ll.;(,) Irclci l l-" and" iiipli) c a in l -!A i 11 tirt 

hort ictil tir,,, !- p,'t ) ii f , cc ,c r'I Iii: uider certail spe

cio'c; ill spi t.' 'Af hi lhii ic obi ll i ot ivity in th. c;1 i I . 

lHrdly Ircy inIrmIr it ii ,'.:i'!;t on thi' effect of inderstorey 

intercioppiniq I)f- t -, cr p' with rlon-I ,guiniou-c crop plants. 

Ojeniyi - , ,,*. (1 00) aria!4'; e ' 0 c; il :;Icriples fro Cc'), /'i: 
ccPc': . plaritit ion 'IIrI putr uid,,rjl anttecd threeow; and with kinds 

of fod cr(,oj'; (in , i' ird ecavil). Som, 1lecroese in organic 

C, and curne in1', ,1ric1 P, We(re fund nut diftferlnces were 

riot c.iut i.c;t ic'il y i'lIllificilit . h( u itipurpos(' treev,rioui t-

';peCie!; whiLcul a Ilit ihllt r )rt rit.ir'';t rv prodici(' different

a turit; of choi:i 'al ly divrc;, litl ,r; thoir litt(it prodictiorn 

Inca'/ il ii var1y ic ,illtit itv lt 'u(Ili t'/ c,)Ilird'l t(, that of 

Iattir'al for,,:t II th,,i' 1i' ;it e. Tli; cc will, no doubt, have pro

foilld loticr-t erlci cio or arn "c mhit l rinlit i' jitit,f.'c: the ote 
' 

re(1tillp..; on1 !;orIIIc of t lIt' riot' - ti I ;ci I i. Iii orader to Imalke 

approprilte. :i,'cc aicl-rotl- r'y cci-)o IcciXtrrec;, ania tio utilizeof e 
theri in .lpiiro ttehy t ;iqni'l cyc;telrl:; tha will l( sustainable, 

much molt' iniiI ,ition will ho, it,quird about the nature and 

ainountc.c of huui:inmit et i l ; thati accunul at . 
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PREDICTING CROP PERFORMANCE AND MODELLING AGROFORESTRY SYSTEMS, 

SThe dynamic processes within a stand, and the interaction between 
the stand and its environment,: are probably subject to influences 

derived from the canopy structure (especially size and morpho
-he-distribution-and.orientation ofthe leaf 


area index, and the aerodynamic roughness of the canopy. But,
 

available data on stand functioning are insufficient to verify
 

this hypothesis. The great complexity and variability of 
 the
 

interactions between environmental factors and the crop plants
 

and crop mixtures make it unlikely that we shall possess suffi

cient data in the near future for the development of abstracted
 

mathematical models of the stand structure- function- environment
 

interactions. This makes it particularly hazardous to try to pre

dict performance, including the growth and yield of long-lived
 

mixed cropping associations such as are found in agroforestry.
 

The quantitative assessment of the potential resistance and
 

reaction of tropical forestry, agroforestry or agricultural eco

systems to erosion, leaching and other damaging processes
 

requires reliable long-term statistics from long-term case stu

dies which are just not available as yet. Particularly critical
 

but difficult to quantify are the probabilities of extreme events
 

such as severe drought or flooding, gales or excessively hot or
 

cold spells. The situation is complicated by the yet uncertain
 

effects of human activities on the climate. A further and pos

sibly serious long-term threat to plant health and performance,
 

soil fertility and system stability is the growing worldwide
 

pollution of the environment, especially with sulphur.
 

The reaction of agroforestry and forestry crops to such im

pacts depends not only on specific susceptability, but also on
 

the geometric structure and floristic mixture of the crop mix

ture which, in turn, influences the soil conditions and soil
 
structurereactions to acidification. But again, information on 


functions- performance interrelationships is too scanty, sectoral
 

and isolated. As a result, assessments of future system perfor

mance and reaction will remain largely speculative.
 
thereIn addition to this problem of lack of adequate data, 


is the problem that few of the existing models are really ade
:quate and operational. The problems of modelling plant- environ-


ment and crop- environment interactions have been exemplified .
 
Keulen (1981) with the model ('PAPRAN') of
again recently by van 


the water-nitrogen interaction and its effect on growth and
 

yield under semiarid conditions. In the example, the multitude
 

and diversity of combinations of factors and interactions pro

duced as many erratic deviations of predictions from reality as
 

hits.
 
A further complication is the risk of error and.fallacious
 

argument by extrapolating results on physiological reactions of
 

small plants, which were tested under laboratory conditions, to
 

large plants in crops grown in the field. The linking of labora

tory results with observed performances in natural or man-made
 

s
stands under very variable field conditions is beset with prob

lems and pitfalls. Particularly, the possibility that interac

tions between past and present states of long-lived crops will
 

* affect future performance adds to the problems of predictive
 

modelling.
 
*However, dynamic system modelling at various levels of eco



; : 

2 ", : " ; d -¢' 2! 

238 BRUNIGand N. SANDER 

2systems, in the order of plant, crop, forest and, finally, region 


scan be of some help to identify and'demonstrate major and criti

feedback, loops which may, affect the functioning and 
§~2'''12cal causal 

A~'' dynamics of the real ecosystem. Results of such simulation model-
linintan-be.-ver..... dentifying-,critic interactions,, 

This is a useful helpin.especiallypositive feedback loops. 


:I ",2designing crop types which are likely to survive better and thus
 

'promise to produce more sustained benefits than other crops. An
 

example of such an approach in agroforestry has been described
 

recently by Grossmann and Schneider (1980). The various models
 

are interconnected in a hierarchical 'order. The models at the
 

various levels, and the connecting interfaces and supplementary
 

'4, 

feasibility checks, have been developed over several years by an
 

interdisciplinary group of scientists centred at Hamburg Uni

versity. The general scheme of the hierarchy and the complexity
 

of interdependencies and'feedbacks are illustrated in Figure 10
 

which indicates the complex interactions between the natural and
 

cultural systems which must be considered in modelling at any
 

level for purposes of systems analysis and development forecast

ing and planning. A description of the structure and functions
 

of the system model hierarchy and the applications and problems
 

of system simulation at the various levels and scales is given
 
in Man and Biosphere
Kin'papers by Grossmann, and Brunig et at. 


(1982). 
 "
 

CONCLUSIONS FOR AGROFORESTRY DESIGN
 

Physio-ecological considerations
 

The interplay of specific combinations of adaptive features of
 

the different species in a mixed stand will determine the
 

features of the 'niche' which is available for any of them. This
 

for species of lower social position in a
is particularly true 

' forest, or in an agroforestry crop mix. The combined effects of .4'
 

competition for light, nutrients and water, and of allelopathic
 
"
 or symbiotic interactions will, under given specific site condi-


tions, define the possibilities and limits for crop structural
 

designs.
 
It is, therefore, extremely important to understand .the
 

physic-ecological significance of those plant features which,
 
' apparently, are adaptive to the chemical, physical and biotic 


understanding of the
environment, Particularly important is an 


influence of continuous or periodical environmental constraints
 

on plant and crop performance, especially on growth and survival
 

(see Connor, page 401, this volume). other contributions in this
 

volume consider particular, relevant physi0-ecological aspects.
 

But, in a number of areas our knowledge is still sketchy. 
 .
 

Certainly, much more research and supplementary field validation
 

is required before efficient and adapted agroforestry cropping
 

patterns can be confidently designed for all the different types
 

of land use systems in which they are needed.
 

Crop nutrition 
Interactions between structural and biochemical crop character

'2' 
. istics directly and indirectly influence the supplies of nutri-


ents, especially of nitrogen and phosphorus, as well as of water :
 

2 ig,' :i~ ?' .; - ' ' ' , - . , : . : . . - -- . . ; - ! i 

' ' ' ;;'':'
 
. '' ;-,:: ' ...:'. - " " ' Y :'[",- ;:' ;. ',' ... . .: -A-:'i!$'.:£.:, .':" 
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energy to the crop plants. Nutrient and water supplies
 

be -ma 

:andlight 


improved by natural or induced microbial associations.
 

For.example, Dommergues et al. (1979) suggested that altering 

the microflom
to act directly through the plant is another
 

the
 
.soil'organic matter are important links in the critical phos
improve crop production and saveenergy.. Micro-organismsad 


phorus c	ycle.
 
the other hand, improving supplies by increasing inputs
on 


may create adverse side effects which must be considered in
 

designing.crop mixtures. For example, Novoa and Loomis (1981)
 

point out that crop rotations involving alternating high yield

ing cultivars of di-nitrogen fixing plant species can effect a
 

large energy saving by adding substantial amounts of nitrogen,
 

and thus substituting for artificial N-fertilization. But addi

tional nitrogen may increase the susceptibility of the plants
 

to drought and hot-spell damage. Knowledge of climatic fluctua
 

tions is necessary to assess such risks and to apply adequate
 

countermeasures in agricultural (Fischer, 1981) as well as in
 

agroforestry and forestry crop management.
 
in agri-
Nitrogen application usua-lly increases leaf area 


cultural crops by increasing leaf number and/or leaf size (Novoa
 

and Loomis, 1981). Perhaps something of this nature underlies
 

the preliminary,and puzzling result of structural analysis in
 

the International Amazon Rainforest Ecosystem Man and Biosphere
 

Project, where the leaf area index and the nitrogen content of
 

the leaves vary surprisingly little between forest association
 

groups, in spite of widely different site conditions. Natural
 

nitrogen fixation, and efficient nutrient preservation mecha

nisms in these systems, may work toward a build-up of nitrogen
 

to a more or less uniform level. The variation of nutrient
 

in these natural :forests seems to be more
stocks per unit area 


strongly dependent on phytomass stocking density than on soil
 

differences, as long as the nutrient cycling is not disrupted.
 

Agroforestry crops in the humid tropics should therefore
 

aim at high levels of phytomass stocking and minimum disruption
 

.: .of nutrient cycling. Limiting the phytomass density are, above
 

:all, the amount and reliability of supply of plant available
 

water..
 

The wter cycie 

Transpiration conveys nutrients through the system. It is there

fore good management policy to design crops in such a manner
 

that the proportion of water which passes through the plants and
 

transpires is as large as possible. This aim of maximizing
 

transpiration mustbe balanced against the aim of containing 
the
 

risk of 	damage from lack of water during drought periods. This
 

is particularly important in mixed agroforestry crops which in

clude perennial plants and species of different competitive
 

capacity under drought conditions.
 
However, high rates of evapotranspiration increase the risk
 

of drought damage. A structurai complexity, which involves 
rates
 

of energy and water turnover which exceed the capacity of the 

site, create instability and loss of vigour, health and produc

tion. It is well known and documented by long-term observation 

in rubber plantations in the perhumid climate of Malaysia that
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substantial reductions of yield occur as a result of periodic
 

water deficiency. The situation is aggravated by the effects of
 

declining infiltrability of the soil after extended monoculture,
 

and by the tendency to more concentrated rainfall distribution
 

caused by the man-made landcover changes.
 
Under otherwise equal conditions, greater aerodynamic
 

canopy surface roughness will tend to increase the ratio of
 

evapotranspiration to incident net radiation. Rough crop sur

faces demand an ample water supply from rainfall and soil
 

storage. The close correlation between rainfall pattern, soil
 

water storage capacity and structure of mature natural forests,
 

and of primary and secondary successional phases of forests, has
 

been described for Borneo by the author (Brunig, 1966, 1970,
 

1971).
 

Undrhy in 9. a, n~Ttions whioL can aj-'cat decsign 

From what has been stated it follows that there are some gener

ally applicable assumptions that may serva as guidelines for
 

designing agroforestry cropping patterns. These are some of
 

them.
 

" 	A good chance of survival, and the ability to maintain a
 

sustained performance in extreme situations is, in long

living crop species, more important than maximizing yield.
 

" 	High levels of growth resilience and yield stability are
 

essential and desirable characteristics under conditions of
 

progressing soil deterioration, adverse climatic change and,
 

perhaps, even pollution; all of which may lead to unpredict
able future states and consequences. 

" 	Water supply is a limiting and critical factor, even in a
 

perhumid, nonseasonal, equatorial climate. 

" 	The nutrient regime is, more directly than the water regime, 

open to manipulation and improvement by biological and tech
nical means, but particularly phosphorus may be, or may 

become, a critically limiting factor. 

" 	The parameters: leaf size, shape and colour, leaf distribu

tion, aerodynamic roughness of crown arid canopy, may all be
 

regarded as acting as a structured code which regulates the
 

partitioning and cycling of energy and matter within the eco

system, and between it and the environment.
 

SUGGESTIONS FOR SOME SUITABLE DESIGNS FOR SPECIES MIXTURES
 

Bearing the above points in mind we can begin to assemble some 

practical. design features; at least in so far as plant -environ

ment factors are concerned.
 

" 	 The top canopy should be formed of water-use efficient and 
crownsbiochemically nonagressive trees which have open and 

yield multiple products (timber, fuel, fodder, fruit, latex,
 

oil, and so on), in addition to maintaining favourable soil 

and climatic conditions. 

" 	The aerodynamic roughnes- of the top canopy should be ad

justed to the climatic and hydrological conditioi!3 of site,
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bearing in mind the possibilities of storms, dry winds and
 

so on, arid with the .,bjective of obtaining the highest rates
 

of atmospheric water transfers and flux intensities sustain

able on that site.
 

0 	The top canopy trees should be mechanically strong, have a
 

low ratio of height to stem diameter, have large crowns and
 

a favourable ratio of water transport to water transpiring
 

tissue in order to improve vigour, health and mechanical
 

stability.
 

a 	The top canopy trees should be relatively sclerophyllic, 

possibly more so than in the natural forest on the site, so 

as to improve light and water penetration, and to reduce risk 

of drought damage. 

* 	 The mid-canopy layers should be filled with a fairly dense 

association; it should be species-rich so that the diverse 

assemblage of trees, shrubs, clim)ers, and so on, will pro

vide a range of products, and give effective soil protection 

and ample I iving space and food for animals. Favourable 

micro-organisims need to be, oncourage:d .s this layer is par

ticLular1y i mport ant Is a so'urce of richly mixed litter. 

0 	 The lower undCe r -canopy e joys less I ght energy and water, 

and it- will cntributt, r,] at ivly Iit-t-ti to the production 

and turnover ,f rican-ic nattor; it i -uitabl for growing 

shrubs and tre ,li.t ; which y eld part iculanrly valuable sub

stance,,.- (for ,x.iiii ,, pharmiacout i cal drugs or (lyres). 

* 	 At gr un, l1],vl , annual and porein iil hortaceolrs plants can 

1)e growl. i; .;Il, t -1 ivod, si es;iv. o ,iltt -rnating crops, in 

(;d ,; ,In uIIIIill ii;; ()f crop *hvdolop]inlnt which are niore 

favuml lb] ewit i ,.r p ,t toa I igh' anid water suppl ios. This 
layer nedsat ep.i:-;-icl .oid divorso, and the mnain 

objectiv, ii; to) produce fdud, ondiments (nope crops.:cial 

Additionally, -cological Lentil from nutrient fixation and 

preservat ion, I c)()d !;o,j Ii :ov i aid tho, naintenrince of 

favourable no.i )- )r a rlm ; call 1)'' , ivd if this level is 
we] ] mInaiji . 

* 	 011 o x Yr C , 1it()I r (1, t nI-)Ji i C it ('!, grcItO r :5 ruphplyl ly 

and lower -ierodyniiic narrjlins: ;; iid at rit Ilrr of t lit, cani)py 
wil 1 he n-ecesrary r( c t at at louijlt Humusw tki (-i rii;k dllnage. 

forirat ion anid nut r-ant -- erv/tion irniport ant and top and 

lllid-cInopy s icic; mucr.1 aid alrccr- ringly. Ge.neorally, 

spe , ;o; l(t iii will ,, ll mit ',t to fr.wer !;uitibl., spcies 

and sylrii t I i iri '..'i 1 1 l dist icii Il ta achieve. ThIe 

c1( o;tctrctur , mii.il ii oc , ily Lii i ;iripi and uniforIr, 
I n ()f ril.it lay cropand th I in lt;nt i 1i , a , frol-t i require rota

t ion. 

* 	 Ahgiuat-e idriuct inn (of l it rt a,.; ai raiw interial for humus 

irovi nt,-ergy nut rieuts micro

o(rganisms, r:; ir)tant tI1 l s; i -i,;. On sites with a high 

forLi t iol, and I p I inld for 

capacity fl- rapid jirodurt ion and] IeCOnrpo.t ion, species 

richnesri nd diveorsity us;ually will have to he high to meet 

the need; oif nutri en t pr;orvat ion. On less forti le, ol igo

trophic ;itinI;, humis proserva tion is essentia] to supplement 

the les:; efficient filtering capacity of the simpler crop, 
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and to maintain adequate physical soil conditions. 

0 The objectiv s of i glg Ievls of tecosysteim resilience and 

stability will best be servcd by mixtures of species which 

are both s uitaAt, tto the . i to .indi cumpatll.]e with each other. 

11 t - o f ri u.l-tlainling high. ol!,Ab] foI lllill(j :1 


leve]; CA- phyt, I, !-a:- tokinj , IU int unoi between
 
Suclh , 

lo '(-oct 


mu;olilt (Figure II)trophic l1ev,-Ic 'rd hih lev.l:; of 

e n 

Ir7

/ /
 

//
 

//
 

HERBIVORES 

0£0 PLANT SPECIES
 

s forest 

and y :;t 3.., 1g1-of-r-t , :; table. 

0 (,: - 1-,), 

.' . bt. .tworkpot 1 - ;; l": !it,fut i vo I inlk,lgo in 

f, . , l . ';: : ur on isation 

level of 
01111) 

pa,ti.ln'; ()! th "- I ll -' )I- I i!,k,' l'-; .:3Ith hicillor 


orgaliin 'lions 
 ' ii ! : Iii : I1 , mll:, sttuctured 

mix',l , v.-;p t- ,j- ity}, r sili ence. 
'( spe.:.I . ,l,: .. 01) Cii ,,I ;ity of plant-

ci,: ; t m 1]IiI:;l) l .. Inorl I ill,ukg: ,il(] (effectively 
r(.g :1-1.0,t f,.,,dk w,, 1("{ ,.;ill food ,thinl of her!)il~ltin iv,. I tho, 

lII p' ,i ,;-: -I':f (ij) ( ,datorsonv\( ,j; (ill'. I dl ht 1;t . ivf 

po,;t!;). (Adl. i I d fr ,i-m V ,.;[,.t, I'W(. 

CONCIUS iU:N;
 

W.' llcy i-nl],: tdI it i! Jill, do.;igning agroforestry
l ilt ill 

cr-op,, t (1,1151 f i' li, :it,. !;pc ific phys io-eoIlogical signi fi

calc( in ;: lttoxt tr oi and otructure, spec iesI f of canopy 

njixtur , hull l ; ,111d hydrfl-]qica] condit io>ns, niftr iont cycling and 

pre:;(.fvri1vi1 l Im:h0111 ii,;l; , 11. l opathic incompat ib i1 ity and symbi

otic co-opercation. 
stated, that 'one crucial problem inLundgren (1979) 

http:pa,ti.ln
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research will be to quantify the effect that different tree
 

crops have on the inputs and outputs of nutrients and organic
 

matter in the system during the rotation'. The convincing suc

cess of Indonesian farmers in achieving sustained production by
 

means of permanent tree/shrub/herb combinations even on soils of
 

average fertility, aE described by Michon (see this volume), and
 

Wirakusumah (1978), 
shows what can be done by the experienced
 

practitioner with plants and sites, both of which he knows well.
 

While it is very worthwhile to find out how and why these
 

systems function in order to improve them and to learn from them,
 

we need additional basic and experimental physio-ecological and
 

synecological research to provide the knowledge needed to design
 

adapted crop types with new species or genotypes which can sur

vive and continue to be useful under changing environmental and
 

social conditions.
 

A PLATE illustrating this paper can be found elsewhere in this
 

book.
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DISCUSSION
 

LOOMIS - I question your assumption that diversity leads to
 
stability. If this is true, mediaeval systems should have been
 

much more stable thanmodern ones, but Stanhill has found that
 
the standard error for English wheat yields has been constant ,
 

' .. , for over a thousand years. The variability thus seems the same 

in intensive and non-intensive systems. Surely a good approach 

to getting stability is to look for the oafeot things to grow in 

any area, In each area there are crops which are reliable and 
not. In fact the most stable system in an area isiones which are 


often a low diversity one, On this issue I must agree with the
 

Dutch workers on tho need to maximize production on the best
 

land with very few crops,
 

a single crop is easier to manage and can be moreBRUNIG -Yes, 

44'
stable than a diversity of crops. But this is only true if a 


single uniform crop is well adapted to the site, resilient and 

'' 4~ 7 - " - i?-4 ,-4.> - 44 
4" 
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not subject to the epidemic spread of pests mud diseases. Also
 

that it does not suffer from the build-up of adverse biotic or
 

physical-chemical soil conditions. It is important, too, who is
 

managing the crop. A narrowly optimized, less diverse crop is
 

less adaptable to fluctuations and changes of the natural and
 

economic environment and, often, high levels of technological
 

inputs are needed to remedy the situation.
 

LOOMIS - If we take a really intensive crop like rice we find
 

the year-to-year variability in experimental yields is less than
 

that in actual production.
 

BRUNIG - Yes, but usually rice is grown on the best sites. In
 

fact, diversity can be obtained by a mixture of monocultures. It
 

is all a question of the scale on which we are considering mix

tures.
 

HUXLEY - Surely some of these arguments are academic? All crops
 

cannot be treated purely as commodities to be grown according to
 

the optimum production models and then shipped around as required.
 

People and their livelihood are in the places in which they find
 

themselves and there .:.,to be local production of food and fuel

wood.
 

LOOMIS - There is a best crop for each place, and each place 

should grow the crop which it can produce best. Production 

should be concentrated in the areas where the crop can be pro

duced efficiently. 

HUXLEY - That is suitable for developed countries and some parts 

of the tropics but it is essential, in my view, for much of the 

tropics, for us to reach the best solution now for relatively 

unspecialized cases. In some of the societies for whichi we are 

working there just is not the notion or 6pecialization. We do 

not have at 'product A' man who grows only that crop and sells it 

to the 'product 1' man who does the same, in reverse. 

JACKSON - Is it possible that multiple cropping is better suited 

to high irradiance zones where there is enough radiant energy 

for several cropping tiers? 

LOOMIS - No, because nutrients become the limiting factor. 

Another thing we must remember is that. farming twenty crops is 

much more difficult than farming one crop. The farmer never 

knows enough about each and he has more pests and diseases to 

worry about. The individual hazards may be less but the frequency 

of problems is greater. 
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ABSTRACT. Simulation models of crop systems are only a 
• 	 summary of selected findings arranged to display relation

': ships in a meaningful way so as to help tersacead ehiqu ~ave;i 
focus on well-specified objectives. In doing this they i 

~~often expose the need for more experimental work. Models 

must be made appropriate to each set of research objec
tives, however,.and then the processes of definition of "!~
 
purpose - model building - experimentation offer a valu
able repetitive loop.
 

....... Simulation models almost invariably contain a mixture i:i
 

~~of fact and fantasy (hypothesis):because some physiologi- i~
 
; cal processes are better understood than others. Models
 

do not work well if they are too unbalanced in this re

spect, and simple models based on limiting processes are
 

often the most successful.
 
Research in agroforestry should be able to capitalize


~immediately on existing crop models constructed to inves
ii, tigate responses to management and environment. Particu- -i i 

larly with regard to canopy design, and water and nutrient
 

.7 Over the past twenty years there has been considerable progress
 

-- have been tested in the idevelopment of simulation models of crop i, 

'i growth and yield (for example, Loomis et at., 1979). Agroforest
ry 	research is in a position to take advantage of these develop- i
 

•iments, not only because crop models can be incorporated into: i
 
S models of the more complex agroforestry plant associations, but -i"
 

also because generally -applicableprinciplesantehiusav
 
:emerged. -.i " ,
 

. The general objective of agroforestry research is torun
iicover the relationships between the performance of :tree/non-tree
 

: ,.. mixtures, particularlyitheir ,prod-ictivity. i
-	 and sustainability, 
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response to climate, weather, management and the characteristics
 

of the component species. It shares this objective with research
 

in crop agronomy but, in addition to the further complexity that
 

is introduced by the anatomical and physiological diversity be

is the important additional
 

the longer time scale over which the performance of
 
tween the cohabiting species, there 


concern of 


the individual associations must be considered.
 

SIMULATION MODELS IN RESEARCH
 

The question is not whether simulation modelling is an appropri

ate companion activity to experimental work directed towards un

ravelling causal relationships in biological systems, but rather
 

at what level should the modellinq be undertaken? Biologists are,
 

less quantitative than their counterparts in the
in general, far 

only is their training often deficient inphysical sciences. Not 

numerical approaches, but it setms often to elrrhasize the un

doubted complexity of biological systems rather than the need 

for, and value of, simplification as an aid to the development of 

For this reason I feel that biologists have greatunderstanding. 
difficulty in accepting the simple abstractions of high level 

models, preferring oftun to seek explanation of systemsimulation 

ionist. rtesearch, rather than by integration
behaviour by r-duct at 

an appropriate l:ve l. 
Models of crop systefms ar ronly a suTunary of solected empi

rical f ndings of plant physiologists. The purpose of a model is
 

provide a fr,imework within which the! mathematical representato 

tions of the hyp(theses concerning t he behaviour of component
 

processes can act and interaict. 'hills aspect of empiricism is im

portant becaus, it ii; not the. purpoe of a crop model to repro

duce realiity by, for ( xample-, taking xplaniation of the growth
 

responses back to thi tundam,'rt.a! laws of molecules. Models can

not he built to onswer any quest ion at any level of complexity.
 

Their purpose; is to abstract a system( for what miust be in each 

case a we11-specified purpose.
 
1mp rt , nt adjunct to expo ri itWnta1
Simulation model; are,.n 

unless theresearch. A sinulation model cannot be( constructed 


obj-ct ives ard the model building furmodel bu il d r has clear 


nishes the opportunity to focus whoet might oitherwise remain as
 

an obscure mental mode'l. In re m'.earch it i.s much better to dis

exact problemi than to discovercover an approximate answ(er to an 

1973).
an rxact answer to tn approximate problem (stSee Paltridge, 


Model building can play an itnportmint role in problem identifica-


For these reasons; it i ; ilrp(,rto t thal exp r imlente.rs are
tion. 
modellers and vice versa.i. Ther, i:; (of course- ros for ;olne spe

dchi evod whet:n there iscialization, be't :;ucceees; is mo;t ro,(idily 


close co-or(dillt iotl botwool: those two) uspicut!; (,f lr!earch.
 

OF CROP SYSTEMSDIAGRAMMATIC REI'RESENTATION 

preci!;.;,; f pht osyrthlisis, transpiration,The phy<ioloqical 
torespiration, null it io n tl i'l:'hfl'1iil di'w'oloprn nt are those 

be related to, hi, (omimunity l,.v l t ratister., of radiation, bio

mass, lutrienrt; and wtfr. Forrie<;te'r (}I1Gf) developed a tech

nique of represent ing fille state ,nd act ivity of systems and,
 

has
although his is not the only diaqrauimattic t chnicliue that 

http:imlente.rs
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been tried in agricultural and ecological modelling, it is the
 

one that is currently considered to be the most valuable in
 

ouilding crop models.
 
To illustrate the technique a diagrammatic representation,
 

suitable for the investigation of crop performance in relation
 

to its environment, management and physiological properties, is
 

depicted in Figure 1. This diagram is based upon a wheat crop
 

simulator for which further explanation of structure and objec

tives can be found in Goutzamanis and Connor (1977). The impor

tant characteristics of the diagram are as follows.
 

* 	The system is comprised of subsystems each of which deals
 

with a conservative quantity ol the system. In this case
 

water, carbon, and nutrients.
 

* 	 Within each subsystem the modeller has chosen state variables 

which describe the distribution of the conservative quanti

ties, and has defined the routes by which these materials can 

move around the ir respective subsystems. 

* 	 The flow of material between compartments is controlled by
 

information which flows into the system from outside and
 

which is generated within. Within the system there is no
 

restriction on the flow of information. It may flow between 
as well as within subsystems and arise from the present or 
previous state of the systom, that is, the values of the 

state variables or their rates of change in any combination. 

The choice of state variables is the modeller's view of the sys

tem relative to his current objective. The abstraction of the 

system is enormous, in this case the biological intricacy of the 

wheat crop is replaced by 24 numbers, the values of the state 
- - l

variables (irn H')O, kg ha l C, kg ha N, and :,o on) , which in 

this context completely define the system. The physiological and 

micro-environmental processes which determine the flows of ma

terial and informat-ion must themselves be treated at a level of 

detail determineid by the choice of the state variables. There is, 

then, no one model of a wheat crop, or of an agroforestry asso

ciation. There is a model appropriate to each set of objectives. 

The diagrammatic presentation has been stressed because it 

is the first step in the development of a dynamic computer model. 

Also, it is often the only step that need be taken. If it is 

clear that insufficient empirical data i-, ,vailable to proceed 

with the construct ion of tbh model , then it has served the im

portant initial purpose_ Al an aid in the ident ification of the 

problem and of t he leveI o f abst ract ion of the system that is 

appropriato to it.s, solut ion. EIxlsrimnntal work on system beha

viour and process; cont rol within it has been d, fined, and its 

relationlhip to ret arch objectives sore cIlearly explained. 

COMPUTER IMPLEMENTAT ION 

There are four ,ft.p:i r,,quired to transfer a diagrammatic model 

of 	 the type prese,.nted in Figure I into a dynamic model that can 

be 	 used for experi ment and prediction on a computer. 

Identify equat ions for all flows of material and information. 

Select values for all parameters that are included in defini

tion of process and response. 
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* 	Set initial values to all state variables.
 

* 	Solve the equations at appropriate time intervals to calcu

late the current values of the state variables.
 

The value of the Forrester representation is that it is
 

expecially suited to translation into mathematical form. This is
 

further aided by the special purpose simulation languages (CSMP,
 

SIMCOMP, ASCL) that have been designed to allow the modeller 
to
 

concentrate his attention on the specificities of his own model,
 

by providing for him the general framework that is common to the
 

class of compartment model.
 

PROCESS SPECIFICATION
 

In this section I wish only to comment briefly on how well the
 

flows of material and information can be specified in current
 

crop models. Another way to put this is to ask: What mix of fact
 

and fantasy (hypothesis) do they contain? Clearly the models 

provide a valuable way to test hypotheses concerning the beha

viour of some parts of the system against the proven behaviour 

of the rest. However, if the content of hypothesis is too high, 

then the chance of using the model effectively is limited (Pas

sioura, 1973) . 
The general answer to how well do we understand physiologi

cal processes at a level appropriate to building crop models is 

that it is very uneven. I expect that the papers to be presented 

during this neeting on physiological processes within agrofor

estry associations will confirm this. 

Some processes such as canopy photos:ynthesis, crop water 

use, soil water balance, respiration, nutrient uptake and pheno

logical development ar( relatively well understood and can be 

specified wel I in mathematical form. Modelling at various levels 

is 	 actually centributing significantly to t!.e development of 

in 	 the advances thatunderstanding. This is seeon particularly 

have been made in the study of respiration and carbon balance 

generally (Penning do Vries, 1975). 

By contrast, other processes are poorly understood and sig

nificantly the (jus,:!tion of a!ss imilate allocation between various 

functional parts of plants, for example to leaves, stems and 

roots, which goes to the very core of the problem of the dynamic 

simulation of crop growth, belongs to this class. In a very 

early model of pasture growth, Paltridge (1970) proposed that at 

each time step the plant might allocate the assimilate available 

to 	 rootv; or ]eave,:; !i, as to maximize its growth capacity rela

tive to the ab)ve- and below-ground restrictions that. it is cur

rently f~icin. There havi' been few other ideas and many crop 

models rely upon phienologicalIy based allocation ratios often 

not responsivi to e-rivironment. A sound experimental basis is 

available for sugar beet (Fick ,t al., 1973), but for few other 

plants. Moot plant physiol)ojical work on assimilate relationships 

is 	 diricted towards under!s;tanding the mechanisms and responses of 

Whilst this may ul timately extranslocat ion wit hin the plast. 

plain allocat ien pat.tterns in plants, it is not appropriate to 

the current requirm,*ntiS; of ;tard level crop models. 

One of the conoe;liqenci; of this uneven appreciation of the 

various comporent physiological processes is that nodels can 

easily become unbal anced. For example, great detail on canopy 
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~photosynthesis may overwhelm the limited treatments of the other
 

components of; a model., This has to be avoided and simplification
 

shouldensurethat the internal operation of the model i'sappro
 

~~priate t~othe obljectives. Very simple models which focus on
 

i;Ilimiting processes are often the most successful. Thus excellent
 
models by icr
productivity,models can be built from water use 


-7 oatn te-o o- f-aeruo-e f ficiency- WUE,, dm - 

water), especially if a separation can be made between the trans 

evaporation components of evapotranspiration.
piration and soil 
the transpira-
This is so because WUE is more closely related to 


tion component (Fischer and Turner, 1978).
 

CONCLUSIONS
 

research can capitalize on the progress made in
 

simulation modelling to unravel the complexity of processes that
 

determine the response of crop systems to environment and manage

;Agroforestry 


ment. Techniques are readily available and, quite likely, 
some
 

components of available crop models could be incorporated
 

directly.
 
Even for crop species there is a shortage of appropriate
 

empirical response functions, surely a serious limitation 
for
 

the more varied, less studied species of agroforestry associa

tions? However, if the systems approach is adopted at the outset
 

there is the opportunity to design the experiments to collect
 

the appropriate responses quickly and efficiently.
 

Definition of purpose, model building and experimentation
 

offer researchers a valuable repetitive loop. Components from 

crop models could even now be used to answer specific questions 

about the performance of agroforestry associations. For 
example, 

issues relating to tree canopy design and the illumination of 

understorey species. And for environments short of water 
or nu

trients simple budgeting should give important clues as 
to the 

long-term stability of various alternative tree/non-tree 
combi

nations. 
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DISCUSS ION
 

LEYTON - There seems to me to be a risk that in modelling we
 

fail to see the wood for the trees. There are often too many
 

peripheral factors brought in. Can we avoid some of these by
 

identifying key physiological factors? For example, in consider

ing plant and crop water relations the measurement of leaf water
 

potential, leaf diffusion resistance, or, better still, crop
 

diffusion resistance would enable us to replace a lot of other
 

data. It is much more important to have a measurement of the
 

water status of the crop than of the rate of water loss.
 

CONNOR - As I said in my paper, the type of modelling done must
 

depend on the objectives of the modellers. In the example given
 

our objective was to build a yield predictor based on site and
 

weather without the need to take detailed plant records. The
 

modelling approach is, however, very 
useful itself in determi

ning which are the important plant parameters. For example, some
 

recent very elegant work by Legg and others, which involved 

showed that stomatal activity was much less importantmodelling, 
than leaf area in the response of temperate cereals to water 

shortage. 

JACKSON - This is the sort of question that modelling can answer 

very well. By using sensitivity analysis to see what happens if 

one factor varies, we can quickly de, rmine the important ones. 

KOZLOWSKI - Stomatal aperture is important, but something like
 

the amount of water in 
the soil may have little effect on water
 

stress in tile plant. There can be water stress even with ample 

soil water, in fact waterlogged plants can wilt. The critical
 

For examp e, Thornthwaite didmeasurement is plant water status. 

a series of experiments over a number of yeLs, with apparently 

adequate irrigation, but found major differences in water stress 

because evaporative conditions varied from year to year. 

CONNOR - I agree, but would point out that in some cases soil
 

water can act as an adequate predictor and hence, in cirsome 

cumstances, we can predict plant behaviour without the need for 

detailed plant records. 

LOOMIS - I agree with Connor. Yield is formed when there is free 

transpiration and relative water content is high. Yield forma

tion does not occur under stress.
 

KOZLOWSKI - Why use relative water content Amd not plant water 

potential? 

LOOMIS - Because water potential shows hysteresis in relation to 

relative water content over the course of a day. 

potential is a much better measurement 

of stress than is relative water content. The ,ame relative 

water content in a young leaf and in al old leaf means very dif

ferent things. 

KOZLOWSKI - Even so water 

OWINO - What is the practical application of this work? Can 

models be used in crop- tree mixtures? 
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CONNOR - Much modelling is still at the research stage but there
 

are examples of practical application, usually of simple models
 

or of model components in, for example, determination of irriga

tion strategy, predicting wheat yield, designing orchard struc

tures and in pest management models. There has been little work
 

on mixed crop communities, 6ut the applicaticns are certainly
 

there.
 

HUCK - Many models deal with only one layer; a two-dimensional
 

model is much more complicated.
 

CONNOR - But there are many others that deal with layers both
 

above and below ground.
 

TIESZEN - Some ecological models do deal with complex situations. 

good row-crop model available.
LOOMIS - There are also some 
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ABSTRACT. In agroforestry land use systems the woody
 

in both prodperennial components ('trees') play a role 


uctivity and sustainability. Some general characteristics
 

of woody perennials are outlined and the need to consider
 

the possible advantages or disadvantages of these in rela

tion to specific agroforestry systems is emphasized. In
 

farm land the chaldeciding about introducing trees on 


lenge is to answer the questions: What trees? How many?
 

the first of these
How are they best arranged? Answers to 


will arise from the many existing and planned trials with
 

multipurpose trees now being established worldwide. 
This
 

paper addresses mainly the second question: How many
 

trees?
 

Three-dimensional diagrams are used to illustrate 
the
 

on

effects of a replacement series (tree-crop, crop-tree) 


changes in total productivity and soil status with time.
 

The types of response surfaces produced are discussed 
and
 

various 'scenarios' shown to illustrate the value of this
 

less a predictive tool than a
approach. Such diagrams are 


means of comprehending the plant and environment 
changes
 

involved.
 
section briefly discusses tree/shrub arrange-
The final 


ment, which will depend on management considerations,
 

soil/water conservation needs, and biological aspects 
of
 

optimizing productivity.
 

INTRODUCTION
 

term given to sustainable land use systems
Agroforestry is the 

less intimate and interacting associitions
which involve more or 


of agricultural/horticultural crops and woody perennials 
(trees,
 

on the same unit of land.
shrubs, palms, vines, bamboos), all 


land use has two main objectives: productivity,
This form of 


involving a multiplicity of outputs; and sustainability, 
which
 

implies the conservatiart, or even improvement, of 
the
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environmental aspects of the system. In some cases, agroforestry
 

systems may be used to bring about restitution or improvement of
 

soils, so as to broaden future land use options. Some common
 

tropical agricultural and horticultural crops are themselves
 

ligneous and may, if appropriately managed, fulfil this role.
 

Agroforestry, as a science, is a new discipline, or rather
 

a new synthesis of existing disciplines. But it cannot remain
 

purely descriptive for long, if it is to serve an active devel

opment function. Immediate programmes of investigation and
 

research are needed to improve existing agroforestry systems,
 

and to offer agroforestry substitutes for agricultural or
 

forestry land use systems that are failing to fulfil either
 

production or conservation needs.
 

A fundamental issue in agroforestry is the role of the tree
 

(using this term in its broadest sense to imply any woody per

ennial), and this paper addresses itself to some of the more
 

general questions related to this theme.
 

Characteritici, of troc 

Certain characteristics of perennial woody plants are common
 

considerations in any type of land use system. For example, and
 

rather obviously, woody perennials have lengthy actual and eco

nomic life cycles; thereby influencing investment patterns and
 

restricting cropping flexibility. They are often dominated plants
 

in plant associations in their juvenile phase, in an intercrop

ping sense; whilst becoming dominant when mature. Compared with
 

many common agricultural crops, seed dormancies are more preva

lent and, because many woody perennial species are outbreeding,
 

germ plasm is often highly heterozygous.
 

Tree seedlings frequently require to be raised with care,
 

and land preparation is usually more demanding as compared with
 

many herbaceous agricultural crops. The long-term persistence of
 

trees in a land use system will influence pest management needs.
 

Their permanent woody structure, with dormant buds, affords a
 

wide choice of manageint techniques - training, lopping,
 

browsing, pruning - with which to modify their shape and growth
 

patterns, and flowering and fruiting behaviour. Relatively large
 

permanent organs (branches, trunks and large roots) facilitate
 

the storage of carbohydrate and nutrient reserves, thereby modi

fying nutrient requirements, and assisting survival during
 

adverse environmental periods.
 

Characteristics of trees which are generally considered to
 

be environmentally beneficial are: a continuity of plant cover,
 

implying amongst other things, with some species at least, an
 

ability to utilize incoming solar radiation which might other

wise be lost by seasonally sown plants; the capacity to enrich
 

the microsite by depositing litter in the topsoil, which can
 

then be exploited by more shallowly rooted species; and a capac

ity to modify the microclimate, which can bring about favourable
 

effects on the soil and associated plant species. Offsettinq 

these are strong plant competitive attributes, such as the
 

capacity to shade understorey plants, and a tendency to dominate
 

the water economy at the microsite.
 

These, and other features, form a 'mixed bag' of attributes
 

some perhaps helpful, and others not, for any particular land 

i , e system. Certainly they need to be known, categorized and 
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thought aboutJin relation toagroforestry. ~ 

71 adv aboauit tree/crop mixtures.]EXPetazl emviden e4.£4. ways 

Y'in t effect'of mixing trees withherbaceousfcrospractice-i thene 
(or grasses).will'depend not only on the' 'richness' of the 

:.environment, and the',ways in which the various plant types can
 
shreenvionmen tacresources'sibut. aleso characteristics, 7- 7o.!ts-on-
partly, modifiable byman, such as the geometryof the system and 

various temporal relationships with regard to the phenology of 

give the extremes.othenseparateplant components. Two examples 

'First', a temporal advantage in a tree/crop mixture is clearly 

shown by Acacia al-bida, a soil-enriching, leguminous tree of 
African savanna regions, which loses its leaves in the wet
 

season. 
Associated crops of sorghum, millets, groundnuts, and so
 

on,' can thus gain the advantages of the enriched site whilst4
 
avoiding the worst effects of competition from the tree for
 

light and water (Felker, 1978). Second, the canopy architecture
 
of a plot of well-spaced, mature coconut pali s readily permits
 
l1ght penetration to lower storey crops. Hence this ligneous
 

species -is useful: with a large number of other plant associa

tions (Nair, this volume).
 
, " Except for a few clear-cut examples like those above, we
 

have as yet very little experimental evidence on tree/crop com

binations that tells us whether the species mixtures -will inter

.	 act with mutual inhibition, co-operatively, or through one form
 

or another of compensation (Willey, 1979). This information is
 

going to be difficult to come by, because estimates of actual
 

land equivalent ratios for tree/crop mixtures will have to be
 

evaluated over many years. In any case, some adjustmentis
 

needed in calculating these to allow for the different land
 

occupancy periods for the various plant components being com

pared; trees representing a much more 'permanent' type 'of occu

pancy. 
4- - Even if a particular tree/crop association were to be mutu

ally, inhibitory the mixture might, in practice, be encouraged by
 

planners because of the long-term beneficial environmental
 

:effects of- the tree components. However, such an association
 

would prove even more difficult to promulgate,than many agro

forestry systems because of a poor productivity cost/benefit 

ratio during the early years. --

-

Choice of agricuzturaz crops-	 -- ,' 

The-agricultural crop components in any existing agroforestry
 

- system, or in any newly postulated one, will be, largely 

restricted to species which satisfy existing consumer and market 

preferences -inany' particular' region. Introducing completely new 

food or cash crops is gen~erally a lengthy businessl-An exception 
to this might-be in rel tively infertile, semiarid ecozones 

where agricultural~ cropping is not generally considered viable, 
yet possibilities of nutrient~transfer and imnproved water 

exist if trees'are-'planted and the litter and mulch 
materials from them are' carr'ied -to adjacent strips to' support 

"agricultural crops. In these circumstances cropping is 

44<economy 


a new 
-- 1~-,~eterris, anyway. 

- 4, '--'4. 4. , i 4- j
-	 -,>-i- ii4,4-4-
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DECIDING ABOUT THE TREES
 

In most cases a considerable amount will already be known about
 

the agricultural crop species in an agroforestry system, and
 

about how to grow it. Much less is known about many of the tree
 

species now being proposed for agroforestry systems (multipur

pose trees), and on exactly how to define or evaluate their
 

place in these systems.
 
Although agroforestry is concerned with the development of
 

land use systems involving trees, it is not just 'scaled-down'
 

likely to be the case when developing
forestry. This is more 


community woodlots, or village fuelwood plantations, systems
 

which might be termed 'microforestry'. The objectives, resources
 

and socio-economic restraints underlying the adoption of tree

more complex. Even the techniques
based farming systems will be 


of tree production and distribution could be optimized through
 

two cases and, although the spequite different pathways in the 


cies used for fuelwood lots might well be the best adapted,
 

adequately tested species selected for forestry purposes, many
 

of these are decidedly not well suited to agroforestry systems
 
too comon farmland. For example, E(zioalyptivc, spp., which may be 

petitive, poor at raising soil fertility, and inadequate in pre

venting soil erosion. Clearly, as a dominant partner, the role
 

of the tree, and in many cases the individually spaced tree, is
 

central to every agroforestry land use system. A challenge, then,
 
they
is to answer the questions: What trees? How many? How are 


best arranged? In the discussions that follow it is the position
 

of trees in agroforestry systems suited to farm- or rangelands
 

that is being considered.
 

What t3c 

The current outburst of investigations on a whole new candida

ture of 'multipurpose' tree species is likely to provide a rich
 

choice of different types for inclusion in agroforestry systems.
 

these species have been noted as valuable onlyUp to now many of 

they can be planted for a
by ecologists. As their name implies 

end uses and they can all be environmentally beneficial.range of 


Some genera currently being studied are: A Alnus,
Aca(!a¢ia, i.i;s/a, 

hoalait, , b',o.:;imum, C';"a, C', atoiz 7, Cor,,dr(-atccta,A ,adira(obta, 

Gli. ,c id"a, Inga, Linv':una, Lank ,a, I'nouoop /, fic-bartia, and
 

Zizyphcza to name a few. Informnation about most of these has 

already been assembled (for example, National Academy of Sc!

ences, 1980).
 
is much still to learn about the character-However, there 

species in relation to particuistics of individual genera and 

lar agroforestry situations. Important characteristics are: 

climate; rate of growth, particularlyadaptability to soils and 

in the early stages; palatability as fodder; ability to with

stand adverse conditions in the seedl ing/young plant stages;
 

growth habit and spatial/temporal resource 
 sharing characteris

tics, including rooting characteristics; shelter conferring and 

capacity to withstand lopping/soil stabilization attributes; 
nutrientpruning/browsing; vigour/productivity characteristics; 

cycling and/or nitrogen fixing capacity; and freedom from pests 

establish an adequate sysand diseases. A growing problem is to 


tem, at both natijonal and inter;iational levels, for collecting
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and distributing properly authenticated germplasm of such
 

multipurpose species.
 
Chosing multipurpose trees for a particular site is not
 

just a question of finding the most adapted and vigorous spe

cies. The requirements for outputs may vary even within the same
 

local area (for example, mainly fodder, or fuelwood, or woody
 

mulch, and so on). Furthermore, the ideotype and phenological
 

behaviour must be suited to the characteristics of the other
 

species, woody or otherwise, in any particular plant associa

tions. Some way of characterizing multipurpose tree species
 
form of selection
within any agro-ecozone, and according to some 


services, ultimately,
index procedure may, for output products or 


be the most satisfactory method.
 

How many trecs of the chosen kind? 

An inherent feature of many agroforestry land use systems is the
 

trade-off between requirements for productivity and the sustain

ability of the system. Trees can impart environmental benefits
 

to a system but often, and certainly in their early years, this
 

may be at the expense of productive outputs. If the intention is
 

to replace some proportion of an existing agricultural cropping
 

scheme with trees, then what sacrifice will have to be made in
 

existing outputs? What new mixture of outputs can be expected
 

later? What happens to the sustainability of the system during
 

the course of time? And what exact proportion of species is
 

needed to achieve any particular set of requirements?
 

A precise answer to these questions can only be evaluated
 

site-specifically. But can any first approximations be made,
 

however crude these may be? The sequence of the steps proposed
 

below divides the process into two, both in relation to time:
 

first, an estimate of the effects of tree cover on the overall 

soil (environment status (sustainability), and second, the effects 

on productivity. 
of the microsite byUnfortunately, ! tudies of enrichment 

the individual tree are,, is yet, relatively scarce compared with 

the many investigations of changes in soil fertility / soil con

plantations, orservation status under natural forests or tree 

for example, Charreau and Vidal,on agricultural lands (but see, 

1965; Kellman, 1980). Thus estimates will have to suffice, in
 

most cases, especially for newly introduced tree species.
 

Some assumptions can reasonably be made. For example, the
 

ultimate level of microsite improvement of any particular tree
 

species can be assumed to ieach an equilibrium with time and it
 
the curmay be pos!;ible to estimate what. this might be. Again, 

rent status of soil fertility, and the average productivity under 

any particular agricultural cropping pattern will be known, and
 

be made of the trend in soil fertilsome estimate can probably 

management pracity / soil conservation status under existing 

tices. 
A common unit. to measure both soil. productivity and soil 

areaenvironmental statu; can be the net present value of a unit 

of test crop (say, maize) which is produced, or could be expect

ed to be produced, at the site. If this unit is used for both 

estimates of sustainability and productivity it makes the dia

grams which follow both dimensional and comparable. 
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 Fi;I::i.. 1. Showing trends in.the status of the soli environment!:, 
'
 iwith time. AD 'and DA represent a replacement series (see :/ 


'i inset and Willey, 1979a, 1979b) which represents, at any one:!i,
 
. .point on the x-axis, the sum of the effects that bath species::i
 

:may have on the soil, depending on the percentage gon oe
 

!i/ 	 indicate the current fertil

:iii: 	 L~ 


:.occupied by each. 'A-E (and D-H) 

,r':ity/conservation status, and EIJH the; response surface :for: all:.
'[ 


/}	i}! combinations, of agricultural crop and trees. (derived at ~any~
 
: }/ see text ifor further details.i
fT ,~ 5",>Eione ~time from a+b as in inset), 


"'4., 4> AH 

S]i:,] 	 :Figure 1 indicates.some postulated, ,!
oil envir'onnento~tauis. 

i Lii:,chianges in the conditions of the Soil :(its fertiity and~istatei;:
 

of........
conservation) for :agricultural, croppingt, tree .cropping,.and~i.~'i
 
!}) two./ABCD represents-.a fertility ilevel .f.tt/! :ii
 .)all ratios !of ithe 

'i,::{/::which there is'izero:productivity, and the line E-H (altso F-G)).Ir"
 

: .
!i;iproductivity,:, at the current level of sBOil fertility ,Pro~ected.; .
 
': so: :}:
i,ifertility changes are: then estimated for:l continuous agri


cultural'cropping (E-I) honas declining, and the land under 

100 ,per cen coe ftrees of: the chosen species (H-J), shown,-. 
<as :improvingwith,time. : i,/ '' ; L ;:'if/}; !: 

-

K 

/:EIH then" represents tihe response ,surface characterizing !/,.
 
soil ichanges for all ratios of the agricultural andl treeicrops{,:!'i
 

i}}
 

-,mature standsof.; the appropriate tkee!SPeciee are available on a.
 
/i2j .:
!+smilar~i,,nearb:y site.'Otherwise'C-J W41i have "to,be [eimated 


B. 

http:F-G)).Ir


263
ROLE OF TREES 


G
F
 

!M
 

SL 

, 2/
 

A 0 

tree crop 

agric.crop 

Fig. 2. Trends in total productivity with time, similar to 

Figure 1. At any one point on the x-axis (a replacement 

series) the rosponse surface ELMD represents the combined 

productive output, of all kinds, for both species, (and see 

text).
 

from similar data in the lit .rature The same applies to the 

rate of decline of !,oil fertility, and s5)on , under continuous 

agricultural cropping. The time taken to reach the maximum im

provement in the condition of the soil afteor planting trees may 

be unduly long, hecauso an equilibrium state will be reached 

only slowly in the Iat few years. Thus C-J in Figure I may be 

taken, more pragmatically, to repr.esent. an esti imated 90 per cent 

or any <tatfd perceontago, of theu Iult.iate value. The time scale 

of the diagramii will clearly depend ,)1 when it i.? (,stiinated that 

this level will w i ,iched. C-I minu!; A-l represents the aio)unt 

by which the levl ,,fil status under current land use falls 

short of whait it could b( under , mat teurt, stand of trees. 

I 1 ,,,* 0'i'u~ . Ftiqiri- I iidi cit !* th chan(e!; over the same time 

in total product ivity. 'Iltt ih ; takirn into account the respective 

value; of tho a t inld ree A;tot I agricultUI-,il t products. before, 

ABCD represents zro product lvity. V-, shows the estimated 

changes of value with t i m for continuous; agricultural cropping, 

and N-M that: for '00 pet cent t ree cover (N, the value of the 

tree crop in the first year, has been taken as zero in this 
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example). Response surface ELMN then represents the total pro

duction of all the different proportions of the agricultural
 

and tree crops. As the common unit used is market value, E-I
 

represents the soil status in Figure I and it is the 
same as
 

E-L, representing productivity, in Figure 2.
 

The value of the tree products will need to be averaged out
 

if annual harvests are not taken. In Figure 2 the annual value
 

of the tree products at maturity with 100 per cent tree cover
 

(C-M) could be either greater or lesser than the value at the
 

present time from 100 per cent agricultural cropping (A-E). This
 

will depend on current agricultural yields, reflecting the pres

ent fertility status of the soil, as well as the expected out

puts of the agricultural and tree products with time. 

The diagrams obviously lend themselves to more detailed 

economic analyses in terms of, say, estimates of variable and 

fixed costs, or of calculating returns to labour inputs, and so 

on. Furthermore, there might- be changes of inputs with time 

which should be taken into account. The productivity response 

surface in Figure 2 can be idjust ed accordingly. 

T~tm pt,5-,,. Tih curves plotted on the axes in Figures 1 and 2 

have been drawn to represent changing conditions, as far as 

these can be e'st imated at. )resent. Only sets of actual experi

mental data will show if these ,Ost imates truly simulate real 

conditions or not. ior example, in Figure 1 the reduction in 

soil fertility under cuntinuous agrlcultural cropping (E-1) will 

ref lect , dec I in i, soil organ1c matter which followsgenera 11 y 

a negative exponent ial curv-e (Alin, 1979). But to this must be 

added any effecto of soil erosion which will be hard to estimate 

and errat ic in occurronce_,. 

Then ago in, :a ll fert ility changes after planting young 

tree: (i-J) have his repres';ented by i sigmoid curve to indicate 

Plalt ill relat ivelya mnaximull rlt e of challge ill t he middle year's. 

widely spac-d tr,s, (1 ,igricultural land will bring about a 

mosaic of improved fertility is the topsoil b,-neatn the tree 

canopies. The efffect may lie enhaiced if the trees fix nitrogen, 

and if nutrient catchment from windblown dust is involved. It 

has been assumed that-, whero there are relatively few trees per 

unit of land, both their growth and fertility conferring bene

fits might be diminisahed compared with a situation where tree 

cover is more complete. To account for this I-J in Figure 1 is 

a a qalso shown a igmo Id curve. 

In Figure 2, repre senting the productivity response surface, 

the valut of tho output (f product; frum a pure st:and of trees 

(N-M) will be very little in the first few years and it- will 

reach a plateau at maturity. In the erarly stages after planting 

out young t ro!es the agr icul t ural crop can ut i i : more o)f the 

shared ornvironmerital r ,ources; becaus,, the s ize* of the trees is 

so sma l 1. 1-N wi I 1 be conve x therefore and, if so',: torm of 

taungya is ptactisied ill the first year or two, :so as to take 

maximum adviantage of this a;ituat ion, ther need be little loss 

of productivity (see i.;-N'). As one is ,;eoking plant associations 

which, in a replacement .,erie.;, show either mutual co-operation, 

or, where one of the components shows; a level of compensation 

which gives an overall increase in productivity (that is a land 

equivalent ratio greater than one), ,-M will also be convex under 
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such favourable circumstances.
 

Further considr)eations. Figures 1 and 2 show the two basic
 
shapes of the expected response surfaces for soil and productiv

ity changes, respectively. These may be useful to help visualize
 

the complex trends which will occur with time in converting from
 

agriculture to a mixed cropping agroforestry system. They also
 

indicate where mcre research data are needed. Figure I can help,
 

also, to suggest what proportion of mature tree cover is required
 

in order to achieve, ultimately, any particular level of soil
 

fertility in the mixed cropping system. For the situation de

picted, the present-day level of soil fertility will be main

tained if approximately a 60 per cent tree cover is arranged
 

(arrowed where I-J cuts ,-G) . Obviously fewer trees will be 

required should the soil fertility decline less rapidly under 

continuous agriculture, and/or a tree species is used which 

raises soil fertility to a greater extent. On this basis Figure 

3 shows some land use situat ions in which opt ions for agrofor
estry may or may not be promising. 

The extent. to which any improvement in topsoil fertility 

undor or around the t:rees can be exploited by associated crops 

while the. trt-(,s aro strill growing needs to be the subject of 

experimentation for particular comb inat ions of species. Some 

transfer of litter and nutrients away from tne tree's immediate 

surroundings is likely, and its extent will be influenced by 

management practices. Such effect! will, perhaps, increase prod

uctivity (C-M), and scrve to make the productivity response sur

face even more convex at its further end (I-M) (Figure 2). 

By substitut irg relatively largek trees for agricultural 
crop plan ts the total population of plants per unit of land will 

be d iii iish.d and the d iagraims should be constructed to indicate 
u
) In 

for hcrrac ius Crop! will change, the land occupancy ratio. Such 

factors affect the, way we should interpret the yield curves and 
the validity with which we can make comparisons between them. In 

view of thi need to adolpt a 'flrst approximation' appioach, how

ever, t hes(, difficulties can just be borne in mind at this stage. 

The actual nurrber of t ro:es per unit of land will obviously 

depend on the spec i'; under consideration. Many multipurpose 

trees are of small to medium stature. If the appropriate canopy 
area at maturity is known 'percentage cover' can be roughly 

translated into 'numbher'; of trees per unit area' 
To find the answer to our question '1how many trees?' may 

still not be easy, but s;om,. of the considerations underlying the 

processe!; invulvtcl in reachinq a conclusion are, at least, out

lined above, and !;om,, 'scenarios' are shown in Figure 3. 

percfnt age ;rndI cover ratio!;. addition, substituting trees 

Once the kinds ind the numbers of trees required have been 

decided up ii, ill relat ioll ot.h toi the land user's objectives and 

resourcei s, thn thi qu,;t ion of optiinzing their spatial arrange

mert ha; to 1) ( on.;ideroid. 
There arei threfe main factors: management considerations, 

soil and water conservation aspects, and theoretical aspects of 

optimizing hi umasus and/or particular plant products. 
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Fig.-3 Oppoa'i.te) Some scena'rios comparing different soil
 
environment and productivity states for various agricultural
 

'~cro/Lre siuaions finea trnsdrawn, -for simplicity)
 
(a)JVery'lowipresent fertility and productivity; for example,
 
low [rainfall rangeland.undergoing desertification. Any attempt
 
at agriculture fails to raise the soil environmental status or
 
5	productivity except at great cost in terms of irrigation, fer
tilizers, and so on, but trees improve the soil and therefore,
 
ultimately, enhance productivity. Agroforestry is definitely
 

to be considered.
 
(b) Initially fertile land (for example, cleated forest) but
 
agricultural cropping brings about a very rapid decrease in
 

fertility and productivity. Note-the shorter time scale. The
 
tree species chosen, for example fast growing legumes, are
 
supposedly very effective at enhancing even the initial high
 
level of soil fertility. Agroforestry definitely to be con
sidered as an alternative to high input agriculture.
 
(a) Rather low initial level of soil fertility with a slow
 
decline under the present agricultural cropping system. The
 
tree species has been chosen to raise soil fertility level,
 
but tree products are of low value for this species. Agro- .
 

forestry may be worth considering if environmental conserva
tion is important, and as an alternative to increasing the
 

level of agricultural inputs; especially as a system using a
 
relatively small amount of tree cover might still be effect
ive.
 
(d) Higher initial soil fertility is postulated which agri
cultural cropping decreases at a faster rate than in (C). The
 
tree species chosen is deemed not to be especially effective
 
,atraising soil fertility, but its products are more valuable
 

than in M. So that, ultimately, 100 per cent tree cover
 

Awill provide an output more valuable than that from the 4 

agricultural system. Agroforestry is to be evaluated against
 
loss of income during the development years, and the level of
 
environmental conservation (or enhancement) required.
 

(e) Amoderately good initial fertility which high input :
 

agriculture maintains equally as well as the tree cover, for
 
exampie,.a maize farming system using minimum tillage with the
 
litter left on the soil. Productivity under trees is less than
 

in the agricultural system, so there is no case for agrofor
estryunless the tree products are specifically required.
 

'Ahigh initial fertility, which is maintained (or even
 

improved) by high input agriculture (for example, coffee farm
ing using fertilizers and mulch) to a greater degree than a
 

multipurpose tree cover would achieve. Productivity under 
 4 4
 

trees is assumed to be rather low. There is no'case for agro

forestry,
 

http:Oppoa'i.te
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&nagement decisions. The first is whether to adopt a mixed or
 

a zonal agroforestry system (see Huxley, p. 163, this volume).
 

This basic choice is an important one which will depend on both
 

technical and social considerations. Zonal agroforestry is
 

likely to simplify management procedures because each tree or
 

crop component can be dealt with largely as a sole cropping
 

system. 'Alley cropping' (Kang et al.,
enterprise within the 


1981), a form of zonal agroforestry, is one convenient way to
 

arrange the plants. In zonal agroforestry the extent of 
plant

species involved as
to-plant interactions will depend on the 


well as the overall land unit size and the size, shape and
 

Between-species interactions, as
 arrangement of zones within it. 


found in the more intimately associated mixed cropping systems,
 

will occur only at the interfaces between zones.
 

The transfer of materials (litter or mulch) can easily
 

become part of the management procedures in zonal systems. Where
 

there is already some informatioi about the potential for intro

ducing a suitable agroforestry tree species, but 
little or
 

interactions with agricultural crops,
nothing is known of the 


zonal system may offer a less cormmitted, and more flexthen a 

that of more intimately mixed alternatives.
ible approach, than 

,. ,n;, roat Information about 

the use of trees for soil conservation is available from various 
oi andi l'ulI _On'071'3,tl oation 

Although more quantitative
Tejwani (1979). 


required, especially for many of the 'new' multipurpose
 
sources, for example 


data are 

actually
species which are now attracting attention. Trees can 


erosion in some circumstances. For example,
encourage soil 	 if
 

and/or they are planted in the wrongthe wrong species are used 
Thus an important aspect of agroforestry
places (Wenner, 	1981). 


of the spatial arrangements ofplanning must he a consideration 


trees in relation t.o soil and water 
 conservation. 

it is possible to draw on aOptiz,rnmgi ti: produt.. Finally, 

vast body of information from a range of different plant cience
 

studies concerning the theoretical aspects of optimizing prod

uctivity through proper spatial arrangement and management 
of
 

the component plant species. In particular the work on plant
 

(see Jackson, this volume), on

canopies and light interception 


and the

plant ideotypes 	and competitiveness (or commensalism), 


information from agricultural intercropping
growing body of 

studies (see Cannell, this volume). 
lend themselves to easy modifica-Because trees and shrubs 


tion of shape and size there will be many opportunities 
to ma

by trainof trees in agroforestry systemsnipulate the growth 


pruning and lopping. The extensive knowledge we already
ing, 
tree crop species,possess about these procedures for existing 

form a useful basis from which
both temperate and tropical, can 


to start. 
tree
What is immediately required for all aspects of 


a new synthesis of existing infor
arrangement and 	management is 


mation. 

CONCLUSIONS
 

Agroforestry may be biologically more complex than many 
ways of
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using land through agriculture or forestry, consequently such
 
systems often require greater management skills. Certainly the
 
development of agroforestry needs to embrace a combined techni
cal and socio-economic approach from the very start; with the
 
rural land user being intimately concerned with the available
 
choices at every stage. These choices relate to requirements for
 
particular kinds and levels of productive outputs, and to the
 

potential for sustainability. The charact(ristic of all agro
forestry systems is that they can provide both.
 

Diagnosis and evaluation of any agroforestry system ai4uut
 

encompass predictions about its performance in the future. This
 
implies a joint deductive/inductive approach to evaluation and
 

prognosis which utilizes methods of survey and sampling concern
ing what is already on the ground (Steppler and Raintree, this
 
volume), and also attempts to evaluate potential future trends
 

using such information as is presentv available. In these pro
cesses decisions about how to chase and handle the trees stand 
out as a priority. We can usefully a' ioach this through the 
steps of: What trees? How many? flow do we best arrange them? 

The diagramunatic ;rethod outlined in this paper which can 
iiel i- to answer the second question is not intended as a predic
tive tool; far too much conjecture is implicit in the construc
tion of such diagrams. Where they may be helpful is to iilus
trate the processes which have to be considered, and what type 
of experimental data we require before such an approach can be 
undertaken with confidence. Only when we have such data will it 
be possible to assess the productivity and sustainability roles 
of trees in any particular agroforestry system with any preci
sion. 
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DISCUSS ICmN 

a good deal of
CONNOR - The proce.:ses shown in the diagrams need 

to establish actual curves. Such dia
experimentation in order 


grais xll be the output of actual models.
 

BRUNIG - Thos(- diagrams are useful in assessing the direction in 

which the systemS ae likely to Move. hOwueV2, they indicate 

only the trends; o:cu ll(r and pre(cise predictions are not pos

sible.
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ABSmRA-T. The productivity of multipurpose agroforestry 
s,_.Et ct; cannot be assessed on the basis of conventional 
measures of productivity in monocultural fields. Indices 
surh is i:hi Iind ,quiv lent ratn.c, developed for arable 
ir: e *cor-pinq systoemc , will prn I eful in the develop
ment of improved a(iroforestry bas;si land use systems, 
but th,1 utt:e- unit of evaluatio)n in agroforestry is 
the nt erjrI.me , not the fi].d. Even the most sophistica
tcd incex of Yir]J ;er unilt c land will be the most 
re Iwen ini x cofproduct vity only where land is the 
limit inqI 'j'd'tt feit.li The tel ationship betweenion . 

t r,ic iin d hi.ir thd.rtrcy intercrops can be competitive, 
colphIl melntlry , s!,ipjnsnt -ry or some composite of these 
relat iohiicips; whiciu of tece predominates in a given 
iitercroppi ng cyst io dtqlprids not onIl y on the genotype, 

nu.ahe'r and e;eic-ent *nt of 7oltipinent s, but also on which 
crowt h faict ors ir_ limit i g for t ht respective components 
under inril -;t:ic fi-(ld cnd jtitirns. An analysis of inter
acticital eff(t :!; ilict em that certain highly promising 
agrofor c;tin, cotpl ,ien t -r icti are( siunificant only under 
low irnpst product-i (oand) tj)s. Thi s suggests that a 
numboi )I :;ynt riji, t ic intr:rot.)in potentials in agro
forectr; will , t S;,rimt:;ly nrierctdevelcoe), d i.f aqro-

Irest ry I ;eIh I tI jit; t e11 t raditiona] (expi.riltelt. sta

t i ttt iln -i produ:t o n coriditions characteristic 
of 'hiqlh is.;' "armers, ri thitr t'lan ccentrating on 
th,' low inplt s:,ndit ons typical of the majority of farm
er.; aiI p ,tfnt. i l iIroforestry tecltnolony adopters in 
deve lopi tr; coon tri,,*s. Followinq a discussion of bioeco
nomiic :orn;id ,rt i)ns involved inldecidinq when it: is 
advoritt aqeits; to a(,1 tie(.s to irible crop fields, the main 
bi.oecoioit" prin:iples for a decision ol the optimum nun
bher :)f t reec piBecentud. judtetinq techniques areare ' dis
cussd and an i lustratiotn is given of the use of linear 
pro-iriminq as; a practical hioconomic deiign tool in 
agcroliorest ry. 
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INTRODUCTION
 

Bioeconomics, that branch of economic science that deals most
 

directly with biological processes, has an important role to
 

play in the design of research on agroforestry cropping systems.
 

In order to understand the nature of this role it is important
 

to distinguish between bioeconomic and socioeconomic aims and
 

methods. For the purposes of this paper they may be differenti

ated most simply on epistemological grounds: if socioeconomic
 
taken into
dimensions of agroforestry cropping systems are not 


account, researchers will have no way of knowing whether the
 

technologies they develop will have any relevance to the resource
 

endowments, production constraints, and end use requirements 
of
 

potential users. On the other hand, if bioeconomic considerations
 

are ignored, agroforestry researchers will have no way of asses

sing the economic significance of interesting plant combinations,
 

interactions, and cultural manipulations. Concerned with .le
 

middle ground between determinants of technical feasibility and
 

determinants of socioeconomic adoptability, bioeconomic consider

ations impinge directly on the conduct of plant res,-arch in
 

agroforestry.
 
The elementary bioeconomic thought is that the figure of
 

merit, when evaluating the productivity of agroforestry systems,
 
but some transis not the per hectare biological yield per se, 


form of that figure which takes account of its net value to the
 

producer. A full and adequate discussion of all of the consider

ations involved in defining the precise nature of that value
 

even a simple real world production
accounting functioi for 

scope of this brief contribution.
situation is beyond the 


only scratch the surface of bioeconomic
This paper will 

some headconcerns in agroforestry, but it will attempt to make 


way toward a biocconomic perspective on the evaluation of com

petitive, complementary, and supplementary relationships among
 
they affect assesspotential agroforestry crops, particularly as 


ment of optimum productivity under realistic field conditions.
 

Although we will not progress very far toward the codi in this
 

paper, the ultimate aim is to develop practical bioeconomic
 

measures and procedures which will eventually contribute to 
our
 

ability to give reasonably optimal answers to the basic agro

forestry design questions: 'What trees?', 'How many?' and 'What
 
270, this volume).
arrangements?' (see Huxley, pp.267-


RETURNS TO LAND
 

In agroforestry, production and conservation are two sides of
 

the same coiD. The concept of sustainable land use is basic to
 

a definition of agroforestry. Consequently, the development of
 

objective indicatorr of 'sustainability' is high on the agenda
 

research needed to develop adequate evaluation and design
of 

methods for agroforestry systems. Bioeconomic methods will play
 

an 
important role in operationalizing this concept, but at the
 

moment there is little to report. One bicGconomically signifi

cant factor, however, is that conservation benefits in them

seldom viewed as sufficient incentives for adoption
selves are 

respond favourably
of a new technology. Farmers the world over 


to innovations in conservation technology only if they entail
 

additional short-run economic incentives. In advanced economies
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this often takes the form of government subsidies on designated
 

land use practices. In agroforestry systems for developing coun

tries, adoption incentives will probably take the form of eco

nomic 'byproducts' (Raintree, 1980a). If this is so, then it
 

becomes imperative for agroforestry researchers to identify and
 

develop suitable multiproduct components and intercropping sys

tems.
 
One immediate consequence of the multiproduct nature of
 

agroforestry production systems is that their productivity can

not be assessed by conventional measures of the per hectare
 

yields of the separate crops taken individually. This is true
 

for the simple reason that, although the yields of the individ

ual intercrops may be depressed relative to their yields in
 

monocultures, the total production of the field may be higher
 

than that obtainable when the individual crops are grown side by
 

side as sole crops on the same amount of land.
 

Land eqivalent ratio
 

The concept of land equivalent ratio (LER) has been developed to
 

deal with this aspect of nonagroforestry intercropping (Inter

national Rice Research Institute, 1974, 1975; Trenbath, 1976;
 

Willey, 1979), and it is equally applicable to agroforestry sys

tems. Assuming equivalent levels of management, LER may be de

fined as the relative land area under sole crops that is required
 

to produce the yields achieved by intercropping (Willey, 1979).
 

When LER is experimentally assessed on the basis of uniform
 

planting density of both intercrop and sole crops, the resulting
 

LER figure is equivalent to the relative yield total (RYT) of
 

de Wit and van den Bergh (1965). When intercropping gives a
 

yield advantage, however, the total optimum intercrop density
 

may he higher than that of either sole crop optimum (Willey,
 

1979). It has been suggested, therefore, that calculations of
 

LER and other indices of yield advantage should be made on the
 

basis of optimum, rather than constant density in order not to
 

distort the true practical potential of intercropping (Huxley
 

and Maingu, 1978). In any case, the practice of intercropping is
 

assumed to be beneficial when LER > 1, of neutral value when
 

LER = 1, and detrimental to yields when LER < 1. LERs of as much
 

as 1.6 have been reported for traditional farmers' fields
 

(Norman, 1973) and up to 2.0 for experimental plots (Andrews and
 

The ratio should prove useful in agroforestry
Kassam, 1976). 

applications, providinq somo additional means is used to assess
 

differences in duration of the production period.
 

WHEN IS IT BENEFICIAL TO ADD TREES TO ARABLE CROP FIELDS?
 

It is often tacitly assumed, even by proponents of agroforestry,
 

that the addition of a tree component to a field crop situation
 

will almost always decrease the yield of the field crop, although
 

the additional tree crop production may offset this decrease to
 

give an overell LER > 1. The assumption that understorey arable
 

crop components in mixed agroforestry systems will suffer from
 

association with trees is usually ba ed on the notion that the
 

trees, being the dominant partner in the association, will com

pete with understorey crops, particularly for light, and that as
 

a result of this competition the arable crop yields will be
 



274 J.B. RAINTREE
 

depressed. There is little doubt that evolution has conferred a
 

competitive advantage on trees in the form of their greater
 

stature, but whether, in the contexts of particular agroforestry
 

systems, they are always competitive with understorey crops and
 

whether, being competitive, they always reduce net yields, are
 

questions which require closer analysis.
 
This type of problem has been given a general treatment in
 

economics by weans of production possibility curves. Under the
 

assumption of fixed resources (the isoresource condition), pro

duction possibility curves show what happens to the quantity of
 

each of two products when resources are transferred from one to
 

the other. In this case the resource in question is land. Con

ventional economic analysis is usually content to deal with land
 

as a unitary quantity on a par with the other main production
 

factors, labour and capital. For purposes of bioeconomic analy

sis, however, it is necessary to disaggregate this production
 

factor and recognize that 'land' implies access to variable
 

amounts of a whole set of associated plant growth factors, in

cluding light, CO2, nutrients and water.
 

0 	 0 00 

Output Y2 	 Output Y2 Output Y2 

SUPPLEMENTARITY COMPLEMENTARITY COMPETITION 

Fig. 1.	Production possibiLity curves under isoresource
 
conditions.
 

As shown in Figure 1, there are three general relationships
 

possible between two products under iso-resource conditions:
 

supplementarity, complementarity and competition. Which of the
 

three relationships obtain between products or components in an
 

agroforestry association depends upon a number of complex inter

actional factors discussed in greater depth in other papers in
 
this volume. I would like to suggest, however, that among the
 

most important factors are: the genotypes involved; the propor
tion and arrangement of trees in the mixture; and.which plant
 

growth factors are limiting for the respective components under
 

field conditions. Actual production possibility curves for spe

cific combinations will often be some composite of the three
 

general relationships (Fiqure 2).
 

Suppteman tarity 

Two products are supplementary if the production of one can be
 

increased with neither an increase or decrease in the other,
 

that is the outputs are essentially independent within the range
 

of supplementarity. An example in agroforestry is multistorey
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Fig. 2. Some examples of composite production possibility
 

curves.
 

(Nair, 1979). Providing that light
intercropping with coconuts 


limiting factor for the understorey crops
is not normally the 


when grown as sole crops on farmers' fields, the presence of
 

tall, well-spaced, mature coconuts will have little effect on
 
limiting


crop yield. Nutrients or water will normally be 
more 


ght under smallholder conditions outside the 
continuously


than 


humid tropics, and coconut palms offer only 
localized competition
 

for these growth factors.
 

Another possible example of supplementarity 
in agroforestry
 

that of sorghum under Parkia clappcrtoniana in farmed 
park

is 


land of the Guinea savanna in Nigeria (Pullan, 1974). Farmers
 

sorghum yield under naturally occurring
in 	this zone say that the 

different from that of the surrounding
is no 


that the plants grow taller in the shaded,
 
locust bean trees 


fields. They report 

change in grain
 

more fertile environrment under the tree, but no 


yield is observed. If the observation is valid, perhaps the
 

net result of mixed competitive
reported supplementarity is the 


and complementary interactions which cancel 
each other out on
 

even though the light intensity of the savanna
 balance. But 

some


is high, it is reasonable to suppose that at 
environment 


density of Paikia trees light would become limiting 
and sorghum
 

yields would be noticeably depressed. Considering 
the economic
 

farmers collect
locust beans themselves, which local
value of the 


for more than three times the price of soya beans, it
 and sell 

some exact data on these interacwould be interesting to have 


tions.
 

Cornp lom ntri tLI 

Two products are complementary if increasing the 
production of
 

one results in a corresponding increase in the 
other. The by now
 

nearly classic example of complementarity in agroforestry 
is
 

that of Acaoa albda with millet, sorghum, 
or groundnuts. Due
 

to the particular deciduous foliage hILit of this 
tree legume,
 

the shading effects are conveniently withdrawn 
during the rainy
 

in the field, leaving only the
 season when the (rain crops are 


beneficial effects of improved soil fertility and water 
regime.
 

Consequently, the tree stands in a net complementary relationship
 

to the understorey arable crop.
 

The benefits of A. albida are fairly well documented
 

and more research is under way, but how
(Felker, 1978) 
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representative is this unique tree of the potential for comple
mentary agroforestry associations? I suggest that our awareness
 
of complementarity in agroforestry is just beginning, although
 
we already have quite a few examples from among the tree legumes.
 
It has been fairly well establi-hed that what A. albida does
 
automatically for the fertility status of associated soils can
 
also be achieved, with appropriate inputs of labour and manage
ment, by other tree legumes such as Leucaena leucocephala,
 
Cajanus cajan, Giiricidia sepiwn and Tephrosia candida (Centro
 
Internacional de Agricultura Tropical, 1977, 1978; Benge, 1979;
 
International Institute of Tropical Agriculture, 1979, 1980;
 
Wilson and Kang, 1980; Rachie, this volume; Wilson and Raintree,
 
1981). Several other tree legumes have been suggested for trial
 
(Raintree, 1980b; Rachie, this volume) in 'mixed' or 'zonal'
 
agroforestry systems (see Huxley, p.163 , this volume).
 

Complementarity in mixed agroforestry systems need not be
 
achieved only through the effects of deciduousness as in A.
 
aibida. An example from Western Rajasthan of increased yields of
 
arable crops and range grabses under Prosopis cineraria (Mann
 
and Shankarnarayan, 1980) is a case in point. Nor are yield im
proving fertility increases achieved only by leguminous or other
 
nitrogen fixing trees such as Alnus, as the practice of farmers
 
in high population areas of Eastern Nigeria of planting and
 
manaqing Acioa barteri for its value as a 'nutrient pump' amidst
 
shallowly rooted crops on leached soils may indicate (Okigbo and
 
Lal, 1979).
 

A search for examples of complementary relationships among
 
agroforestry intercrops quickly leads one to the conclusion that
 
interactio,ial effects are important in determining which g:owth
 
factors are limiting and, therefore, which plants are complemen
tary in a given environment. Of particular bioeconomic signifi
cance are the interactions between soil fertility and other
 
growth factors. Two examples serve to illustrate the nature of
 
the bioeconomic concerns.
 

Felker et al., (1980) have recently reviewed the literature
 
on the effects of soil fertility status on water use efficiency
 
and drawn some interesting conclusions on agroforestry potentials
 
in semiarid ecosystems. The basic effect was established by Hanks
 
and Tanner (1952) in their experiments on water use efficiency of
 
field crops on fertilized and unfertilized Wisco:i-in soils. These
 
experiments showed that, while water might be limiting crop
 
yields, the biomass increase per unit of water used is lower at
 
lower fertility levels. In their two-year field trial, water use
 
efficiencies for maize and oats on fertilized plots averaged 143
 
and 175 per cent more, respectively, than unfertilized control
 
plots. In a later range fertilization study in Montana Wight and
 
Black (1979) discovered a yield plateau of 1250 kg ha-1 for the
 
unfertilized plots which was present in both the wettest and
 
driest years, suggesting that water was not liming plant prod
uctivity above this level. The fertilized plots showed an aver
age 10-year increase of 120 per cent over unfertilized rangeland.
 
Felker et al. (1980) estimated natural nitrogen inputs to semi
arid ecosystems and compared them with data on water use effi
ciency. Their analysis indicates that plant productivity in the
 
semiarid zone may be 10 times more limited by nitrogen than by
 
available water.
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The second example relates to the effects of shade in mixed
 

intercropping systems at different levels of fertility. All of
 

the examples of complementarity between trees and their under

storey intercrops considered so far refer to situations in which
 

the tree canopies are either light, seasonal, or heavily pruned.
 

These examples do little to question the common assumption that
 

shading per 3e is always in some measure detrimental to under

storey crops. The tendency in recent years to remove the tradi

tional shade trees from coffee, cacao, and tea plantations has
 

lent credence to the general impression that shade is never, in
 

itself, beneficial. In a more critical light, however, it becomes
 

obvious that the issue is dependent on a number of factors that
 

can be quite complex in their interaction (Willey, 1975). From
 

their investigations on the effects of artificial shade on cacao
 

yields in Trinidad, Murray and Nichols (1966) reported that in
 

plantations fertilized with adequate amounts of NPK the highest
 

yields were obtained in full sunlight, but that unfertilized
 

plantations of low nutrient status gave their highest yields
 

under shade. Comparable experiments with tea in northeast India
 

showed a similar interaction between light and nitrogen level
 

case of coffee, workers have concluded
(Wight, 1958). In the 

that where soil fertility is low and adequate fertilizer cannot
 

be added, shading may be desirable in order to prevent periodic
 

overbearing and dieback (Hardy, 1962; Fernie, 1970; Huxley,
 

1970). The function of shading in this case is to regulate yield
 

to a level which is sustainable on the basis of inherent soil
 

fertility (Willey, 1975).
 
These two examples are bioeconomically significant because
 

they relate to two of the most limiting and ubiquitous con

straints on smallholder production in the tropics, low soil fer

tility and inadequate supplies of mineral fertilizer. In both
 

examples the conventional wisdom, that is that water is the most 

limiting factor in dry regions, and that shade is always detri

mental to understorey crops, is overturned in situations where
 

soil fertility is low and adequate amounts of mineral fertilizer
 

cannot be added. But t12.;( ar- prc'iSey the conditions which 

characteri;esma lhoid r production ' most developing countries. 

The assumption that water is most lim. ing or that shade always
 

reduces yields of understorey cropr Duld only be made in the
 

context of the production conditions enjoyed by research stations
 

and a select group of 'high access' farmers (Roling, 1980) where

in all otherwise more limiting production factors are routinely
 

topped up to optimal levels by inputs from outside the system. 

The assumption is that the 'best' farmers will do the same.
 

In fact, in the world outside the agricultural laboratory,
 

the inputs are not always available, or at least not in suffi

cient quantity to reach the majority of faimers. In many cases
 

the economics of fertilizer use are questionable (Raintree and
 

Turay, 1980), but even where 9,vernment subsidies have reduced
 

farmgate fertilizer costs to economic levels, the infrastructure
 

to deliver them in adequate supply is often simply not there.
 

The supply situation in Nigeria, a country which has an excep

tionally good foreign exchange balance and which maintains fer

tilizer subsidies of more than 80 per cent (Knipscheer, 1979;
 

Menz, 1980), is perhaps more typical than we like to admit. An
 

analysis (Raintree, 1980b) of data from the British Overseas
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Development Ministry's Central Nigeria Project Farming Systems
 

Survey (Gosden, 1978) shows 100 per cent of the survey villages
 

reporting lack of inputs generally and 95 per cent reporting
 

lack of fertilizer specifically as major production constraints.
 
The general conclusion to be drawn from these examples is
 

that, while the potential for complementarity between components
 

of well-designed agroforestry systems would appear to be quite
 

promising, unless agroforestry research is designed with realis

tic field conditions in mind, this potential is likely to remain
 

seriously underdeveloped.
 

Competition 

Two products are competitive if increasing the production of one
 

results in a decrease in the production of the other, given a
 

fixed level of resources. The products of trees and associate
 

limited by the same factors, which draw
arable crops which are 

these factors from the same environmental resource pools, and
 

which have no compensating interactions, will stand in a rela

tionship of net competition. Does this mean that intercropping
 

would be uneconomic? Not necessarily, since the total productiv

ity of the association might still be higher in terms of LER or
 

gross margin per hectare than the moncultural alternative. The
 

only competitive situation which can be ruled out immediately on
 

one in which the components are mutually
biological grounds is 

inhibiting, or amensalistic. As long as one component is bene

fited by the association, there is the economic possibility that
 

a higher LER may be achieved by intercropping.
 

It is an economic truism that the rational, profit maximiz

ing producer will always operate in the region of diminishing
 
means in the region of comreturns. In the present context this 


petition on the production possibilities curve. As explained in
 

the next section, the level of competition which is appropriate
 

and desirable depends upon the relative prices of the products
 

and the rate at which they substitute for each other in the pro

duction process. Examples of competitive relationships among
 
to mention. Even comagroforestry components are too numerous 


plementary products become competitive at high production dens

ities (Figure 2).
 

WHAT IS THE OPTIMUM NUMBER OF TREES?
 

I do not, of course, propose to give a numerical answer to this
 

question, nor even to assay a general computation algorithm.
 

Instead, the rather modest aim of this section is to review some
 

of the elementary bioeconomic principles by which an answer 
to
 

the question might eventually be approached in specific applica

tions.
 
Supplementary product relationships should be taken advan

tage of by increasing production at least to the point where the
 

products become competitive. In the case of complementary prod

ucts, resources should he transferred from one product to the
 

other as long as doing so increases the production of both. In

creasing the transfer of fixed resources (lind) beyond the range
 

of complementarity into the range of competition will decrease
 

the production of one of the products. How far into the competi

tive range it is profitable to go will depend on the relative
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prices of the products In general, maximum profit is obtained at
 

the point at which the rate of transfer of resources from one
 

product to the other (AY2/AY1 ) is equal to the rate at which the
 

products exchange in the market, that is the price ratio (PI/P 2)
 

(Bishop and Toussaint, 1958; Flinn, 1979).
 

All of this follows from the fact that the rational producer
 

will continue to transfer resources (land in this case) from one
 

proauct (Y1 ) to another product (Y2 ) as long as the value of
 

increased production of the one (AY2 .P2 ) is greater than the
 

cost in decreased production of the other (AYI.P 1 ), that is
 

AY2'. 2 > AY1.P . If the value added to the one is less than the
 

cost of decreased production in the other (AY2.P2 < AYI.PI), the
 

resources should be transferred in the opposite direction. The
 

optimum resource allocation is reached when the value of the
 

last increment of the one product is equal to its cost in terms
 

of the other, that is when AY2 .P2 = AYI.P 1 , or equivalently,
 

when AY2/nY1 = PI/P 2 . This is the principie of equimarginality.
 
If the production possibilities curve is graphed in terms of net
 

revenue, the optimum combination of products for maximum returns
 

to land can be identified by the tangent to the curve at the
 

point where its slope is equal to the price ratio (Figure 3).
 

>4 

0 4-i 

Output Y2
 

Fig. 3. The maximum profit combination of products.
 

In more concrete terms, the principle states that it pays
 

to go on adding trees to an arable crop field Until the point at
 

which the value of an additional tree is equal to the opportunity
 

cost to the intercrop of the land allocated to the tree. Given
 

the relative prices of the two products and data on their physi

cal rate of substitution, the principle of equimarginality can
 

be applied to ascertain the optimum intercropping combination.
 

In the absence of replacement series data or the like on the 

effects r. -ninercropping, some method of estimation (see Huxley, 

p.257, thi! "tolume) can be used to arrive at a first approxima

tion or 'bes' bet' de!;iqn for maximum returns to land. This is 

only a partial formulation of thu relevant decision criterion, 
since the only cost it takes account of is land, and an exten

sion of the method into more detailed 2conomic analysis is
 

required, as Huxley points out.
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RETURNS TO THE MOST LIMITING PRODUCTION FACTOR
 

In the foregoing d.scussion we have tacitly assumed, for the
 

sake of simplicity, that profit can be maximized by maximizing
 

returns to land. Ir as much as agroforestry is an approach to
 

improved land use systems it is useful and necessary to develop
 

techniques to evaluate the productivity of land under alterna
imply
tive agroforestry systems, but it would be misleading to 


that returns to land are always the best indication of produc

tivity. The unit oJ ouc.,e:;o or failure in agrofoicotry i4 the 

the fi d. As with other forms of agriculturalenterprire, not 
production, the appropriate general criterion for evaluation of
 

Zimiting
agroforestry systems is maximiwm vcturne, to thc mo.et 

production factor,. Yield per hectare, or more sophisticated 

measures of returns to land, such as LER, will be the best index 

of productivity only in cases where land is the most limiting 

factor. 
a large number of productionIn point of fact, any one of 


inputs could be limiting. If agroforestry systems are to be
 

designed for adoptability under realistic production conditions,
 

researchers must be prepared to collect sufficient field data to
 

evaluate a range of important output/input ratios and diagnose
 

which production factors are typically limiting i a given land 

use system. The results of the diagnostic investigation would 

then provide a set of specifications for design of more 'field
 

hardy' agroforestry systems (see Steppler and Raintree, this
 

volume). 
The analytical procedures for going beyond purely physical
 

measures of productivity to compare diverse output/input ratios
 

in a common analytical framework and come to an overall assess

ment of net return are collectively known as 'budgeting' tech

niques. The literature contains several excellent discussions of 

budgeting techniques as applied to intercropping research (Hilde

brand, 1976; Norman and Palmer-Jones, 1977; Flinn, 1979) which 

are also applicable to agroforestry. As the name implies, the 

common thread is money. The reason for choosing money as the 

common unit of the analysis is that it affords a means to take 
inputs and outputs involved in a
account of the entire range of 

a figure for the net return or
production process and arrive at 


gross margin (GM) of the enterprise as a whole. It has been
 

argued against critics of a purely monetary analysis that market
 

value is the only available measure of output which meets all of 

the necessary criteria for evaluation of intercropping systems; 

namely, it is coimmon to all products, relatively easy to measure, 

capable of reflecting differences in product quality, and able to
 

for comparinq different cropping systems
 

(Hildobrand, 1976).
 
The conversion of all inputs and outputs into monetary equi

valents may prove difficult in many subsistence economies, but
 

serve as a means 

there are ways of arriving at reasonable estimates. The effort 

to overcome these problems would seem well justified in view of 

the value of budgeting techniques in providing a basis for com

parison ot existino practice against some theoretically 'optimal 

. The value of such a construction is not inproduction system' 


its 'truth value' or accuracy, 
 but in its utility as a baseline 
to
for comparison with actual production strategies in order 


from the theoretical optima or 'compromises'identify deviations 



281 BIOECONOMIC CONSIDERATIONS 


which are presumably necessitated by
 

more complex strategic factors in the local situation. In such
 

cases the use of budgeting techniques is one of several discovery
 

procedures for investigating complex nonmonetized economies.
 

(Collinson, pers. comm.) 


to major factors
Table 1. commonly used measures of returns 


of production. (After Flinn, 1979, and Norman and Palmer-


Jones, 1977.)
 

Method of calculation
Factor Specific return 


Land $ ha -
I Gross margin (GM) 

$ $ land - 1 (GM)/land rent 

Labour $ man-day -1  (GM + total labour cost)/ 
total man-day 

$ family labour 
man-day -1  

(GM + family labour cost)/ 
family labour 

$ man-day of peak (GM + labour cost in non
peak period)/total man
days in period 

Cash $ $ cost -1  (GM + variable costs)/ 
variable costs 

$ $ money cost 
-1  (GM + money costs)/money 

-1 costs 

$ $ cost constraint (GM/total cost) cost in 
period 

A checklist of various output/input ratios often found use

ful in evaluating returns to the major factors of production is
 

presented in Table 1. Of course, any specific input requirement
 

could become limiting in a given production situation, in which
 
under careful
case the returns to that input would have to come 


scrutiny. Hildebrand (1976) cites the examplne of farmers in
 

Columbia who are more concerned with yield per unit of seed than
 

per unit of land because seed, which can be eaten, sold, or
 

spoiled before planting time, is a much scarcer production fac

tor than land. In any case, the checklist can be expanded as
 

needed for biocconomic purposes in a manner analogous to the
 

preceding treatment of 'land' as a composite category implying
 

access to a whole set of plant growth factors (light, CO2, nu

trients, water) which can be disaggregated at will.
 

The decision criterion in budgeting is not essentially dif

ferent from what we have already discussed as the principle of
 

equimarginality. Generalizing to the multiproduct, multifactor
 

situation, we may restate the principle as follows: 	 the maximally 
the valuepnofitablc oombina ion of products, is achieved when 

productivity of the final incroment of the most limiting factor 

is iqual for all products. In practice the identification of 

this combination is usually accomplished with the aid of linear
 

programming.
 

LINEAR PROGRAMMING AS A PRACTICAL BIOECONOMIC DESIGN TOOL
 

If the budgeting technique is computerized and used 	to analyze
 



TabZe 2. Linear programming matrix for model of leucaena- rice alley cropping system
 
(based on data from Sierra Leone).
 

P R O D U C T I O N 
 A C T I V I T I E S CONSTRANTS
 
R Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
0 
w R 0 RF 

20 
RF 
40 

RF 
60 

RF 
80 

RF 
i00 

FB L RL 
20 

RL 
40 

RL 
60 

RL 
80 

RLEQ
100 LB RES 

1 GM 0 0 0 0 0 0 var a 0 0 0 0 0 0 varb varc 0 0 
w 2 Land 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 -1 2 

0 3 Family 
labour 220 225 225 225 225 225 0 24 220 220 220 220 220 -1 0 -1 170 var 

loired 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 120 
var 

30 5 Fert. 
N 

0 20 40 60 80 100 -1 0 0 0 0 0 0 0 0 0 0 

tw6 
N EQ 

C Leuc. 0 0 0 0 0 0 0 -347 20 40 60 80 100 0 0 0 0 

7 Rice -866 -1159 -1421 -1653 -1855 -2026 0 
 0 -1159 -1421 -1653 -1855 -2026 0 1 0 0
 
-1
R 0: rice production with zero nitrogen input ha .
 

RF 20 to RF 100: rice production with 20 to 100 kg ha-1 elemental nitrogen from mineral fertilizer sources.
 
FB : fertilizer buying activity (kg N). 
 L: leucaena growing activity (kg N-equivalent).

RL 20 tc RL 100: rice production with 20 to 100 kg ha- I elemental nitrogen equivalent from leucaena hedgerows.

LE : labour hiring activity (man-days). RS: rice selling activity (kg). EQ: equality. RES: resource.
 
a) Fertilizer prices (Leones kg-lN): ammonium sulphate 1.22(1972), 3.96(1980), 7.38(1990); urea 0.36(1972),


1.18(1980), 2.20(1990). b) Prices of hired farm labour (Leones man-day-1 ): 0.33(1972), 1.50(1980), 2.96(1990).

c) Farmgate prices of rice (Leones kg-lpaddy): 0.094(1972), 0.239(1980), 0.420(1990).
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a whole farm enterprise to identify the optimum 
combination of
 

resource constraints of
 crops to maximize profit under the given 


the enterprise, a typical example of a farm 
management applica

tion of linear programming (LP) is obtained. If in the modelling
 

to the biological details
 effort sufficient attention is given 


of cropping systems, and especially if a particular cropping
 

system is disaggregated to the component 
level and each component
 

a distinct production function, arid furthermore
 
is represented by 


is then made of transfer rows and equality 
constraints to
 

if use 

model interactions bctwecn components, then 

a biocconomic appli

cation of linear programming will be arrived at.
 

A bioeconomic dcign application of linear 
programming is
 

is such that
 
one in which the detail and structure of 

the model 


the LP optimizing procedure can be used to solve 
a critical
 

proportion of trees
 
design problem such as the optimum number or 


and understorey arable crops in an agroforestry 
association. An
 

example of such an application in agroforestry 
is the LP model
 

of an experimental leucaena- rice alley cropping system. Since
 

this work is described in some detail elsewhere (Raintree and
 

the results of the investigation will
 Turay, 1980; Turay, 1981), 


be summarized briefly before focusing on 
the design features of
 

the model.
 
Using production data representative of 

upland family rice
 

farms in Sierra Leone (Spencer, 1974) and representative nitrogen
 

response data from the Rokupr Rice Research 
Station (Anon., 1980)
 

investigate the relative profitability
 a model was developed to 

100 kg elemental
 

of various rice growing alternatives using 
0 to 

nitrogen ha
-1 (in 20 kg increments) from three different sources: 

urea, ammonium sulphate, and in situ leucaena hedgerows. Linear 
explore the 

regressions on farmgate price data were used 
to 


The LP matrix, and the main
the model rhrough time.
behaviour of 

shown in Tables 2 and 3, and Figure 4.
 results, are 


the maximum profit

TabZ ". Linear programm .,u solution for 


1980 and 1990 based on data from
the years 1972,
farm plan for 


Sierra Leone. (For key see Table 2.)
 

1990
1980
1972
Unit
Activity 


0.37
0.37
0.37
ha
L 
 1.28
1.28
1.28
ha
RL I00 
 120
 
LH man-days 120 120 


kg 2589 2589 2589
 
RS 


Resources
 
consumed
 

1.65
1.65
1.65
ha
Land 

Labour
 170
 

- family man-days 170 170 
120


hired man-days 120 120
 
- 409.16
210.59
51.63
Leones
Cash 


678.16
408.24
191.76
Net profit Leones 


The results indicate that under the conditions 
of small
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_.-.800,8RL (Leucaena) 

c 700
0
0
 600

a "X0- RF (Urea) 
u 400 

300- RO(No N) 

• 200 

0a100
0 0 - IIRF (Amm. sulph.) 

1972 1980 	 1990
 

Ti me
 

Fig. 4. 	 Profitability as a function of time (based on data
 
from Sierra Leonu).
 

holder production represented by the model, it is consistently
 
more profitable to grow rice with nitrogen from ieucaena hedge
rows than from either of the two mineral nLtlogen sources. In
 

the absence et substantial subsidies, the use of ammonium sul
phate is 	particularly uneconomic. If price trends continue,
 

lower priced urea will remain an economic alternative to rice
 

growing without nitrogen inputs for thu foreseeable future, but
 
it is uneconomic relative to the alley crc~pping alternative.
 

Part of the rise in GM with time (Figu-e 4) is an artefact of
 
inflation, but differences between the slopes of the curves
 

indicate that the rel.atie prcfitability of the alley cropping
 
alternative increases, rather tharn decreases, with time. An
 
additional set of runs to evaluate the effects of fei ilizer
 

subsidies indicated that subsidy levels of 97 anc' 99 per cent, 
respectively, would bL required to make urea and ammonium sul

phate cupetitive with leucaena as a source of nitrogen for 
sma]lholder rice production. 

The main design featur2 of this LP modei is the construc
tion of distinct production functions treating N-sources and N
sinks .s separate activities linked by transfer rows. This 
device required the LP optimization algorithm not only o select 
the profit maximizing coml-inations of production activities but 
also, in so doing, to solve for the optimum proportion of land 
allocated 'o ]eucaena and rice, respectively, in the maximum 

profit plan. Once this is known, and given the nedgerow design 

shown in Figure r it is a relatively simple matter to work out 

the field espacement pattern. 

The most striking fe,-ture of the optimum farm plan (Table 3) 
is it:; stability over time. The two components of the experi
mental leucaen - rice alley cropping system always combine in 
tho same economically optimal proportions of 0.37 ha (3,/00 

linear metres) of lucaena hedgerow to 1.28 ha of 1pland rice, 
,irown in the alleys between the hedgerows, for an op,.imum field 



-- -

----------------------

285 BIOECONOMIC CONSIDERATIONS 


im 

zone of shading
 

// I T 
Leucaena
5cm 


1 m 30cm rows 
5cm
 

zone of shading
 

Fig. 5. Leucaena hedgerow design
 

size of 1.65 ha. Figure 6 shows a sample section of the optimum
 
=
 

field pattern for a field measuring 100 x 165 m (field width 


hedgerow length). A series of additional runs with altered co

s indicated the remarkefficients for all of the major variabi 


able stability of the basic intercropping ratio. But note, how

ever, that the optimum proportion of the two components could be
 
1
 .


expected to change at nitrogen levels higher than 100 kg ha


that the available
This was not modelled for the simple reason 


data on rice response to nitrogen on representative Sierra Leone
 

soils did not go beyond the 100 kg ha
- 1 level, and it was con

sidered hazardous to extrapolate beyond the data base.
 

The second most striking feature of the optimum cropping
 

though the land resource was constrained to
 system is that, even 


3.35m Effective Rice Growing Area 

10m 

1 Alley for 

Leucaena Hedgerows Rice Crop 4.25 m 

. an t f s 

Fig. 6. Section of sample field pattern.
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a maximum of only 2 hectares in the model, not all of the avail

able land is used in the optimum farm plan. This is because
 

labour, rather than land, is the limiting constraint in the
 

typical family farm enterprise in Sierra Leone, as is the case
 

in most parts of Africa. This makes the overall result all the
 

more interesting, since the pivotal trade-off between the two
 

production systems is the cost of buying fertilizer in a bag
 

versus the cost in land and labour of growing your own. Land
 

must be taken out of rice production to grow the leucaena green
 

manure, but labour is the most limiting input. Even so, it still
 

pays 	to grow your own.
 
This is the kind of critical design information which is
 

not available without doing bioeconomic homework. Neither bio

logical nor economic methods are in themselves sufficient to the
 

task of developing appropriate agroforestry cropping systems.
 

When 	they are combined, however, in the form of a genuinely
 

interdisciplinary' biorconomic approach, research and development 
is then endowed with the necessary element of feedback to suc

cessfully track that most rare and elusive of goals, the 

genuinely adoptablc technology. 
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DISCUSSION
 

You have given us some examples of nitrogen problems.
LEYTON -

Have you had any experience of phosphorus deficiency?
 

if this was the case we could look to see if
RAINTREE - No, but 

a greater volume of the phosphate pool is tapped by the deep
 

roots of trees.
 

LOOMIS - It seems from your figures that even 20 to 30 kg of
 

product does not pay for one kg of fertilizer nitrogen. This is
 

an artificial situation with far too low a price paid to the
 

farmers. The limited wealth available is divided unevenly be

tween the farmer and the urban centre. We must not expand sys

tems which are essentially low in inputs and perpetuate poverty;
 

to do so would be socially irresponsible.
 

the hardest to solve. In the
 RAINTREE - Yes, social problems are 


years since the 'green revolution' per capita food supply has
 

so have the indices of hunger. There is a distribugone up out 

tion problem, not so much of the product but of the means of
 

involved in production does not
production. A peasant farmer not 


become involved in consumption! The challenge is to develop
 

technologies that are useful to che majority of small farmers.
 

BUDOWSKI - A main consideration in having timber trees on small

holdings is to possess what amounts to a bank with ready cash
 

can be called upon when needed. Another reason is to prothat 

vide a permanent and clear demarcation of boundaries. Eucalyptus
 

spp. in Peru are used to show farm boundaries and this offers
 

real security to the farmer in defining his property.
 

to max

imize the total yield of single crops. In general, the smaller
 

the holding the more diversified it is. Since increasing pres

sure on land is the general trend, we should follow the lead of
 

the smallholders and concentrate on developing diversified,
 

multipurpose agroforestry systems. On the input side, we should
 

try to develop ways to replace fertilizers. In the Sahel the
 

priority for farmers and herdsmen is to reduce risk. Misuse of
 

land increases risk. The development of agroforestry land use
 

systems can contribute to risk reduction.
 

von MAYDEL - For smallholders the first priority is not 


RAINTREE - The sustainobility of tree production is also a key
 

point, though I did not elaborate this. We are at an elementary
 

stage in the development of bioeconomics for agroforestry. We
 

now look at the current situations; later we will be able to
 

consider the problems over time.
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THE GLOBAL ENVIRONMENT MONITORING SYSTEM:
 

ITS VALUE FOR ANALYSIS AND
 

DEVELOPMENT OF AGROFORESTRY LAND USE SYSTEMS
 

H. CROZL and M.D. GWYNNE
 

Global Environment Monitoring System, Programme Activity
 

Centre, United Nations Environment Programme, Nairobi,
 

Kenya.
 

SCOPE AND ACTIVITIES
 

The Global Environment Monitoring System (GEMS) is a worldwide
 

collection of co-operative environment monitoring networks,
 

dedicated to the harmonization of data collection and analysis
 

methodologies. The main function of data generated by the net

work is to provide managers and plannerc with timely and compre

hensive assessments of environmental state and trends, in order
 

to incorporate such information into decision making. 

GEMS works through the United Nations' specialized agencies 

to carry out monitoring activities in order to make use of the 

existing expertise and infrastructure of such agencies as the 

Food and Agriculture Organization (FAC), the World Meteorological
 

Organization (WMO) , the World Health Organization (WHO), the 

United Nations Educational, Scientific and Cultural Organization 

(UNESCO) , and so on. Thus, the relatively modest GEMS Programme 

Activity Centre (PAC) within the United Nations Environment Pro

gramme (UNEP) can co-ordinate some two dozen projects in the gen

eral fields of pollution (health-related monitoring, and the
 

monitoring of transboundary tLansport of airborne pollutants),
 

ocean monitoring (now operationally within the UNEP Regional Seas
 

PAC), climate-related monitoring and, of special interest to
 

agroforesters, the monitoring of renewable natural resources.
 

The renewable natural. resource monitoring programme is
 

currently concerned with: development (with FAO and UNESCO) of a
 

soils degradation assessment methodology; promulgation, with FAO
 

and others, of ecological monitoring units throughout the world's
 

arid and semiarid rangelands; monitoring, with the International
 

Union for the Conservation of Nature and Natural Resources (IUCN)
 

of the status of threatened plant ar', animal species and their 

habitats; monitoring, with FAO, of tropical forest cover; and
 

assessment, again with FAO, of the world's forest resources.
 

The pilot project on the monitoring of tropical forest
 

cover was carried out in three West African countries: Benin,
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Cameroon and Togo. Using the GEMS 'three-tiered' approach, data
 

were gathered from the ground, from light aircraft and from
 

LANDSAT imagery. For each of the three countries, a composite
 

forest cover map was produced which delineated forest cover
 

whilst incorporating species composition, vegetation physiognomy,
 

and ecological 'background' factors such as rainfall, altitude,
 

and topography. The project also carried out a series of retro

spective analyses to estimate the current rates of change in
 

forest cover, using both conventional aerial photography and
 

LANDSAT imagery.
 

FOREST AND RANGELAND ASSESSMENT RELEVANT TO AGROFORESTRY 

The recently completed global assessment of tropical forest
 

resources has produced for the first time a comprehensive picture
 

of the state (Fig. 1) and trends (Figs 2a, 2b, 2c) in tropical
 

forests in 76 countries grouped by region: Africa, Latin America,
 

and Asia. The data in the assessment will be used as a baseline
 

from which to monitor trends and to produce updated assessment
 

statements at regular intervals, initially every five years. The
 

results suggest that although the global rate of deforestation
 

(approx. 0.6 per cent per year) is less than previously thought,
 

there are a number of countries which will be in serious trouble
 

by the end of this century.
 

LAND SURFACE OF THE EARTH
 

LAN SUFAE 7 CONTIES STUDIEDO TH 


foresrest
 

Slantbtans
Plrunatns 

Fig. 1. Global areas of tropical woody vegetation
 

(from LJNEP, 1982a). 



GEMS 	 293 

ANNUAL DEFORESTATION AREA DEFORESTED ANNUALLY, 1976-1980 
RATE (per cent) (thousands of hectares) 

200 400 600 800 1000 1200 14005.0 .0I3.0 I2.0 1.0 ~II I I I I I I I I I I I 
Central America 
Mexico
 
Nicaraqua 
Guatemala 

Costa Rica
 
Honouras
 
Panama
 
El Salvado 
 Closed broadleaved forests
 

Thousands Per 
Caribbean of hectares cent 

Belize Central America 729 19.2
 
Guyana Caribbean 23 0.6
 
Surinam South tropical
 

Dominican Republic . America 3055 80.2
 

Cuba Total 3807 100.0
 
Jamaica -4
 
Haiti 
Trinidad and Tobago
 
French Guyana4
 

South tropical
 
America 

Brazil
Coloub ia J 
Ecuador 

Peru 
Paragua
 
Venezuela 

Bolivia
 

Fig. 2a. 	 Deforestation of closed broadleaved forests by
 

countries in tropical America (from UNEP, 1982b).
 

Forest monitoring and assessment will be continued within
 

the GEMS activities along four specific lines.
 

* 	Extension of tropical forest cover monitoring to other
 

regions; Southeast Asia initially.
 

* 	Development of a standard global system of classification of 

woody vegetation. 

" 	Continuation of forest assessment to update and improve the
 

information collected during the first global assessment, and
 

to include oceanic islands and, eventually, temperate as well 

as tropical forests. 

* 	Development of a computerized global resource information
 

database which will incorporate forest data. 

It shou]d be emphasized that forest monitoring and assess

ment activities are closely related both in philosophy and oper

ations to rangeland monitoring. Data are gathered from the same
 

three tiers, but typically, in the monitoring of arid and semi
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arid lands, greater emphasis is put upon the aerial reconnais

sance component. Ecological monitoring of rangelands 
is of
 

least two points of view: on
 relevance to agroforestry from at 


the one hand it produces data on current land use and its eco

on the other, it provides primary data on
 logical constraints; 


state and trends of woody vegetation.
 

PROPOSED RELEVANT ENVIRONMENTAL ASSESSMENTS
 

next biennium it is planned to initiate two specific 
en-


In the 

are also relevant to
 vironmental assessments, both of which 


global loss of cropagroforestry. One is the assessment of the 


lands, and the other is the 
assessment of the causes and effects
 

of shifting cultivation.
 

:AREA DEFORESTED ANNUALLY, 1976-1980
ANNUAL DEFORESTATION RATE 

(thousands of hectares)
(per cent) 


Z0 6.0 5.0 4.0 3.0 2.0 1.0 200 400 600S t I I I I I I I 
West Africa
 

Ivory Coast _ 

Nigeria 
Liberia 

Closed broadleaved forests
Guinea 

Ghana
 
Benin Thousands 

of 
Per 

cent 
Guinea-Bissau hectares 
Sierra Leone 

Togo West Africa 724 54.9 

i Central Africa 330 25.1 

East Africa 264 20.0 

Total 1318 100.0 
Zaire 

United Republic of Cameroon 

Angola 
Congo 
Gabon 
Central African Republic 

Equatorial Guinea 

East Africa
 

Madagascar
 
Zambia
 
Kenya
 
Uganda
 
Mozambique
 
United Republic of Tanzania
 

Ethiopia
 
Sudan
 
Somalia
 
Rwanda
 
Burundi
 

No "IataMalawi 

Zimbabwe
 

Fig. 2b. 	 Deforestation of closed broadleaved forests by
 

countries in tropical Africa (from UNEP, 1982b).
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ANNUAL DEFORESTATION AREA DEFORESTED ANNUALLY, 1976-1980
 
RATE (per cent) (thousands of hectares)
 

5.0 4.0 3.0 2.0 1.0 200 400 600 

South Asia 

India
 
Nepal

Sri Lanka 	 [i 

Bangladesh
 
Bhutan
 
Pakistan
 

Southeast Asia
 

Indonesia
 
Thailand
 
Malaysia
 
Philippines
 
Burma Closed broadleaved forests
 
Brunei
 

Thousands Per 
of 

Centrally planned Asia hectares cent 
and Papua New Guinea 

Laos South Asia 247 14.0
 
Vietnam Southeast Asia 1304 73.8
 
Democratic Kampuchea--V- Centrally
 

Papua New Guinea planned Asia 195 11.0
 
Papua New
 
Guinea 21 1.2
 

Total 1767 100.0
 

Fig. 2c. 	 Deforestation of closed broadleaved forests by
 
countries in tropical Asia (from UNEP, 1982b).
 

There appears to be a need for more inventory and monitoring
 
activities in agroforestry in order to augment the existing
 
research effort. Agroforesters should consider quite carefully
 
the context of their operations and the scales at which effects
 
will be felt (see also Huxley, p.25 7). Research, by and large,
 
must be conducted on a somewhat restricted scale for logistical
 
reasons. Land use planning decisions, however, inevitably cover
 
large areas of land. There is a need for a modality by which
 
information is extended from points or small areas at which, for
 
example, research takes place, to large areas about which deci
sions are made. The GEMS renewable resource monitoring approach
 
provides such a mechanism.
 

REFERENCES
 

UNEP (1982a). GEMS PAC Tnformation Series No.3. UNEP, Nairobi,
 
Kenya.
 

UNEP (1982b). Tropical Forest Resource Assessment, Annex II.
 
UNEP, Nairobi, Kenya. 15 pp.
 



21
 

THE ICRAF RESEARCH STRATEGY IN RELATION TO
 

PLANT SCIENCE RESEARCH IN AGROFORESTRY*
 

H.A. STEPPLER and J.B. RAINTREE
 

International Council for Research in Agroforestry,
 

Nairobi, Kenya.
 

ICRAF has developed an institutional strategy
ABSTRACT. 

to filfil its international co-ordinating role Vio-.-Vis 

agroforestry and is now evolving, through research in 

tactical principles and a 	methoaology to
Kenya, a set of 


strategy. In order to guide agroforestry
implement that 

areresearch and development along lines that relevant to 

the needs of potential practitioners there is need for a 

diagnostic methodology to identify significant local 

problems and agroforestry potentials. While agroforestry 

systems are often location specific, the methodology for 

developing appropriate agroforestry systems is likely to 

be fairly general. This paper sets forth the main out

lines of ICRAF's evolving 	multidisciplinary methodology 

and 	explores its relationship to international plant
 

science research. 

INTRODUCTION
 

Council for Research in Agroforestry (ICRAF)The 	 International 
been charged in its charter with the responsibility 'tohas 

encourage and support. research and training relevant to agro

facilitate the colle:tion and dissemination of
forestry; to 

information relevant to such systems and to assist in the inter

national co-ordination of agroforestry development.' The goal is 

to promote improved agroforestry land use systems to enhance the 

social, economic and nutritional wellbeing of the people of the 

developing countries. 

a frtIaThe fo? '1-) 1> 

mandate is broad in scope 	 and explicit in respect
The 	 Council's 

* 	 Those interested in the developments and outputs relating to
 

since it was written (April, 1981)
the subject of this paper 

further information.
should write to ICRAF for 	 (Ed.)
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to its responsibilities, but it does not specify the strategy by
 

which the Council is to pursue its objectives. In developing its
 

institutional strategy ICRAF has had to deal with unique problems
 

not normally encountered by institutions oriented to more tradi

tional aspects of agricultural research. The methodologies of
 

crop breeding, animal nutrition research, or plant propagation
 

studies, for example, are well developed and documented. There
 

is also a vast body of data against which to compare one's
 

results. Such is not the case with agroforestry.
 

In agroforestry research one is faced with a multitude of
 

questions for which there are no ready answers. Thus, one finds
 

that:
 

" although many agroforestry practices are not new, existing 

agroforestry systems are not adequately and scientifically 

if at all - described; 
" a research methodology for the study of agroforestry systems 

and potentials has not been developed, particularly one with 

a diagnostic capability based on recognition of the inter

disciplinary nature of the problem; 
* 	likewise, there is as yet no satisfactory research and devel

opment methodology to generate and test new agroforestry
 

technologies.
 

The problems associated with these gaps in our knowledge are
 

complex and interrelated. As a result, there is some difficulty
 

in establishing research priorities in agroforestry.
 

The paradigm 

The situation mcy be summarized by saying that agroforestry is 

still essentially preparadigrntic. History tells us that no
 

science can develop in the absence of a paradigm: that explicitly
 

or implicitly shared set of taken-for-granted assumptions which
 

shapes scientific thinking, and which governs the course of
 

scientific development by defining, not only the nature and
 

scope of the subject and the methodologies considered legitimate
 

for its investigation, but also the nature of the questions
 

asked.
 
Paradigms may be powerful but they are never permanent.
 

Science progresses by a series of 'paradigm revolutions' follow

ed by periods of relative calm when research is directed to
 
'paradigm elaboration'. It is a normal consequence of such
 

research, however, that factual and theoretical anomalies are
 

inevitably generated which eventually signal the downfall of the
 

old paradigm and the rise of a new one.
 

This historical pattern (Kuhn, 1962) is clearly visible in
 

the emergence of agroforestry. World food, energy and environ

mental problems are such that it is no longer scientifically
 

prudent to ignore the conservation benefits and sustained yield
 

potentials of age-old agroforestry practices. The old paradigm,
 

which enforced a strict and rigid separation of agricultural and
 

forestry research, has broken down under the weight of accumu

lated anomaly. And agroforestry - the fledgling interdisciplin

ary science which has arisen recently to fill the gap created by
 

the time-honoured but artificial separation of agriculture and
 

forestry - is now in its early or preparadigm development stage.
 
The difficulties of working at this stage are great, but so also
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are the opportunities.
 

THE ICRAF RESEARCH STRATEGY
 

Developing methodology
 

In view of the historical context of ICRAF's mandate, the inter

national scope of its responsibilities, and the location specific
 

nature of most agroforestry technologies, the Council has deter

mined that it can best fulfil its mandate by concentrating its
 

efforts, not on the development of technology per se, but on the
 

development of methodologiec for the generation of appropriate
 

agroforestry technologies. The Council is seeking to implement
 

this strategy by developing a research programme of its own,
 

initially focused on sites in Kenya but eventually moving out to
 

other countries to test and further develop its methodological
 

approach. As it accumulates experience in agroforestry diagnosis
 
and research design, ICRAF envisions that its mode of operation
 

will shift increasingly toward that of a consultative role in
 
the design and monitoring of national agroforestry research and
 
development programmes.
 

Since it is impossible to develop a methodology for doing
 

something without actually doing it, ICRAF's methodology devel

opment efforts will inevitably result in the generation of a
 

number of location specific agroforestry technologies, but this
 

should not obscure the Council's methodological research focus.
 

The strategy for this research follows from an analysis of the
 

nature of agroforestry.
 
Agroforestry is both a system of land use which lends envi

ronmental stability to an area, and a system for the production
 

of food and tree products essential to the wellbeing of the
 

people of developing countries. Agroforestry combines elements
 
of agriculture, be they crops or animals, with elements of
 

forestry in sustainable production systems. Agroforestry is the 
new name given to the old practice, followed by many farmers fcr
 

generations, of mixing or retaining trees in their crop/animal
 
production fields.
 

The ayS, tormnapproach 

The key word in all this is jye tems. In agroforestry we are not
 

dealing with clear-cut commodities or components, but with
 

interacting combinations of these. In a sense, the 'commodity'
 

in agroforestry is a complete land use system and, as such, will
 
vary from area to area, from culture to culture, from national
 

goal to national goal and, even within a seemingly homogeneous
 
farming system, will show variation from farm to farm. A single
 
system will be composed of subsystems which may be defined,
 

depending on the purposes of the analysis, in Eerms of output
 

classes, the farmer's objectives, or even single commodity com
ponents; but permeating the logic of all such analysis is the
 

concept of systems. Hence, the ineluctabli need for ICRAF to
 

adopt, as the basis of its research strategy, the 'systems
 
approach'.
 

The diagnosis
 

The systems approach implies, first, that one does not engage in
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piecemeal consideration of problems and, second, that there is
 
an analytical rather than merely intuitive approach to land use
 
systems. ICRAF's strategy is to develop that analytical approach
 
- the diagnostic methodology - which enables one to analyze 
the state of the system, to identify the critical subsystems,
 
and to determine the prohlems or operative constraints as well
 
as the potentials for improvement of system performance. From
 
the diagnosis will then flow the capability to identify existing
 
agroforestry technologies which are appropriate to system needs,
 
and alsu the capability to define the research and development
 
problems which must be solved in order to generate new agrofor
estry technologies which possess the specific capacities
 
required in order tc improve system performance. In this way
 
ICRAF aims to target agroforestry research and development to
 
real world problems and conditions.
 

The basic logic of ICRAF's research programme is dictated
 
by the cycle of development depicted in Figure 1. Each phase in
 
the cycle embraces a series of researcn activities. Each situa
tion to which the cycle is applied will require a different mix
 
of the particuldir activities in order to co:iplete the cycle. The
 
cycle takes its starting point from the inescapable conclusion
 
that the procsss of developing a solution to a problem begins
 

PHASE I
 

N
 

Deductive
 
Diagnosis of research 

new or existing 
system/situation 

PHASE 
HS 

Synthesis
of 

CYCLE
OF 

Identification 
of constraints 

PHASE 
PA 

IV I 
new systems DEVELOPMENT and potentials 

Identification
 

of existing
 
technology for
 
immediate use 

Inductive
 
research
 

Design and conduct
 
of research to
 
develop new
 
technology
 

PHASE III 

Fig. 1. The cycle of technology development.
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with the capacity to analyze the problem situation, in this case
 

the land use system in which agroforestry technology is deemed
 

to have a role. The diagnosis of existing land use systems is
 

aimed at discovering the agroforestry-related constraints and
 

potentials. This is the deductive, analytical, or diagnostic
 

part of the technology development cycle.
 

One of the main conclusions to come out of the agricultural
 

development research of the past decade or so is that the condi

tions under which the majority of farmers operate often bear
 

little resemblance to those on agricultural research stations.
 

With the consequence that, unless a special effort is made to
 

take account of these conditions, the resulting technology is
 

often inappropriate for the majority of farmers. In order to
 

identify the full set of operant constraints and potentials
 

which govern decision making with regard to land use practices
 

in a given area, ICRAF has determined that the multidisciplinary
 

expertise of a team of biological and social scientists will be
 

required to diagnose factors ranging from climatic constraints
 

to cultural values.
 

One important outcome of the first phase of the land use
 

system diagnosis will be the identification of land use subsys

tems. In this effort, ICRAF is developing a 'basic needs' ap

proach to the identification of production subsystems in terms
 

of output categories which answer the universal human need for
 

food, energy, shelter, cash and community integration. It insures
 

that what is analyzed will be highly relevant to people's needs.
 

How it is analyzed in the second phase of the diagnostic
 

research is also a subject of intense methodological interest at
 

ICRAF. Agroforestry, by definition, is equally concerned with
 

both production and conservation. In this respect it differs
 

from most other branches of plant science, in which conservation
 

aspects of production systems are frequently of secondary, if
 

any, concern. This difference in purpose requires a difference
 

in methodology. ICRAF is now exploring analytical techniques to
 

diagnose the performance of basic output subsystems in terms of
 

both their productivity and their sustainability, thus encompas

sing both aspects of its diagnostic objective.
 

Design
 

The final output of the diagnostic part of the cycle will be a
 

set of general design specifications for agroforestry technolo

gies in terms of functional or end use requirements. These then
 

become the primary input for the inductive, synthetic or research
 

and development (R & D) part of the cycle of agroforestry devel

opment.
 
Two courses of action are possile in the first part of the
 

R & D cycle (Phase III). One is to identify existing agroforestry
 

technologies that are generally appropriate to local needs and
 

that can be used directly to bring about an improvement in the
 

immediate situation. The other course is to develop an R & D
 

programme to generate new technology which is specially designed
 

to meet the diagnostic specifications. These two courses of
 

acticn are not mutually exclusive. In fact, the most likely
 

situation will be that in which a temporary improvement is
 

gained by using existing technology while new technology is
 

being developed. The cycle of development is a continuous,
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iterative process. One seeks the best technology 
but settles for
 

a better one, hoping to continuously improve 
it.
 

Phase IV in the cycle of development encompasses 
the re

a new land use system which insearch necessary to synthesize 


corporates the new agroforestry technology into 
the existing
 

pattern of land use in a manner consistent with 
local and
 

regional production purposes and constraints. 
Finally, the pro

cess comes full circle with a new round of 
diagnostic research
 

in 	order to identify the set of constraints 
and potentials now
 

operating, and which must be addressed by a 
new round of R & D
 

system is to be further optimized. The four
 activities if the 


phases of the cycle of technology development 
define the scope
 

of ICRAF'S research programme. Each phase embraces 
a series of
 

research activities. Each situation in which the 
cycle is applied
 

will require a different mix of the particular 
activities to
 

complete the cycle. An interdisciplinary approach 
is essential
 

throughout.
 

IMPLEMENTING THE STRATEGY
 

The two-fold methodological objective of the 
ICRAF research
 

strategy will be approached through two distinct 
but complemen

tary research activities.
 

" 	The development of the diagnostic capability for the identi

fication of agroforestry needs and potentials. 
This will be
 

done through field investigations of existing 
smallholder
 

land use systems; initially restricted to Kenya but later
 

sites in other countries.
extended to 


The development of R & D methodologies; such research activ" 

ities will be carried out at the ICRAF Machakos field station
 

in Kenya, and elsewhere.
 

Generally speaking, the results of the diagnostic 
research will
 

identify the priority problems for field station research.
 

Experimental research on the station, in turn, 
will help develop
 

biological indicators and measurement techniques 
to sharpen the
 

diagnostic capability.
 

Methodology verC C5 techniology generation 

It should be emphasized again that, although 
a number of techno

logical spin-offs will inevitably result from ICRAF's research,
 

the primary objective is to develop methodology. 
This does not
 

that ICRAF is not interested in agroforestry technology 
per
 

mean 
 the
 
f;c,but rather that the Council feels that 

it can best serve 


international development of agroforestry by 
concentrating its
 

resources on methodology development. ICRAF 
will, certainly,
 

international
that appropriate national or
endeavour to ensure 


institutions pursue the generation of technology 
by using
 

effective methodologies. And that through such 
institutions
 

technology will be tested on farmers' fields.
 

This points to another important feature of ICRAF's role,
 

namely its complementary relationship to national 
and inter

national institutions. It might be useful to briefly 
explore
 

ot',er aspects of this relationship.
 

ICRAF's approach to a diagnostic situation 
makes the
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assumption that the national agencies responsible for that
 
sector have the capability to do everything that is required of
 
them to support the diagnostic activity and implement its recom
mendations. The diagnosis would not only analyze the situation
 
but would also test this assumption. Those areas in need of
 
strengthening would become known and external sources of assist
ance identified. One obvious agency for general research assist
ance would be the International Service for National Agricul
tural Research (ISNAR), while training in some specialized areas
 
for commodity development might be found at other International
 
Agricultural Research Centres, or at ICRAF.
 

Interacting with other research organizations
 

The diagnostic project would further serve to highlight two
 
additional needs. One of these would be the need for specialized
 
research methodology. For example, the diagnosis of several
 
zones may indicate that one component requirement is a maize
 
cultivar that will perform well under reduced light. This could
 
require modifications in breeding methodology, selection cri
teria, and so on. Such a methodology could be developed better
 
by an International Agricultural Research Centre such as the
 
Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT) or
 
the International Institute of Tropical Agriculture (IITA) than
 
by ICRAF. ICRAF would bring such a need to the attention of the
 
appropriate centre and work together with its scientists in
 
developing the methodology. The second need would be that of
 
the required germplasm itself. Again, ICRAF would be in a posi
tion to draw this need to the attention of the appropriate
 
Research Centre and urge its breeders to begin screening their
 
germ plasm in anticipation of the demand from national agencies.
 

PRIORITY ASPECTS OF PLANT SCIENCE RESEARCH
 

It would be tedious to attempt an enumeration of all the many
 
aspects of plant science research that are relevant to ICRAF's
 
research strategy and the needs of agroforestry. It might be
 
useful, however, to highlight a few research areas which are
 
considered of outstanding importance.
 

For purposes of diagnosing land use problems and potentials
 
ICRAF is concerned with identifying indicators of present states
 
and long-term trends in land use systems. To apply the medical
 
metaphor implicit in the idea of diagnostic research, what is
 
needed is to identify the 'critical diagnostic variables' and
 
associated measurement techniques which enable one to ascertain
 
the 'health' status of the land use system. That is, the eco
sys3temic analogues of temperature, pulse rate, blood pressure,
 
and so on. This implies a knowledge of land use 'symptomatology'
 
which can only be developed with the aid of extensive biological
 
and bioeconomic mnodrling toohniques, another area of crucial
 
research interest at ICRAF.
 

Needless to say, not all land use problems are amenable to
 
an agroforestry solution. In recognition of this, ICRAF will
 
endeavour to play the role of the 'honest broker' and to iden
tify which of the three - agriculture, forestry or agroforestry
 
- represents the best general land use system for an area.
 
Nevertheless, ICRAF will tend to concentrate primarily on
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developing reliable rapid assessment indicators for agroforestry
 

type land use problems.
 
On the R & D side, and particularly in the generation 

of
 

new technology, the understanding of plant- tree- animal inter

is hopeful of optimizing the producactions is critical if one 


tion and conservation benefits under the prevailing 
ecological
 

and enterprise constraints in the target area. The challenge 
is
 

not only to bring all available talents and disciplines 
to bear
 

on elaborating the nature of these interactions but, 
equally im

their
 
portant, to devise research methodologies appropriate 

to 


further study.
 
One final area of priority research lies neither wholly 

on
 

the diagnostic nor the R & D side of ICRAF's research 
interests
 

in fact, forms a kind of bridge between them. This is the

but, 

area of research leading to the identification of ideotypes and
 

screening techniques for agroforestry plant materials. 
Plant
 

materials selected for inclusion in viable agroforestry 
inter

cropping systems must somehow satisfy two distinct sets 
of
 

requirements.
 

" The interactional requirements of the managed biological sys

their iimediate environment.
tems which com!'rise 

" The functional end use requirements and suitability criteria
 

of the larger socioeconomic and geographical systems in which
 

they are embedded.
 

There is ro such thing as a 'halfway appropriate' 
agroforestry
 

define the particular set of biological
component. The effort to 


features which makes a particular agroforestry component 
or com

context of its total management
bination appropriate in the 


environment typifies, perhaps better than any other single 
re

agroforestry land use sys
search activity, ICRAF's approach to 


tems.
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DISCUSSION
 

CROZE - The development of indicators which you mention in your
 

are two ways to develop

paper requires a large investment. There 


indicators: a) from a knowledge of system causality, and b) from
 
the basis of a
correlations established between variables on 


large data base. The first is the most demanding, but both
 

require a large investment of resources.
 

the reasons we have chosen the Macha-
STEPPLER - That is one of 

to develop our diagnostic methodology. The existing
kos area 


use it to idendata base on this area is excellent. We hope to 


critical for diagnosis of agroforestry contify what data are 

to develop methods
straints and potentials. We will then have 


areas where they are not available.
for collecting these data in 


- It is one thing to diagnose problems, but how do you
CANNELL 

identify agroforestry potentials in a healthy system? The
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complexities of this kind of activity will require a multidis

cipl inary approach. 

STEPPLER - The medical metaphor does not really apply to the
 

case of healthy systems. It would not be easy, and it will take
 

time, to develop the methodology to diagnose healthy systems. We
 

agree that a multidisciplinary approach is necessary.
 

BRUNIG - I was involved in the meetings which took place at
 

Reading University before ICRAF was established and I am pleased
 

to see ICRAF developing this systems approach. The emphasis on
 

analysing the context of the problem is similar to that of the
 

Man and Biosphere Programme. There is a possibility here for
 

future collaboration. ICRAF's diagnostic objectives can be
 

achieved by means of instruments now being developed by other
 

groups, for example by Jeffers in the UK. There are many types
 

of systems applications which can help you solve problems
 

quickly. ln agroforestry you can use a systems approach and
 

simulation modelling to analyse the problem and preselect pos

sible solutions for testing.
 

STEPPLER - ICRAF will be using modelling techniques, but how far
 

do we go into modelling? To become preoccupied with developing
 

models will be to the detriment of our overall programme.
 

BRUNIG - ICRAF's role should be to identify collaborators spe

cialized in modelling to work with.
 

OLDEMAN - I agree with Dr Brunig's comment in favour of the 

approach ICRAF is taking. I disagree with the statement you 

sometimes hear about agroforestry that 'We Pnow the basics, it 

is just a matter of filling in the details'. Just because we
 

know how to build a canoe does not mean we 
know how to build a
 

in
transoceanic liner. A similar kind of diagnostic approach 


Tunesia by Wageningen students has predicted a crisis in ten 

years, but what can be done now? The indigenous people do not 

see that there is anything wrong with their land use. How do you 

communic'ite with them about these things? It is important to 

place sufficient emphasis in your diagnosis procedures on the 

socio-eccnomic questions.
 

STEPPLER - That is why ICRAF views a multidisciplinary team as 

absolutrly necessary. The social side of agroforestry is very
 

important.
 

OLDEMAN - I am concerned about predicting the specific kind of 

crisis that can be expected to occur in any particular system. 

What is ICRAF's role in this connection? Will you try to diag

nose specific future problems? 

STEPPLER - The majority of ICRAF's research is now 'focused' and 

attempting to address present problems. I cannot say how good
 

our ability to diagnose future problems will be, but we recog

nize the need to try and develop a predictive capability.
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ABSTRACT. Agroforestry involves the cultivation on the
 

(or sometimes
land of herbaceous and tree 


shrub and tree) species. One component of the 
system is
 

(often grown
 

same unit of 


usually fully domesticated, while the other 


or pulpwood) is frequently
for fcrage, shade, fuelwood 

wild state. Guidelines for im

little changed from the 

provement of the latter component may be sought from the 

domesticated
changes which have taken place in the fully 

Attributes of successful 
crops (including forest trees) . 

of propagules, easy germina
crops include a ready supply 

in as short a 
tion and est ab] i shment, reliable yields 

handling and processing.period a; ps;ie, and easy The 

st rat eqies of herbaceous and woody
diffesrent idapt i 

as regards the components of 
wild speci,s, part icularly 


ar, reflected 
 in the success with 
their genet ic sytt ris, 

a apt to, an) can be improved under, cultiva
which the y 

ilso influence strategies for col
tion. Breeding systems 

lecting wild rmterial for future improvement of crop spe

agroforestry is too 
cies for agroforestry. Large-scale 

new a development for significant studies to have been 

of the various components, but 
made on the co-adaptat ion 

on soilfor investigation include effects 
potent ial areasi 

and diseases.,ol mation biology, and pestscomposition, 

INTRODUCT I ON 
cf associa-

The term agrtoftret0 ry currently covers a wide range 
and woody) plants

tions of he rhact ous and woedy (or even woody 
Some of these 

grown t ogpthe r under nian-managod conditions. 
envi rorment of one component:

attempt to ,;ijwolate t he natural 
which occur naturally as 

for exampl cef ,ee and cacao, hoth of 
cultivatedIn tropical rainforest, are often 

underst-orti-y t ie!; 
agro forestry systems combine cropr from 

under shade t its. Other 
Trials of 'Desiree' potatoes under 

very dissqimilar environmnts. 

in eastern Poru h) inq t:ogether a North European
coconUt palm:, 
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cultivar of a highland South American crop and a palm from the
 
strand zone of the Pacific islands, in an environment where the
 
natural vegetation is lowland rainforest. Sometimes the peren

nial crop is the economically important one, as in rubber plan
tations undersown with leguminous fodder or cover crops. In
 
other instances, the herbaceous component is valued more, as in
 
most combinations of annual iood crops with tree legumes such as
 
Leuoacna or Aoa,,a for fodder or fuel. The different components 
may yield simultaneously, as in cacao plantations shaded by
 
coconuts, or successively, as in the taungya system whereby for
estry plantations are intercropped with annual or short-duration
 
food crops while the trees are becoming established. Agroforestry
 
may also refer to the system of agriculture practised rather than
 
to the actual crops grown. In this context, it has been used to
 
cover the spectrum from primitive shifting cultivation to mixed
 
croppinc in plantation agriculture.
 

Since such diverse associations of plants, and such differ
ent types of systems are iniluded under the one term, it is not 
easy to formulate valid generalizations about evolutionary as
pects of agroforestry systems. However, agroforestry, like both 
agriculture and forestry, involves a reduction in genetic diver
sity. Rigorous selection of the parents that contribute progeny 
to the next generation, establishment of crop populations from 
small samples of wild plants, and an inevitable element of in
breeding all erode ariability and produce a genetic structure 
in the man-managed populations different from that in conspeci
fic wild populations. These genetic changes are in fact the 
first stages in domestication, and a further characteristic of 
many agroforestry systems is that a fully domesticated crop 
(usually the herbaceous component) is combined with a crop which 
is only at the stage of incipient domestication (usually the 
tree component, although many tropical forage and ground cover 
crops are not fully domesticated either). Agroforestry also, and 
increasingly, involves cultivation of crops for purposes which 
were previously met by exploitation of natural vegetation. Vari
ous species are under trial as fuel-, timber, pulpwood or cover 
crops, and these are still only a generation or so removed from 
the wild. 

Some basic concerns of agroforestry are therefore, first,
 
to predict which species will prove amenable to cultivation; 
second, to identify and incorporate in the cultivated popula
tions the most desirable of the variants present in the wile; 
third, to improve by breeding and selection the comparatively 
undomesticated compoonents in the system. Evolutionary changes 
which have occurred in the fully domesticated crops may offer 
useful guidelines on changes which should be sought, or induced, 
in the newer and less domesticated crops. The effects of mixed 
cropping on reproductive biology and on the build-up of pests 
and diseases in the crops concerned, together with other aspects 
of co-adaptation, also deserve consideration. 

A'T'fRIBUTES OF SUCCESSFUL CROP PLANTS 

The ideal crop plant is one which establishes readily; produces 
economic returns as soon as possible; yields reliably despite 
year-to-year fluctuations in climate; yields at levels that are 



311 EVOLUTIONARY ASPECTS 


both profitable in themselves and competitive with other spe

cies; is reasonably uniform both in the field and in terms of
 

its product; is easily handled and/or processed; and can be
 

grown in different regions.
 

Supply of propagules 

The first essential in the establishment of a crop is a readily
 

available supply of high quality propagules. Many herbaceous
 

crops are derived from wild annuals which are colonizing species
 

and produce abundant seed every year. Examples include wheat,
 

barley, sunflower, lentil and many cucurbits. Since many of
 

these crops are also cultivated for their seeds or fruits, seed
 

for propagation is always available.
 
Perennial species in stable, closed communities are not
 

regular annual seed crops to maintain population
dependent on 

size and may produce heavy seed crops at regular or irregular
 

no seed production in the intervening
intervals with little or 

years (mast fruiting, biennial bearing, monocarpy, and related
 

phenomena). Shortages of seed have periodically limited the cul

tivation of Eucalyptur coitriodora (National Academy of Sciences,
 

1980); 
and the perennial groundnut (Arachi., glabrata), under 

trial as a fodder and cover crop in various parts of the tropics
 

(National Acadeny of Sciences, 1979), often does not produce
 

seed so it must be propagated vegetatively.
 

Populations established from seed are usually more variable
 

than populations of vegetatively cloned plants. Outbreeding spe

cies are more heterozygous and their populations contain more
 

diverse and different genotypes than inbreeders, but even in in

breeders, seed-established populations are likely to be derived
 

from more than one parent and contain significant heterogeneity.
 

Seed-propagated crops thus have a capacity to respond to natural
 

or human selection which is lacking in vegetatively propagated
 

crops. Progress in breeding sexually sterile crops, such as yams,
 

therefore involves first restoring seed fertility followed by
 

conventional programmes of crossing and selection (Sadik and 
Okereke, 1975).
 

Outcrossing plants will not breed true from seed, so
 

superior genotypes are lost by recombination unless they can be
 

multiplied clonally. This is often worthwhile in perennial crops,
 

where heterogeneous stands established from seed may have signi
every individficantly lower yields than clonal stands in which 

ual has the same high-yielding genotype. Yields of rubber in 

Malaysia approximatcely doubled when plantations were established 

from budwood of se] Icted trees rather than from unselected seed

may also facilings (Purseglove, 1968). Replication by cloning 


litate distinction between genetic and environmental effects in
 

yield trials of woody species (Longman, 1976), and the product
 

is more uniform than when seed propagation is used. This uni

formity has proved very advantageous in tea and certain other
 

perennial crops. 

An ideal crop plant thus has the capacity for both sexual 
tissue culture,and asexual reproduction. Improved techniques of 


manipulation of breeding systems, use of hormones to root cut

tings an(d other technical advances are conferring this facility
 

the wild never possessed such versatility.
on species which in 
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Germination
 

Difficulty in germinating seed is a barrier to successful cul
tivation of some species, particularl.y tropical timber trees.
 

Sometimes this is due to ignorance of germination requirements,
 
for example species of open habitats such as Eoalyptus micl'o

theca may require light for germination (National Academy of 
Sciences, 1980) . Wild species often have dormant seeds, which do 
not germinate until conditions are favourabie and then germinate 

irregularly, which prevents the entire crop of seedlings being 
destroyed by a single catastrophe. Man, on the other hand, 
requires crop seeds to germinate rapidly and uniformly, to pro
duce a dense stand which will keep down weeds and in which the 
plants are all the same age and so can he harvested together. 
Many crop plants have, therefore, lost the seed dormancy charac
teristics of their wild progenitors; for example, cereals
 

(Harlan a[., 1973) and grain legumes (Smartt, 1979). Many 
trees suitable for agroforestry still have dormant seeds, and 

this dormancy has to be broken by mechanical scar if icat ion, 
chilling or treatment with boiling water or concentrated acid 
(see National Academy of Sciences, 1980, for examples). 

Complete absence of dornany may be disadvantageous if crop 
seeds sprout before harvest, thereby reducing seed yield and 
seed quality. Iack of dormancy may also be associated with a 
short period of seeod viab ility. /'.J*espp. are often used as 
shade crops for (offe and cacao and are established from seed. 
However, the seea lacks a testa and it soon loses viability, 
especially if dried. Cacao seed is notorious for its short via
bility, which may ho lost in the few days necessary for trans

port., cutonms clearance and delivory (Goldbach, 1980) , seriously 
hampering d i s om nat ion af this crop. Although selection by man 
may eliminate dorm.ncy ill domesticates, it has not so far been 
possible to so fctfar dormancy in species wheto seed daormancy 
is absent 

Most crops are sown on cleared ground, so their seedlings com
pete with one another rather tnan with previously established 
vegetation. Large seeds often produce more vigorous seedlings, 

which can eme rge from deeper planting, than smaller seeds (Har
lan ,'. z. , 1973) . Largc seeds have been favoured (luring domes

tication of many crops grown for their seeds, although the 
effects oi crop i.stablishm(,nt have boon unconscious by-products 
Of select ion far increased yi, ld. 

Some cl-aps depold on assoimations with micro-organisms for 
successful :stabl ishnt , al early growth. Cotait cultivated 
legumes, for oxtmple olz:', ,': ,, .rd Vi/s:, slodulate 
reasonably 4fect ivoly with a wide range of straints of fbh:'hinrn. 
Others, for e-xamph, , ," nodulate wit h a very restricted 
range of :;raoio, tothat inocu)at.ion of the seed may be neces

sary to ,nsur. effe.ct iv, noduilt ion, OspIcially when the crop is 
introduced to new arMa (Dat(. and la,) 1 iday, 19f'O) . A !suc; 
ot' ';,7ia,a non-I (gutni nauis n it rogon fixer grown for fuelwood, 
timbDer aind s(11 i]mproVtIllnt , reqtire:; inoculat. ion of soil with 
the appropriate A' lSH',',' spe-cies if Ali;w has not been 

grown previously (National Academy of Sciences, 1980). 
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(VA) mycorrhizas in the

The role of vesicular-arbuscular 


mineral nutrition of plants has only recently become 
clear
 

(Mosse, 1973). According to Janos (1980), pioneer species (which
 

include many recently advocated for cultivation 
for fuelwood,
 

pulp and paper) are often non-mycorrhizal, 
their 
ability to
 

start growth without: infection giving them a competitive advan

tage in their shut-lived ecological niche. Species 
of disturbed
 

and various Caesalpini
or nutrient-poor habitats, 	 such as ['inns 

oideae, are often ectomycorrhizal, while lowland 
tropical trees
 

fungi involved in VA

mostly obligate myco),rophs. Since the 

short viability, Janos (1980)
are 
associations 	 produce f6W spores, of 

could divert 	 succession by
suggests that ectomycorrhizal species 

so much
decrea;ing spore populations of the VA mycorrhizal fungi 

might be unable to re-estabspecies 
of non-VA plants might likewise pre

that ciaracteristic forest 


lish. C -mtinued cultivation 


clude later cultivation of VA species on that same piece of land.
 

Selection tider domestication has converted some perennial seed
 

and fruit craps to annuals. Returns are produced in the first
 

season of low temperature
crop 1 ms;e;O the unfavourableyear, the 
and diseasescarry-over of pests

or low ra infaIl ,as seed, and the 

evolved in response to the shorter


is reduced. Annual cottons, 

s asne of hi gh latitudes, have therefore: displaced per
growing 


cot t-ns, evon in low 1atitudes. Seoction for improved

enn iaI 


the amount of vegetative material
harve:st index maoy lso reduce 

t ime, to onset of the reproductive phase.
produ cd, and heic( th 

cherry are 
New cultivars; of temperate 	 fruit.l; such as apple and 


a dwarf habit, crop heia v'ily at an
 
being deviloped whirAh have 


a short productive 1 ife) and can

early,ge' (and thu: haw 


to) rat lilnt ing t. high plant populations.
, sq 

Wher. veget.lt ive parts areIharvezsted select:ion under domes

of flowering. Wild beet becomes
ticat ion may delay the onset 

fi st sea son; domiiiest icated beet behaves ai a 
reproduct iv ii it.:: 

biennial , producing a Ilrjo harveastable root in the first favour

able se.ason and f]iwe r ng, after vernalisation during winter, in 

cult ivars of cassaa branch less freely
the second. Improve'd 

Sinci cassava branches when inflorescences
than primit iye typ-s. 


this i!s, in effect, selection against flowering

are iti.ated 


root yielc. and quality
(Jeunings, 1976), althbough 	the effects on 


are not tepor	ted.
 
wl)dy crops rapid growthi rates are desirable in


Amongst: 
;oil constrvvtion, or coppicing forspecies grown for shade, 


ifteTni
fuel . A caorlIaory if rapid 	growth i:; lack of strength and/ 

in t h wotd producisi , and e!speciall Iy fast growing 
or dens ity 

, which occupy a weedy niche ;s,..':i and .'-


the like, itny be suitable

trees, su 1ch 


wild plant::; in forest clearings and
as 

or fuel. Ashton (1976) therefore

only for chiphoaril, pulping 

sugges ; t halt the lllt at.tractive calnd idates for commerical cul

ar- neither ltmepioneers nor tile slow gro
tivation for tiill rbm 

but those of intermediate 
wing, 1ight-intolerant climax specites 

.;tages which will tolerate bright light and which 
successional 

produce reasonably hard, dense wood. 
grow relatively rapidly but 
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Ease of handling or processing
 

Foliage and seeds of many plants are vulnerable to attack by
 
herbivorous predators, particularly insects. Thus, wild plants
 
have evolved various forms of mechanical or chemical protection,
 
but this process is often reversed under domestication when man
 
selects crops for improved palatability to himself or to his
 
domestic animals, or for easier handling. Wild lettuces are
 
prickly, whereas the domesticates have smooth leaves. On the
 
other hand, spininess is retained in safflower grown for seed
 
under traditional cultivation in Turkey and India because the
 
spines deter birds from taking the seeds (Knowles, 1969).
 
Leucacna is a valuable forage for cattle in the dry tropics, but
 
the foliage contains mimosine, which makes the hair of horses
 
and pigs fall out and is toxic even to ruminants if fed alone
 
for too long. Low-mimosine strains have, however, now been
 
selected (National Academy of Sciences, 1979). Gossypol-free
 
cotton was developed so that flour from the seeds could be used
 
as a protein supplement for man and other non-ruminant animals,
 
but glandless cottons suffer far more insect damage in the field
 
than normal, glanded types. By selecting for increased palata
bility in his crops man has, therefore, often inadvertently
 
selected for increased vulnerability to pests and, consequently,
 
a greater need for crop protection activities.
 

Janzen (1969) distinguishes two strategies which plants can
 
adapt to evade seed predation: production of numerous small
 
seeds, some of which escape predation; or production of a few
 
large seeds in which the metabolic cost of chemical protection
 
is justified because each seed represents a significant amount
 
of the total effort invested in reproduction. Large-seeded spe

cies are more likely to have been selected for cultivation by
 

man in the early stages of the development of agriculture, and 
to have persisted in cultivation thereafter. Many cultivated 
pulses have large seeds and are notorious for containing toxins 
and antimetabolites (cyanogenic glycosides, trypsin inhibitors, 

non-protein amino acids, phytohaemagglutinins, and so on) . Most 
of these are removed by prolonged cooking, but this may become 

increasingly less desirable as fuelwood becomes limiting in many 

parts of the tropics. Although these pulses have been domesti
cated for thousands of years, there is obviously still scope for 
further improvement in processing, palatability and nutritional
 

qualities.
 

Some crops have recently been losing ground because they 

require elaborate processing. (iw pud:nn cjisoa contains sapo
nins in its seeds, which have to be leached out by repeated 

w-shings. For this and other reasons the crop is being increas
ingly supplanted by barley in the Andes. The Andean lupin, 

Lupt'nu; utabiNi;, needs similar, elaborate processing to remove 
alkaloids from the seeds, and is giving way to the introduced
 

Vicia aba. 

lirecdn?1C, ,7st 


The genetic systems of plant species represent- a balance between
 

ecological 'flexibility' and 'fitness'. That is, between factors
 
favouring recombination, which generates variability, and fac
tors restricting recombination, which conserves particular
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genotypes (Stebbins, 1950; Grant, 1958). In short-lived colo

nizing species, the brief generation time and large numbers of
 

progeny favour recombination, but these are often offset by
 

self-pollination, which increases homozygosity and restricts
 

opportunities for recombination. Chromosome numbers are often
 

that many genes are linked, but
low in herbaceous plants, so 


chiasma frequencies in inbreeders tend to be high, so that
 

maximal variability is released in the generations immediately
 

following an occasional outcross. Long-lived species in stable
 

hand, produce comparatively few procommunities, on the other 

geny which 	survive to reproductive maturity, and recombination
 

is further restricted by the long generation time. However,
 

these plants are often outbreeders, thus heterozygous at many
 

have highergenetic loci. Outbreeding woody species generally 

but smaller frequencies of chiasmata than in
chromosome numbers 

herbaceous plants, so variability is released in abreeding 
than a sudden burst, and by reassortmentsteady trickle rather 

rather than crossing-ovor. 
crops grown for their seeds or fruits are oftenilerhacc.ous 

derived from self-pollinatedhabitually 	 .;(If-po linated and 
for example m]any cereal; and pulses. In others,ancestors, 

toselection under domestication has favoured a shift from out-


/1:,rum have exinbreeding. Wild rl at irves of ,:,; 

aro insect-pol I inated; domesticated tomatoes
serted stigmias and 


hav the stigua insluded within t: he anther coie and pollen is
 

on to it: (Rick, 1976). Self-pollination is advanshed dire ftly 
seed or fruit because reliable yields

tageou.; in crops grown for 


are 
 obt a intied even when conditions at flowering are not favour

able for nimai pollinators, and because spread of the crop is
 

not rot rtsd by abinorice of po] len v.ctors in certain regions.
 

advantage is a]so shared by wind-pollinated plants.The Iit t el 
and chili pepper, and wind-polli-Thus Se I -pall ins.t, d groindnut 

natid marii::, opri,tapilly thr(ughout the tropics whereas, among 
Cal iforniathe insct -]s I inatel cop:., Smyrna fig:; failed in 


unt il th. fig wu;p wa; int ,:)duced, sunflowers have failed in
 

Atrica h- use )i insulf icient bes for pollina-
SOme part.; o 
has to be hand-poll inated in thet:tli( 1 a']1 

the spice comercially. 
tion, and New V, 

Indiat Ocean i;],-inds w;hich low produe(:( 


o-p: hwive furth(er advantages over outbreeders
Self-pul 1il;at t 

in that they are mot, lik tIy to bretd true from need, a process 

which Would have ficilit ited rapid improvement by selection in 

the early s:tage i of thir dotrosticat:ion. In addition, they con

tain les;; p1 tt-t '-p it v riiat inn in the populat ion, a desir

able tra i t uil'r lihd'tr tTVl1(hall i 'd agricul tlre. 
fruit., are mostly'ii;rlop : ;, 'et t:ho.e grown fot s(ed or 

aiih have retsiinfd out:breedingder ivid tro; oiut breeding aincestot; 
tic stf-incottpatibil ity,

it;llc] t ivatio . m'chat;i In.;include" gpmle 

and teak;
futid 0'l exattip]i itlapples';, 	 chirrie;, cacao, te+a 

black pepper; an(] monoecy or dioecy
dichogatilly, asf; ill avocado and 

a; in ntt01;11 , pawpaw, rubhei: , oil palim and itiahogany. Problems of 
crops may be overcome by

plant-to-Il tt Vat-iat ius in outhteediig 

hybrids produced by


clonal rproducit i);, Ti: by t:h, u:;e of I 

cro;sing atifif-icilly inbroid (hence largely hoinozygous) lines so 

that every plant in t:he F populat i.)n has virtually the same 

for crops suchlieterozygliut; getiotype. Clonal propagation is used 

used when the crop lacks the 
as tea a1nd 	 rubber. F1 hybr ids are 
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capacity for vegetative propagation, as in maize and coconuts,
 
or where hybrid vigour may be exploilted, as in oil palm. How
ever, in many tree species it is impractically time consuming to
 
produce inbred parents in order to obtain a uniform F1 . F1
 
hybrid varieties produced by crosses between heterozygous par
ents may be as heterogeneous as the criginal population.
 

Domes*ication itself may entail a degree of inbreeding,
 
since crop populations are often established from comparatively
 
few selected parents. Species which are naturally self-polli
nated even if only facultatively 3o, will tolerate this increas
ing homozygosity in successive sexual generations better than
 
obligate outbreeders. The type of breeding system is therefore
 
relevant to success in cultivation even of crops which are not
 
grown for fruit or seed. Furthermore, the type of breeding sys
tem markedly affects the strategy to be adopted in samplin- from 
tile wild, especially where it is necessary to enhance the 
diversity present in future populations of crops. 

Many successful crops are those that are grown on a large enough 
scale to sustain basic research on agronomy and improvement. 
Successful crops must therefore be adaptable to changes in 
i:inagement, in its modest sense. Wild species vary very con
siderably in this trait. Whitmore (1976) contrasts CacZiemnalu 

,1.','!' ",a milorphologically invariable species confined to 
a single habitat, with ,,zrtouot . vi', Inct,7,' -,'2) tuam, which is 
restricted to dry land in the southern Solomon Islands and to 
freshwater swamps in New Guinea. Since introductions into culti
vation are usually made o thie basis of a small quantity of seed 
from a 1lmited area, the subsequent fate of the crop may be in
flueneed by sampl ing accident.s at the start. Serendipity resulted 
in seed of th, widely planted tropical pines Usa.' ;nibacrz and 
P. 5',:,o. being oi, :a in od from populations (in Bel1ize and the 
Philippines{, respectively) which were subsequently shown to be 
productive in a wide range of environments. Seed of I'. ()o(O?,Q})a, 
on the other hand, came from populations poorly adapted to 
growth in other areas (Burley, 1976) . It was just chance that 
Wickhiam's colleoctions of rubber seeds, o1 which the Southeast 
Asian plantations were founded, were all II ,.: bv, :[;:.s', the 
best yielding species in the genus, and that Wickham happened to 
collect them in the :entral] Amazon, where the trees produce 
etteor quality latox than those down river. However, had Wickham 

collected even further up the Amazon h, could have secured seed 
from troes which combine large yield, good gual i ty and disease 
resstance, and( the "ar Eastlern rubber industry might not be as 
vuln, rable to tihe spread of leaf blight a1; it is today (Imle, 
1977). 

Fa': to rs which affect tho diistributo and rate of spread of 
gentttic vari t ion, a1nld tiust tihto strategies 1for collecting seed 

wild o;;labl speciesfrom the to i ,-,r improve in cultivation, 
are populat ior ;iz,, population den.itty, dispersal of pollen and 
dispersal of seed;;. Colonizing annuta]In and temperate trees such 
as con ifers commonly occ.ur in large populat ions and nearly pure 
stands. Tropical forets, on the other hand, are conventionally 
thought to contain many opec i-,; per unit- area but few individuals 
of any one species. However, several tropical tree species do 
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occur in clumps (Hubbell, 1979). Genetic differentiation is
 

likely to occur more rapidly in small, semi-isolated 
populations
 

than in large interbreeding populations (Ehrlich and Raven, 1969)
 
some animal

but Levin and Kerster (1969) have shown that, in 


pollinated plants, genes migrate more slowly 
in dense populations
 

so that density may, paradoxically, lead to genetic 
subdivision
 

of a population. This occurs because movement of 
pollen is
 

case of
 
usually strictly limited, reaching an extreme in the 


self-pollinated plants. Even anemophilous outbreeders, 
such as
 

many temperate trees, are likely to be pollinated 
by their near
 

neighbours to which, in the- absence of effective 
seed dispersal, 

they may be genetically related. Opinions differ on the relative 

versus apomixis (Kaur et
importance of outbreeding (Bawa, 1974) 


oL ., 1978) in tropical forests. Outbreeding species have 
various
 

These range from the 'big

flowering strategies (Gentry, 1974). 


bang' in which a massive crop of flowers is produced for a few
 

days only, so that most pollen movement is likely 
to be from
 

same c/own (geitonogamy), to 'steady

flower to flower in the 


state' in which a few flowers are produced each day 
over long
 

periods, so cross-pollination between difterent individuals is
 

more likely. Superimposed on 
this are differences 
in the foraging
 

behaviour of pollinators. Honey bees work systematically 
on
 

individual plants or patches of flowers before moving 
on, hence
 

over limited distances. Euglossine bees, 
on
 they disperse pollen 


the other hand, are 
often trapliners (Janzen, 1971) , and follow 

route each day, visiting plants separated by
the same foraging 


so that they can effect cross-pollination
considerable distances 

between 	apparently isolated individuals. Data on seed dispersal
 

. than data on pollen dispersal, but in 
are even mor , limited 


freely as pollen, and restricted

general seeds do not move as 


may be primarily responsible for the clumped dis
seed dispersal 


forest species (Hubbell, 1979).

tribut ions of some tropical 


led Bawa (1976) to suggest

Consideratiori (f these factors 

hardwoods may be 
that between-population variation in tropical 

trees. So that breeders would be better 
greater than in temperate 


a small number of individuals from a large

advised 	 to sample 

than a large number of individuals
number of populations rather 

as in temperate forestry.
from a small number of populations, 


inherent differences in adaptation and

Species 	 thus show 

based on differences in their reproductive biology.
adaptability 
However, occasionally, breeding programmes have conferred on 

wide range of 
particular cultivars immediate adap ation to a 

environments. The 'green revolution' wheats were bred in Mexico
 

in high 	 latitudes in sum
by raising two generationsa year, one 

in winter. The resultant cultivars 
mer, and one in low latitudes 

,ither lengthening or short
could initiate inflores!cences under 


in various
thus pro-adapted to cultivationening days and were 


and at various seasons of the year.
latitudes 

IN AGROFORESTRY SYSTEMSCO-ADAPTATION 

species 	 growing together may interact in 
Herhaceous and tree 

ways. Their root systems may be distributed differently
various 

giving the tree species access to nutrients
in the soil profile, 

and water unavailable to the herbaceous crop. The plant nutrients
 

layers in the leaf litter and 
may then be returned to the surface 
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become available to the herbaceous crop. Acacia albida comes
 

into leaf in the dry season and sheds its leaves at the start of
 

the rainy season. The leaves decay rapidly, releasing nutrients
 

for crops planted under the trees in the wet season, when the
 

Acacia does not shade them. Groundnuts and millet have yielded
 

significantly more when grown directly under A. albida rather 

t, r furt-her away. In the dry season, livestock are pastured and 

f, :1ir, ;.he shade of the trees, arid their droppings further im

prove the soil. (National Academy of Sciences, 1979).
 

Leaf litter of certain other species has deleterious 

effects. 'Iauo? spp. have been recommended for shelter belts, 

soil stabilization, shade and fuelwood. Their extensive root 

systems extract from the soil large quantities of soluble salts 

which are accumulated in, and excreted from, the leaves and thus 

returned to the topsoil . Tamarisks can therefore cause saliniza

tion of the topsoil even on non-saline soils. Crop yields may be 

reduced up to 50 in from a tamari sk shelter belt (National Aca

demy of Sciences, 1980). 

Agroforestry may require diffet ent habits and canopy struc

tures in the crop compire(d to those favoured under monoculture. 

Bunting (19)80) gives -n instructive example from cowpeas, where 

selection for short-season, small-staturd , non-c].libing types 

proved midirectad in a conter xt where growers wanted cowpeas 

that could witri;tand shad ing in the lower layersa of mixed crops 

and reach the ligiit by clilml inug up Wthr' components of the stand. 

More work is reoquired on morpho logica l1and physiological plant 

attributtas which are dos itab)1, for a9rofcrestry, as compared 
with either agricul ture or forestry. 

Comptt. it ion for pcl] inators may reduce yields where two 

component; f i simulttaneously and are botha mixod crop fi ow.r 
insect-visited. Dand.lion;;, g,)wing as weeds in grassed orchards 

niot:oriou:;ly att rt pal.] inat ing he; away from the fruit trees. 

ind i source; of high qualityMany sh,ide t imir t t res ire valuale 

honey, for examjll c' "':1 . 4, ',z,- ,i ;/, and / q;, :, and 

they could corceivoL 1y I ,s yieIds of Iow r !storey crops which 

require bee 1; linato.in. 

One ofteon cited tdvarit,iae of mixed cropping, or agrofor

estry, over monoI:ultore, i!;that pestsa and dis ase- may bc 2oIs 

severe; pre somni ll because ann build up to sucht-hey t1ot0 devas

tating level!-' as in stands of uniformly susceptible individuals. 

However, Bunt ing (191)) hai cautioned that cross-infestations 

may occur i.nsome c i rcrU;t.a cts. For aexaipl ea, the stem borer of 

sorghum is the saint, Pest i. the bol]worm of cot:ton. Again, 

bruchid beetle.; are serious pt of maniy leguine ;eeds, includ

as l..'/ welling pulses such ; a;; ind ;,,, rsi. as as t roes such 

as / 'I and-z; iit .' : . Many t re hlgumes- are pro] ific producers 

of seed which is not- hiarvesr!e-d by man and so falls ta the ground 

as a potentia] source of infestation for other crops. Bruchids 

vary in their liont .;pecificity, some being conftined to a single 

legume species- and other;s being more catho ic, but host ranges 

are not yet: well enough known to perit t ha daingers of inter

cropping legiumes wit.i legumes to be assessed precisely. 

When pests or di ;ea ses do become established in mixed crops 

control may he nore difficult than in monoculture, at least in 

high-input systems. This is because of such factors as the 

different sensitivities of plant species to chemical sprays, and 
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the difficulty of getting spray machinery through mixed crops
 

and achieving adequate penetration of the canopy by the spray.
 

SUMMARY AND CONCLUSIONS
 

Although man has probably been interplanting herbaceous and
 

tree crops, at least on a garden or orchard scale, since the
 

beginning of agriculture, agroforestry in the modern sense is a
 

comparatively new development. Suggestions about the directions
 

that evolution might take in such systems are necessarily specu

lative. In the immediate future, the tree or herbaceous forage
 

components of the system may need improvement, since in yield,
 

morphology and adaptation to cultivation they are often still
 

close to the wild populations from which they have been derived
 

only recently. Sometimes improvement may require expanding the
 

genetic base of the populations in rultivation, and studies of
 

the biosystematics of the wild populations may enable new intro

ductions to be made from provenances likely to contain desirable
 
to be contraits. Eventually, however, the species will have 


sidered as components of an integrated system, rather than in
 

isolation, and this will require work on morphology, physiology
 

and crop protection, and will include attention to reproductive
 

as well as ",getative features.
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DISCUSSION
 

STEPPLER - Domestication of plants has involved moving them from
 

associations, in their natural forms, to planting them in 
mono

culture. For monocultural systems plant breeding objectives can
 

be clearly established. Do you envisage difficulties in develop

ing breeding objectives for agroforestry, where you will be
 

dealing with the outcome of numerous interactions between plant
 

species?
 

PICKERSGILL - We will need to vait for information from other
 

disciplines, such as plant morphology and physiology, in order
 

to plan breeding programmes designed to select plants specifi

cally for agroforestry land use systems. For example, cowpea
 

breeders have tended to concentrate on developing detLrminate
 

cultivars which are suitable for monoculture; whereas in inter

cropping situations, the semi-climbir.g ones are preferred.
 

LEDIG - In systematic forest breeding programmes we select 

plants from a broad area in order to conserve a wide genetic 

diversity.
 

PICKERSG[LL - In outbreeding crops, such as many tree species,
 

you get considerable segregation in early generations following
 

subcrossing or inbreeding. And I think this segregation accounts
 

for some of the diversity observed by tree breeders. Also, tree
 

breeding work is comparatively recent and we are now aware of
 

the need to maintain genetic diversity. This was not true of
 

early work on the improvement of heibaceous crops. 

LEDIG - You have tended to generalizc too much when discussing 

seed dormancy, and there are a number of exceptions from the 

broad generalization. 

PICKERSGILL - Where seed dormancy is present, and viability is 

quickly lost, you tend to have potential variation which can 

form the basis for selection for or against dorr--ncy. Some spe

cies do not have seed dormancy at all and breeding for dormancy 

as far as I know has not been possible in those species. 

STEPPLER - There are cases where seed dormancy has been trans

ferred between species. For example, in wild to cultivated oats.
 

RACHIE - Relatively undomesticated plants may be subject to 

many unexpected hazards when brought under more intensive culti

vation. By intercropping, however, it may be possible to buffer
 

the pest and disease problems until more information and exper

tise are available to deal with these environmental and biolo

gical hazards. 

the crop protection
 

industry will invest efforts only for crops grown on a large
 

enough scale to afford an economic outlet for their products.
 

This is why it is important that any new crops be adapted to
 

cultivation on a reasonably large scale. Furthermore, diversifi

cation of genotypes may provide an additional measure of pro

tect ion.
 

PICKERSGILL - That is entirely correct. But, 
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ABSTRACT. Three principal mechanisms of CO2 reduction
 

occur in terrestrial plants. The C3 system is certainly
 

the most common and generally characterizes all woody
 

plants and most evolutionarily old families. The C4 sys

tem has evolved relatively recently and is most common in
 

the Poaceae (Gramineae) and Cyperaceae and less common in
 

families of the Centrospermeae. CAM plants (not considered
 

here) are generally restricted to the most arid environ

ments and are not highly productive but they may be very
 

important as sources of certain secondary compounds.
 

C3 and C4 systems are characterized by suites of inter

related anatomical, biochemical, and physiological charac

teristics. These are fundamental in determining maximum
 

rates of photosynthesis, and prcductivity, as well as in
 

determining the responses to a Variety of environmental
 

factors. Thus, these characteristics are also important in
 

establishing the distributions of native species and in
 

determining what species or photosynthetic types should
 

perform best in various agroforestry systems.
 
C4 plants generally require less water and less N to
 

support a given rate of photosynthesis than do C3 plants.
 

Their light saturated rates are also usually greater,
 

although they can be matched by C3 plants with a tremen

dous investment of N in carboxylase protein. Thus, C4
 
characteristics should be important in selecting species
 

for systems of low nutrient status, limiting water, and
 

an open canopy. In closed canopies, however, the apparent

ly greater quantum efficiency of C3 systems becomes im

portant; and closed canopies are composed, in general, of
 

species. Thus, for intercropped species an ideal canopy
C3 

should consist of a C4 overstorey and a C3 understorey.
 

Unfortunately, very few of our potential overstorey spe

cies are C4 with the exception of some larger grass crops,
 

for example maize and sugar cane. Many potential under

storey species are C3, although some native vegetables are
 

C4 '
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INTRODUCTION 

The conversion of light energy to chemical potential in the 

photosynthetic reduction of CO2 :is accomplished in aremarkably 
similar manner in all plants. This similarity may reflect an 

early origin (2.5 to 3.3 billion years BP) under atmospheric and 
.... .... ~.. .t .. .-largely'dif ferent-from- those eXisting-.-

today. An oxygenic atmosphere, for example did not develop until 

1.8 to 	2.3 billion years BP. Our understanding of CO2 fluctua

tions and absolute temperature and moisture conditions during
 

these early periods is less clear. However, relatively recently
 

(60 M BP) climatic conditions became more seasonal, and cer

tainly in some geographical areas, more arid.
 

Two variants of our typical C3 photosynthetic system appar

ently evolved during the early period of angiosperm development
 

and became common In families present around 60 M BP. These two
 

and CAM) are not new systems but are best considered
systems (C4 

variants of the basic C mechanism. Each photosynthetic system
 

is associated with a suite of anatomical, physiological, and
 

biochemical characteristics which results in different rates of
 

photosynthesis, different responses to environmental factors,
 

and different ecological distributions. An understanding of
 

these characteristics is important for traditional agriculture
 

systems as well as for the development of agroforestry systems.
 

* A REVIEW OF THE PHOTOSYNTHETIC SYSTEMS 

Taxonomic distributions 

C4 systems are relatively recent innovations on the evolutionary
 

scene and occur in a small percentage (<1%) of extant species
 

(Kennedy et at., 1980). This syndrome is highly polyphyletic and
 

occurs in at least 18 families (Table 1). Among the dicot fami

lies, the syndrome is most common within the Centrospermae
 

(Figure 1), a group which is related to arid and more open habi

tats.
 
In most dicot families, the C4 syndrome is restricted to
 

herbaceous annual or perennial species. However, in the Euphor
(Pearcy and Troughton,
* 	 biaceae, some C4 tree forms do occur 


1975). It may be significant that a recent and rather exhaustive
 

Table 1. Comprehensive list of monocot and dicot families 

known to possess some species with C4 photosynthesis. 

Monocotyledonae 	 Dicotyledonae
 

Cyperaceae Acanthaceae Euphorbiaceae
 
Aizoaceae Molluginaceae
 

Liliaceae ? Amaranthaceae Nyctaginaceae
 
Asteraceae Polygonaceae
 

Poaceae Boraginaceae Portulacaceae
 
Capparaceae Scrophulariaceae
 

Caryophyllaceae Zygophyllaceae
 
Chenopodiaceae
 

See Ziegler et at. (1981) 



325 PHOTOSYNTHETIC SYSTEMS 


IDIDIEREACEA
 

IBASELLACEAE]
 

Car'Iphyllace.I 
 Portulacaceae

I COACTACEAE 

canAizoaceae
 

PHY'TOLACACE 

ChenopodiaceaeNyctagnaceae 

A arnthaceae 

Fiq. !. Postulated phyloqenetic affinities within the 

Centrosperrma,. Fnii li(s in lower case letters possess known 

species with t h C., pathway. (From Kennedy 't 07., 1980). 

Tb,. The numbe,r of Kenyan grass genera and species in 

each trili. arrainged by photosynthetic type. Determination was 

based on lef anatomy and t 'C. (From Tioszen z'l,7. , 1979a.) 

Tr ib (;.lne r Spec iu.s C4 Tribe Genera SpeciesC3 

Ac ro t idee. 1 14 Aidropogoneae 30 73 

Arund ie:', 1 3 Aristideae 2 17 

Aveno(,a) 6 13 Arund ne L1 eae 2 6 

Baua' 1 2 Chlorideae 12 33 

BrachypoI ote 1 1 (Danthonieae) ( 1) ( 1) 

1roma,I-,- 1 4 Eragrostideae 19 95 

Cnaltehtlce ae I I Leptureae 1 2 

Dant hoieae 1 3 Paniceae 20 149 

Ehrhiart (,ac 1 1 Pappophoreae 2 4 

I sac'uae 2 3 Sporoboleae 1 39 

Me l iceat I I Zoysieae 5 9 

Olyrea,. 2 6 

Oryre-le 2 6 

(Ian iceae) (10) (20) 

Phal I r i dae 1 2 

I'll, reare I I 

Pc'eao 7 20 

St i pt-ea- 1 1 
44 102 11 95 428 

study in the Middle East and the USSR (Winter, 1981) has shown 

that a very high percentage of the flora is C 4 , especially in 

the Chenopodiaceae and Polygonaceae. And, furthermore, a number 
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shrub forms of high biomass
 of these species are tree or tall 

(1981) indicates that many of
 and of economic importance. Winter 


sand binders, for fuel,
these are fast growing and are useful as 

we need more
 

forage, and as a source of alkaloids. Clearly,
as 

species, especially from
the occurrence of C4information on 


North America.and semi-arid regions outsidearid 
in the Poaceae (Brown, 1977) and 

are most commonspecies 
.
 C4 species may be C4 1n Kenya,

Cyperaceae where perhaps half the 

to the abun

for example, mast grass species are C4 due largely 
in the East 

dance of Paniceac, Andropogoneae, and Eragrosteae 
has been reported (Brown,

lowlands. C, photosynthesis 
seven tribes of the Cyperaceae: Cypereae,

African 
1975) in three of the 


Fimbristy]ideae, and Rhynchosporeao (Takeda 't :7., 1980). How

the sedges 
ever, - know little about the relationships within 


or about the. quantit ative occurrence.
 

7: ' :, °: ,k' ' .'Of{ U 

I-t st 11rI t in'I t htat the brood distribution
It hII: 3 I. r 

from those of plants. This 
patterns o ( plants diffr C4 

within related taxo
, elh.lp!; best imadecolipari! on, h; wt.ve'r 


noinic g- u',;, ;;e: (?{ }]ant>; a r much more numerous than C4
 

all groups aind throughout al] parts of
 
plants. C. plant within 


the world tend I h n,' awbundant in warmer, n)l-e arid, and
 

iabi t;. Ill .iddiIiion, I hey ar., common in local ized
 
more opn 
areats of hicb lt accum l i.
 

i] requirements in

We know mriore about Coitipa rat i vi' ,:o log 

the Poace ae. thall ill a!ly ( ther g(roup. In tue , ,itesones there is 

C with increa.;inga cIear arid inark',, dareksv il occuri- nuo' 


(T ari ind Stowe, 117(,) .'lhi; iat ituidinal graldiont 
 is 
lat itud(, 

giid n ii t topical a-eas (Rundel,
arallelld by -i altliitIjtiI 


ti; Ti,':;;'i'l . ., 1 ',1) . ;hows foy lt'oIlyl (Fig(ure 2).
 

'lie;; gro~i,. ii ,ii' ,Iv ici'; ' ; ll]' ff; envirollillnt]l factors 

water avail
which llil lid,. t '-a; tiniipeirat ur-,; and iilcreoain 

C; ' ithrt Illillimiiil teir t at/lit'S lels 

,;i. 'he )vtrridinq iInportalnce of
ability. l.''w 
thall H C (Ill iti Ill, 31i 

t ted by the tempora].1roit hI I I h !i i'),i;t i-,a, 1s :;Oi 

b"' Od,, WP) and Tieszen
t;'llp l te , 

displ, ceiTiu'nt 1; t ,:t ivi t'/, ;11iw:l 

more conclu

! i1. WPMd)) in ; jrt i Ai'rion pririi and even 
r 

E,lI II; , :' (IM dd wf) T how C g-yi o' i ill South) ) : 

.sively by 
" iro ]ow. T' ec t ins in high

Africa iiail' whor'' 'mn titie; 

ii, hydr;1dhyt a1; )1- :;ciophyti;. flit -relt ingly,
tellilp(rlt st o 


gt, whi 1i d (Ii i ii lilt') nvironlnnents
eitod oftell 
those (' 

, (lo i , a l.OI!ccUp't r : ;,a l tiot Iti l' UI,-lt ion, .(. I 

0& '.. 
oil th, di';t ri ilt u ii of other 

10T1 ; O I ) li(t . , ' " 

We 1,1v' Iu ; iifIll, Iiiln 
,t;1ilii silown ill 

grotpf;. 'h i 'i, l pitt 'rn;, hower , ,11', 

the: C lt . ( )I C'. g itlind C) (t_ ; in Yenya (Figure 3) 

IltiOw evtr, I (7;', ';ili' ficial !;inililo it ies mlay change as we learn 
they seem very

nore about t h(. dic t;, e:pfcially in ar'iS wher(e 
; th Middle East and the USSR

corrmsi, for examp]Ie, t he' e;rt-t of 

worst
1)111 . A numb ,r of analy:e;', of the 'Worl-d's(Winter, 

to be much more numerous than C3 species
w(,eds' shIow C1 species 

(May, 1981) . 
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Altitude (meters) 
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I I I I I l 
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o 40 

C C3 grasses 
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C4 grasses 
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10 20 30 40 50 60 70 80 90 lOon 10Gb 100c 

Available Soll Moisture Index 

Fig. 2. Occurrence of C3 and C4 grasses from open habitats 

along an altitudinal gradient in Kenya. Closed canopy systems 

at low altitudes will have C3 grasses. (From Tieszen ot at., 
197 9a.) 

IDENTIFYING FEATURES 

Because of polyphyletic origins of C4 systems we might expect a 
high degree of divergence. However, as Table 3 suggests, most C4 

species share a suite of characteristics, some of which are 

quite diagnostic. The clearest description of what is meant by a 
C pattern of CO.) uptake must include the initial carboxylation 

PEP carboxyla~e and a subsequent transfer of that CO 2 to RuBP 
carboxy]ase for reduction by normal Calvin Cycle processes. It 
is not sufficient to simply possess high PEP carboxylase activ
ity as some plants and numerous aquatic organisms do. OnlyC 3 

the coupled trcans for via a peculiar anatomical compartmentaliza
tion of car};oxyIaseo enzyiws allows the plant to photosynthesize 
at high rates and without apparent photorespiration. It is, in 
fact-, the ability of C' plants to maintain high rates of CO 
uptake at low intercellular concentrations of CO 2 that is the 

imlx)rtant (ist i nguishing feature. 

The anatomica I comprtmenta I iat ion which supports photosyn-C4 

thesis is perhaps best [lustrated by the typical 'Kranz' anatomy 
of some grasses;. Here the enzymes of the Calvin Cycle are local
ized in the well-developed, thick-walled parenchymatous bundle 
sheath (PBS) layer which surrounds the vascular bundles. These 



100 

80 

C3 grasses 
C 4 grosses 

C,.dicots 

*-
A -

a----

100 

80 

CC 

u 60-

,.,-
40 -" 

A-- AN 

., 

60 -

, 
40

,,A"-- , ",,. 

20 - , 

0 L 20 40 60 

IL A 

80 

-

100 

20-

0 & 
1500 1900 2300 

-

2700 

Available Soil H20 Index Potential Evaporation (Mm) 

100- 100- M 

80o- 80

60 r--'l 60 

U

40 

20 

40 

20/ 

/ 

01' 
1 2 3 4 5 5 10 15 20 25 

Altitude (xlO00m) Minimum temperature (-C) 

Fig. 3. Frequency of occurrence of C3 and C4 soecies in various taxonomic groups relative to various environ

mental factors. Distribution information is derived from acquisitions at the East African Herbarium, Nairobi. 
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Tabe 3. Generalized comparisons of C3 and C4 systems derived
 
from numerous literature sources, principally those dealing
 

with grasses.
 

C3 


A. BIOCHEMICAL CHARACTERISTICS
 

1. Early stable products 


2. Carboxylation 

substrate
 

3. Primary carboxylating 

enzyme 


4. Carbonic anhydrase 


C3 acids 

(Phosphoglycerate) 


RuBP 


RuBP carboxylase/ 

oxygenase
 

High in mesophyll 


B. ANATOMICAL CHAPACTERISTICS
 

1. Leaf anatomy 


2. Interveinal distance 


3. Parenchymatous Bundle 

Sheath cells 


4. Chloroplast; 


One type of 

photosynthetic 

cell, diffuse 

mesophyll 


Large (more than 

5 chlorenchyma 

cells)
 

Poorly developed 


Granal 


C. PHYSIOLOGICAL CHARACTERISTICS 

1. Photorespiration 


2. 0., inhibition 


3. CO.) compensation point 


4. CO eoiuL-on in light2 

D. LEAF PHOTOSYNTHESIS
 

1. Maximum photosynthetic 

rate 


2. Irradiance required 

for saturation
 

3. Temperature optima 

(photosynthesis 

and growth)
 

4. Leaf conductance 

(naximum)
 

5. Mesophyll conductance 


6. Water use efficiency 


Present 


Present 


50 (15-150) ppm 


High 


15 to 
35 mg-1
 
CO2 dm-2hr
 

Low 


Low to high 


Similar 


Low 


Low 


C4
 

C4 acids
 
(Oxaloacetate,
 
asparate, malate)
 

PEP + RuBP
 

PEP carboxylase
 

High, location not
 
certain
 

Two types of
 
photosynthetic cells,
 
mesophyll usually
 
compact around
 
vascular bundles
 

Small (around 4
 
chlorenchyma cells)
 

Extensively developed
 
(usually with thick
 
walls and numerous
 
organelles)
 

Granal or agranal
 

(at least modified)
 

Absent from leaf gas
 
exchange measurements
 

Absent from leaf gas
 
exchange measurements
 

<5 ppm
 

None
 

>35 mg CO2 dm-
2hr-1
 

Very high
 

High
 
(to low rarely)
 

Similar
 

High
 

High
 

7. Nitrogen use efficiency Low High
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Table 3 - continued 

C3 	 C4
 

E. PHOTOSYNTHETIC EFFICIENCY 

1. Quantum yield Higher at low Temperature
 
temperatures independent
 

2. Canopy conversion Lower Higher
 
2 d -1	 l ) 

rates (maximum) (35 g m- ) (50 g m-2d 

3. Canopy conversion 3 to 3.4% 3 to 4.5%
 

effi encies
 
(maximum)
 

4. Growing season 1.4% 	 2.0%
 

efficiencies 

F. ENZYMATIC CHARACTERISTICS 

1. Km (CO2 , HC03-) RuBPcase around PEPcase similar?
 
15jiM 

2. Activity 	 Lower Higher
 

3. Size RuBPcase very PEPcase smaller
 
large
 

4. Regulation RuBPcase complex PEPcase complex
 

G. OTHER PHYSIOLOGICAL CHARACTERISTICS 

1. Translocation rate Slow 	 Rapid
 

2. Starch accumulation Normal in In PBS cells
 
mesophyll
 

H. CARBON DISCRIMINATION
 

1. 613C value -28 (-380 o/o -12.5 (-151/oo 
0
 to -23*/o.) to -9*/0 )
 

I. ECOLOGICAL FEATURES
 

1. Distribution
 

Water 	 Hydric = Xeric > mesic
 
mesic > xeric
 

Irradiance Low to high High
 

Temperature Low to high High to moderate
 

Canopy Closed Open
 

2. Grazing
 

Lower?
Nutrient value Variable 


Digestibility Variable Lower?
 

Cells usually ps an1s;abundan:e of organe lles which are often 

centripetally or centrifiuga]1y located, thereby creating a dense 

concentric zonef next t() a t ransprenlt ')n , ,(hat i:, a halo 

(='Kranz') effect . Theson PBS cell are surrounded by mesophyl 

radially arranged, which contain PEP carboxylasecells, often 

and no or very little RuBI carboxylase. This spatial arrangem nt 

places a highly active carboxylase enzyme, which is not inhibited 
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by oxygen, in contact with atmospheric pools of CO 2 and 02 and
 

isolates the RuBP carboxylase, which is sensitive to 02, in a
 

deep internal milieu. This arrangement allows a pumping system
 

to create a CO 2 -rich environment in the PBS cells.
 

Although Kranz anatomy, as defined above, is present in
 

most C4 plants, it is not essential for C4 systems. But all C4
 

plants do possess a spatial arrangement as described above.
 

Among dicots this may take various forms. Additionally, C4
 

plants possess short interveinal distances (Hattersley and
 

four mesophyll cells between
Watson, 1975), with only two to 


adjacent bundle sheaths, in contrast to C3 plants with commonly
 

as many as 12 intervening mesophyll cells. Close proximity to
 

tissue may facilitate transport of photosynthate, which
vascular 

plants, or may simply reflect a requirement for
is rapid in C4 


effective CO.) trapping and pumpimig. 

It should also be pointed out that the C4 system is differ

three subtypes based on the dominant mechanism ofentiated into 

via NADP malic enzyme (a
4-carbon decarboxylation, that is 

malate former), NAD sal ic enzyme (aspartatQ former), or PEP 

former). Each subtype has anatomicalcarboxykinase (aspartate 

between grasses and
-orrelates althougi these are not consistent 

dicots. Thi, consequence:s of subtypes are not clear, although 

the most arid areas whereas grasses possessing NADme dominate 

possessing NADPme dominate with increasing rainfall (Ellisthose 
,:,al ., 1980). Furthe:rmore, there is some evidence supporting 

subtypes are adapted to nutrientthe hypothesis that certain 


poor conditions (Tew .'.' zl. , 1974); and it is now known that
 

RuBP carboxylases from the subtypes differ in Km values (Yeoh
 

' i/ . , 1980), suggesting different selection pressures. 

, e.......Mos plants possess a photosynthetic light
LFI . , C1 

uptake continues to increase to respon se curve in which CO.) 


which exce(ed tie solar constant. Thus C4 plants
irradiances 

appear not to become saturated with naturally occurring levels
 

of light (Ludlow and Wilson, 1971) in contrast to C3 plants
 

which generally saturate at lower irradiances (Black, 1971). 

This generalization is clearly supported by studies of grasses.
 

Tieszen (1970) compared light responses of C4 and C 3 grasses in
 

a mixed grass prairie of North America. The C3 species saturated 

at lower irradiances even though they grew in the same open
 

canopy as the grasses which tended not to saturate (see alsoC4 

El-Sharkawy and liesketh, 1965; Hesketh and Baker, 1967). This
 

by other data on grasses. However,
generalization is supported 
factors limit photosynthesis, for
when other environmental 


example, leaf temperature (Pearcy c. aF., 1981) C4 leaves do
 

to irradiance become more similar
saturate; and their responses 

to those of C3 species. The effectiveness of the 
generally 

illC4 plants is realized, then,greater photosynthet ic capacities 


mainly under optima] growth conditions in an open canopy. It is
 

of many
also well established that the light response curve 

by the irradiance experienced duringplants is strongly modified 

Grahl and Wild, 1973); and some
growth (Bjorkman ct. al., 1972; 


plants have dramatically lower maximum capacities, and satu-
C4 

when grown under
ration requirements (Ludlow and Wilson, 1972), 


low light conditions.
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Because of the lower energetic requirements of C3 photosyn
thesis, the efficiencies of CO2 uptake at low irradiances are
 
higher for C plants. This is best illustrated by comparing the
 
quantum yields (moles CO2 taken up per Einstein absorbed). This
 
quantum yield is greater than 0.052 moles CO2 per Einstein in C 3
 

grasses at 300C and lower temperatures. It is temperature depen
dent (Ehleringer and Bjorkman, 1977), however, and at higher
 
temperatures the quantum yield of C4 plants is greater. These
 
differences apparently result because of the greater energetic
 
requirement for CO2 reduction in C4 plants and the temperature
 
stimulated photorespiration in C3 plants. Thus, as temperatures
 
increase, the loss of carbon by photorespiration becomes more
 
important than the _ower energetic requirements of C3 reduction,
 
and the quantum yield decreases to values below those of C4
 
plants.
 

Temperature responsec. Species which possess the C4 pathway
 
generally also possess higher temperature requirements for growth
 
and photosynthesis with optima of 30 to 45'C (Black, 1971, 1973;
 
Ludlow, 1976) in contrast to the 15 to 25'C optima characteristic
 
of many C3 grasses. This difference is not always clear-cut,
 
however, since both C3 and C4 species show adaptations to the
 
thermal environments they inhabit. Thus, the ability to photo
synthesize and grow at high temperatures is not a unique charac
teristic of C4 plants (Caldwell et aZ., 1977a, b; Bjorkman, 1976)
 
although most do respond favourably up to 350 or well beyond
 
(Imbamba and Tieszen, 1977). The generalized difference between
 
the response curves of C3 and C4 plants is believed to be largely
 
due to the oxygen inhibition of CO2 uptake and the temperature
 
effect on oxygen inhibition (Bjorkman, 1976; Pearcy, 1977;
 
Tieszen, 1973). The general ability of many tropical plants (C3
 
or C4 ) to tolerate high temperatures is not related to differ
ences in the temperature characteristics of carboxylating enzymes
 
(Tieszen and Sigurdson, 1973; Bjorkman and Badger, 1977). It is 
unclear, however, to what extent major differences in the tem

perature response curves result from basic differences engrained 
in the photosynthetic systems. They may simply reflect a general 

adaptation to tropical and subtropical temperature regimes 
rather than a unique feature of the pathways. 

CO2 coneentration. The net effect of PEP carboxylase serving as
 
the primary carboxylase enzyme and of decarboxylation in the PBS
 

cells is to create a system capable of high rates of photosyn
thesis even at low intercellular CO2 concentrations (Bjorkman et
 
aZ., 1976). Thus, photosynthesis as a function of CO2 concentra
tion shows a different response curve in C4 plants than in C3
 
plants. C4 plants possess a net positive uptake of CO2 down to
 
concentrations approaching 0 ppm. The slope is independent of 02
 
concentrations, as we would expect, in the absence of photores
piration. The slope is also greater in C4 plants. In most species
 
so far examined C3 and C4 plants saturate with respect to CO2 at
 
different concentrations. Most C3 plants retain a linear response
 
to concentrations much higher than ambient CO2 levels, for
 
example, 1000 to 2000 ppm. C4 plants, however, become saturated
 
at CO2 concentrations only slightly higher than ambient levels.
 
Thus, at higher CO2 levels, C3 plar.Ls photosynthesize at rates
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greater than C4 plants due to a reduction in photorespiration
 
and an enzyme system which does not saturate.
 

Water requirements. The availability of water affects plant
 
growth and productivity by affecting stomatal and mesophyll con
ductances as well as by its influence on growth and dry matter
 
distribution. It is now clearly established that C4 plants have
 
higher water use efficiencies (g CO2 taken up per g H20 lost) as
 
Schantz and Piemeisel's (1927) production data from many years
 
ago illustrate. This has led to the suggestion that C4 plants
 
have lower stomatal conductances. However, the difference in
 
water use efficiency is due nearly entirely to the higher photo
syntietlc rates of C4 plants (Ludlow and Wilson, 1972; Ludlow,
 
1975). Krner et a . (1979) have recently reviewed maximum con
ductance values among a wide range of C3 and C4 growth forms.
 
They indicate that maximum conductances are equal in C grasses
 
and C3 grasses. Thus, it appears that both C3 and C4 plants have
 
the capability of reducing stomatal resistance to equivalent
 
levels. Total water loss per unit of leaf area, then, under simi
lar conditions should be the same for both photosynthetic types.
 
The higher water use efficiencies of C4 plants result only from
 
their high mesophyll conductances. The data of Ludlow and Wilson
 
(1972) suggest that this relationship holds even for mature
 
stands although this comparison was between C4 grasses and C3
 
legumes. In a closed canopy water use efficiencies should become
 
comparable, since the higher potential photosynthetic rates of
 
C4 plants are not achieved as self-shading becomes sufficient.
 

Ludlow (1975) provides a general review of water potentials
 
in C3 and C4 plants. In esseece, variations in the response of
 
growth, stomatal conductance, and so on are related more to
 
environmental conditions in which species are found than they
 
are to photosynthetic systems. Ludlow indicates that Panicum
 
mzximrum at:moderate leaf water pctentials (-6 to -8 bars) behave
 
much like C3 plants and possess low photosynthetic capacities and
 
low light requirements for saturation. On the basis of biochemi
cal evidence, however, it appears that as gross photosynthesis
 
decreases in water-stressed C4 plants there is a relative in
crease in photorespiratory losses. This is also detected at the
 
physiological level as an increase in non-stomatal resistance.
 
In C4 plants, however, the decrease of net photosynthesis with
 
water stress appears due mainly to an increased stomatal diffu
sion resistance.
 

Mineral nutinoit. requih'enten . Nutrient quality of vegetation 
varies greatly for many reasons. Literature comparisons (for 
example, Cralnpton and Harris, 1969) often suggest that the nu
trient quality of C3 plants is inferior to that of C4 plants. 
This led Caswell et aZ. (1973) to suggest the hypothesis that C 
herbage was of lower nutrient quality than C3 herbage and tended 
to be avoided by insect herbivores. Although many of the broad 
cninparisons of nutrient quality support this generalization, it 
must be accepted with caution since the comparis is are rarely 
made with developmentally equivalent plant structures or under 
comparable environments. Wilson and Ford (1971), for example, 
showed that varieties of ryegrass have nitrogen contents at low 
growth temperatures similar to those of Panicum and Setaria. 
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species possess signifi-
Only at higher temperatures did the C4 


cantly lower N concentrations. This reduction, however, 
may have
 

been caused by a dilution effect of the growth and leaf 
turnover
 

in the C4 grasses.
 
lower N require-
From a physiological or biochemical basis, 


the high carboxgrasses are not surprising, since
ments for C4 

plants require less investment in RuBP
 

ylating activities of C4 


carboxylase. Lower concentrations of P and other 
soluble nu

trients could also be associated with the C4 system. The situa

is not as clear.
 
tion with respect to other nutrients, however, 


in
 
Calcium, mainly a constituent of the wall, might be expected 


equivalent or even higher concentrations in C4 plants.
 

3 plants
plants appear to differ qualitatively from 
most C
 

C4 

by virtue of what appears to be an obligate requirement for
 

as a micronutrient. Alsodium (Brownwell and Crossland, 1972) 


few species have been tested, this requirement pervadesthough 

is not known if Na has an intimate role in


all families. It 
of the systems, or if Na rep

specific biochemical reactions C 4 
arid (and high Na)
resents a general requirement reflecting an 


origin. 
The best indications of a nutritional difference 

is that
 

provided by direct experimental comparisons. Brown 
(1978) has
 

a higher nitrogen use efficiency than
 shown that C,1 grasses have 


his analysis illustrates that C 3 grasses 
grasses. Furthermore,C 3 	 at equivalent N concentrations than do 

possess greater N stresses 
however, do not illustrate grasses. Comparisons among dicots,C 4 

(see Brown, 1978).
marked differences among photosynthetic types 


In Kenya, Imb-ba (1973) indicates that a number of C4 dicots 

in fact, used as leafy vegetables.
have high N contents and are, 


if these species were selected as
 It is riot clear, however, 

if this character

vegetables because of high protein levels or 


istic developed later. 

Differences in the discriminationfLoo ', J' CrlPtton. 
1 3

3 and C4 plants are consistent and 
of fun

against C between C
 
in the stable isotope,
damental importance. C plants are richer 


C, than plants (Hatch and Slack, 1970; Lerman, 1975). ThisC 3 


difference is. now well established and stems mainly from the
 

of the primary carboxylase enzymes
different discrimination 
, c't., 1974; Lil'eeiis, ['7 ) . Both

(Whelen (t - .- , 1973; Deleens 
I C but PEP car-
PEP and RuBP carboxylase discriminate agairnst 

RuBP utilizes a
 boxylase discriminates less. In a C,1 plant the 


pool of CO 2 (provided by PEP carboxylase) and thereforeclosed 

cannot discriminate further in this system. 13
 

by 6 C
The magnitude of the discrimination is 	 represented 

from combustion anddetermined mass spectrometricallyvalces as 

collected CO 2 samples. 

- 1 10003 13 C/12C (sample)
2
61 c(o/_) 1 3C/1 C (standard)
 

61 3C value around -7/,, (all relative to
Atmospheric CO 2 ha-. a 

the PBD standard). plants discriminate against 13C to produce
C3 

3 and C,1 plants, which discriminate 

less,
 
a 61 C value around -28 


(Smith, 1976; Smith and Brown,
cluster around a 613C of -12.5 

These values are generally similar
 1973; Smith and Turner, 1975). 
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for each photosynthetic type regardless of taxonomic group. The
 

major exception to these two clusters results from species with
 

CAM metabolism or, in a few cases, from so-called intermediates.
 
To be of substantial ecological use, however, it must be
 

demonstrated that the 613C is relatively independent of environ

mental factors (or that its dependence is known and quantified)
 

and that subsequent fractionation (as in secondary production)
 
is minor. Lerman (1975) stresses that caution must be exercised
 
when comparing literature 613C ratios, since greenhouse experi
ments may recycle CO2 and result in artificial ratios. Smith et
 

al. (1976) further indicate that there are environmental effects
 

on the 61C values, but these are minor. We would expect secondary
 

fractionation to be minor, since the isotopic effect on mass is
 
small. This predictability has been verified by DeNiro and
 

Epstein (1978a, b) and Teeri and Schoeller (1979). Thus, isotopic
 
analyses can be used to assess, quantitatively, (Tieszen, 1978a;
 

Tieszen ot a7., 1979b; Tieszen and Imbamba, 1980) dependence of
 

herbivores on C3 or C4 plants or the relative contributions of
 
each system to above-ground or below-ground productivity.
 

CONSIDERATIONS FOR AGROFORESTRY
 

The selection of species to be used in agroforestry must be
 
based on cultural and economic as well as environmental and bio

logical factors. There are some general principles related to
 
photosynthetic pathways to be considered in selecting species
 
for incorporation in agroforestry systems. They can provide some
 
perspectives when developing long-term orogrammes of research
 
and application and are not intended to supplant normal criteria
 

of adaptation and appropriateness.
 
Once again it is important to recognize that agroforestry
 

systems may require species, or complementary associations of
 
species, which posse different adaptive responses or environ
mental requirements from those characteristic of energy intensive
 
agricultural systems. The North Temperate zone heritage is
 

largely based on C3 grass cereals and has emphasized production
 
or yield at the expense of high nutrient and water requirements
 
and, in fact, perhaps at low energetic efficiencies. Agroforestry
 

systems may place less emphasis on yield and more on efficient
 
resource utilization (see Vose, 1981) as well as sustainability.
 

Most agroforestry systems will likely rely on local species
 
already somewhat adaptel to local environmental conditions. And
 
they may be selected not only on the basis of their production
 

or yield but also on the efficiency of energy conversion or
 
resource utilization. Thus, each situation will be different and
 
needs to be evaluated in its own context. This makes generaliza
tions difficult.
 

Pho~omt.ht B* 21 , J'idzv!t on , and yjic d 

It is cloar that the photosynthetic capacity or potential is 

only one of many plant characteristics which determine ultimate 
production or yield. As such, however, we would expect C4 domi

nated systems to he nre productive in habitats where their 
potential can be realized. Monteith's (1978) recent evaluation
 
of production data and review of earlier comparisons confirm
 
higher short-term maximum growth rates for C4 crops in their
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(Table
environments compared to, C3 crops in more temperate zones 

4).,This difference results from the greater availability of 

light and the higher 'efficiency' of energy conversion by the C4 

c anopy/.-These -data-suggest-that.under-goodagronomic ,conditions 
in the tropics or subtropics, C4 monoculture systems should be 
more productive than C3 monoculture systems. 

I should point out, however, that high photosynthetic
 

capacities are not exclusively the domain of C4 plants. High
 

photosynthetic capacities in C3 plants demand large investments
 

in protein (RuBP carboxylase, for example) and hence, may have
 

high resource demands. They may also, then, be especially attrac

tive to herbivorous pests.
 

Table 4. Production (dry weight) comparisons of C3 and C4
 
systems. (From Monteith, 1978.)
 

Mean maximum growth rate Mean seasonal growth rate
 -
Group m-2d % efficiency g m-2d -!  % efficiency 

50 to5 3 to4.5 22 ±3.6 2.0
C4 

34 to 39 3 to 3.4 13 ± 1.6 1.4
C 3 


Growing season
 

A further examination of Table 4 reveals that the advantage of a
 

system is still greater than a C3 system when the production
C4 

is relative to total season length. This may reflect the ability
 

of C4 plants to utilize the high leaf irradiances in younger
 

developing canopies (of low LAI). When self-shading is minimal
 

in tropical environments, C4 plants should show substantially
 

higher crop growth rates than C3 plants. This consideration could
 

be of great significance since often tropical growing seasons are
 

initiated and terminated by moisture availability.
 
Our (Tieszen, 1978b) simulation studies in other short
 

growing season systems clearly indicate that production is highly
 

dependent on two things: thelength of the growing season, and
 

the rate of allocation (or of development) of carbon to leaf
 

material. With all other things (for example, seed size, germina

tion rate, leaf angle, and so on) equal, a C4 canopy should
 

develop faster and begin to utilize light more completely than a
 

C3 canopy.
 

Canopy relationships
 

We would expect C4 plants, then, to be more productive under
 

canopy conditions which expose leaves to high irradiances. Under
 

conditions of subdued light, however, as in cloudy areas or with
 

canopies of high LAI, we might expect C3 and C4 performances to
 

be comparable. Ehleringer and Bjorkman's (1977) simulations
 

suggest that differences in quantum yield account for the re
latitude increases.
placement of C4 g rasses by C3 grasses as 


However, we have clear quantum yield data for relatively few
 

species. And their simulations included other variables which
 

operated simultaneously.
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Under low irradiance condi

tions, C3 plants predominate. In Kenya, for example, even at low 

altitudes, nearly all' understorey grasses are C3 And in open 

Field observations are clear. 

. 

areas where canopies of high leaf area can develop, for example 

in swamps,. sedges and grasses (like'-Phr )te)againr'are-often--

C 3. This relationship is likely the factor which 
is largely re

sponsible for the near absence of C4 species among tree growth 

forms. With a closed canopy, C3 species, in fact, may be both 

more efficient and more productive. Certainly, during succes

sional stages efficient and productive systems at low irradiances
 

would be important.
 
This explanation, however, does not account for the absence
 

of C4 forms from woody species in 
more open systems such as
 

savanna. Why are all legumes C3? We don't know enough about the
 

physiology of these species to really compare them to other C3
 
, however, may be explained by
or C4 plants. The absence of C4
 

ultimate evolutionary pressures.
 

Water availability 

Both and C4 plants can show similar adaptations to waterC3 
stress. Yet the high occurrence of C4 species under warm and arid
 

conditions (for example, Mulroy and Runderl, 1977) argues in
 

favour of a competitive advantage for this pathway. This is also
 

suggested by the higher water use efficiencies shown by C4 gras

ses. This is accounted for, however, at the physiological level
 

by an increase in mesophyll conductance. Thus C4 plants, grasses
 

at least, do not appear to conserve water by reducing maximum
 
efficiency stems
leaf conductances. Their greater water use 


uptake for equivalent rates
entirely from a higher rate of CO2 

of water loss.
 

This non-conservative strategy is not unexpected in areas
 

of high water demand, brief water availability, or only near

surface wetting. Conservation of water could result in increased
 

water loss directly by evaporation thereby decreasing plant pro

is tapped, however, a conduction. If a subsurface water source 


servative approach with decreased leaf conductances (and, there

fore, reduced production rates) could be exploited. The woody
 
are suggestive of this
desert forms described by Winter (1981) 


pattern, but nothing is known of their physiological responses
 

or, for that matter, their productivities. Their high biomass
 

suggests a reasonable productivity. If this proves correct some
 

of these species may be very significant as overstorey plants 
in
 

water limited systems.
 

Salt accuulation areas 

Similarly, C4 plants should be given serious consideration 
in
 

any system where salt accumulation is a problem. We do not know
 

plants tolerate saline environments, but many
whether all C4 

certainly do. A more systematic screening of potentially useful
 

species might be advised.
 

Mineral nutriantB 
and C4 systems and nutrients is
The relationships between C3 


highly important but least clearly known. As our earlier review
 

grasses may have lower requirements for nutrients
indicated, C4 
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Table . Protein contents, where available, of local C3 and
 

C4 leafy vegetables in Nairobi (From Imbamba, 1973; Imbamba
 
and Papa, 1979. 

Species 


Anviranthua tividus 
Awvranthus hybridua 
Gynandropsis qynandra 

Vigna unguiculata 

Crotalaria brevidens 

Corchoruo olitorius 

Bras8ica intergrifolia 

SoZantn nligrwn 

Trianthemn ceratocepala 
Aerva lanata 
Alternanthera peploides 
Gonrphrona globosa 
Atriplex halimun 
Kochia scoparia 
Boerhavia diffusa 
Portulacaquadrifida 
Tributus terrestrio 


Type Family % protein 

C4 Amaranthaceae 26.7 
C Amaranthaceae 27.8 
C4 Capparaceae 35.8 
C3 Leguninosae 28.5 
C3 Leguminosae 32.5 
C3 Tiliaceae 22.5 
C3 Cruciferae 28.9 
C3 Solanaceae 29.3 

C4 Aizoaceae 
C4 Amaranthaceae 
c4 Amaranthaceae 
C4 Amaranthaceae 
C4 Chenopodiaceae 
C4 Chenopodiaceae 
c 4 Nyc taginaceae 
C4 Portulacaceae 
C4 Zygophyllaceae 

than C3 grasses. In our mixed prairie system in the United States
 
of America, this results in different microdistributions for
 
these two groups. C3 grasses occupy resource rich areas (Tieszen
 
et at., 1981) and C4 grasses occupy resource limited areas;
 
especially dry sites low in N and P. This results in the seeming
ly incongruous situation in which our communities dominated by C4
 
grasses have lower productivities than those dominated by C3
 
grasses. 

The lower nutrient requirements make C4 grasses the species
 
of choice where nutrients may be scarce. Obviously, however,
 

fewer nutrients are then available in the ensuing forage. Com
parisons among seeds or other useful parts have not been made.
 
The expected low nutrient status of leaves decreases their value
 
for human or animal consumption. But it may increase their value
 
if used for fuel either directly or indirectly, since nutrient
 
losses from the system are minimized.
 

The situation with dicot vegetables is not at all clear.
 
Imbamba has shown that a number of local vegetables are in fact
 
C4 
(Table 5) and some of these have very high protein or N con
tents. If C4 dicots do depart from the grass generalizations,
 
they may be more important as high quality and highly productive
 
vegetable components in agroforestry systems. We must remember,
 
however, that these analyses were performed on plants which may
 

have experienced considerable selection pressure. Regardless,
 
they do then reveal the potential for increasing nutrient levels.
 

It is tempting to consider greater exploitation of C4 dicots
 
as loafy vegetables. Their value, however, will likely be great
est in open or semi-open situations. Under closed canopies, our
 

more traditional C3 forms should be exploited.
 
Perhaps one other feature' related to nutrient status should
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be mentioned The generally inferior nutrient quality may result
 
herbivorepressure on C4 plants, especially in mixed 

systems This has been demonstrated in some instances (Boutton 
980) asas4Figure- 4--shows .- .... ... ..------ -

100 

C 

0 

20 Go 100 

Proportion of C4 Available 

Fig. 4. Dietary selection among C3 and C4 species of grass
 
as a function of availability by two species of grasshopper.
 
Data points to the right of no preference indicate preference
 
for C4 A slope less than 1 indicates that preference is
 . 

greater as the abundance of C4 increases.
 

"Mxed agroforestry systems
 

In considering appropriate combinations of species, from the
 
point of view of their photosynthetic system, we need to distin
guish the annual or seasonal canopy type irom the 'permanent'
 
overstorey type. In the annual or seasonal type it is usually
 
imperative to establish a high LAI as quickly as possible and C4
 
plants should be included in suitable environments. Maize,
 
sorghum, millets, sugarcane and other grass cereals are likely
 
candidates. In the understorey, C4 annuals should perform well
 
in the early stages of canopy development, especially as leafy
 
vegetables. In later stages C3 dicots would likely need to
 
replace C4 dicots, although we do not know much about C4 dicot
 
responses. When available C4 species could, with advantage, also
 
form the upper levels of the canopy where high irradiances can
 
be utilized more effectively.
 

If resources are strongly limiting, or available for only a
 
brief period, it may not be possible to attain a high LAI.
 
Physiologically, a C4 system should outperform C3 plants by a
 
substantial margin under these conditions. Therefore, we should
 
try to incorporate C4 plants of whatever growth form under these
 
conditions.
 

*In conditions with a permanent woody overstorey our options
 
seem more limited. Very few of the families with woody species
 
of interest possess any C4 species. Members of the Fabaceae, for
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example, all appear to be C3 . Thus, under reasonably mesic con

ditions our overstorey species will be C3. And, if shading is
 

significant, our understorey options may be foreclosed as well;
 

C3 	plants will be required. If, 
however, the overstorey is open
 

C4 types, including both dicots 
and some grasses, could be inter

spersed in the understorey.
 
When resources are more limiting, we should consider the use
 

of C4 woody species as overstorey forms 
even though only few are
 

available. Nevertheless, as Winter (1981) indicates, where these
 

forms occur a number serve very important economic functions.
 

Since one of our objectives is to develop appropriate agrofor

estry systems, and since these may be especially important in
 

resource limited areas, we need to know more about these woody
 

forms. If they retain the general features of low nutrient con

tent, relatively high productivity and water use efficiency,
 

enhanced herbivore avoidance, and so on, they should become
 

especially important in systems using them for fuel or biomass.
 

Reaiitic' of ( 4 ,:xP1oitationT 

are
It is now well known that many grass cereals in the tropics 


C4 , and these and other grasses (for example, maize, sugarcane,
 

sorghum and millets) will certainly play an important role in
 

future development. We should not ignore, however, the large
 

number of local grains which are not receiving international
 

of 	great local importance. In Eastern
support but which are 


Africa finger millet (Elcinch Loioacaan) and tef (EragroStil8 tef)
 

are excellent examples of well-adapted varieties of economic im

portance and often of cultural preference. Other important spe

cies are (Porteres, 1976) ; fonio millet (Wigjtarfl?xilis), 

black fonio (I)Wigtai'a ibueoua) , animal millet (Braohiariaspp.
 

and various species of Ik22paturn and J) ]nfnljctum. It is unlikely,
 

species will be developed or are necessary.
however, that more C4 


The situation with respect to C4 dicots is again quite
 

With the possible exception of Artiranthu, I know ofdifferent. 
no C4 vegetable of widespread use. Yet in East Africa a number
 

of species are of local importance; and this local dependency
 

may be of more general occurrence in other tropical areas. These
 

species appear often to be annuals and to be derived from open,
 

perhaps disturbed, habitats. Many are certainly from, or close
 

relatives of, species adapted to arid or semi-arid areas. Thus,
 

their greatest potential is likely in similar environments.
 
and I
Relatively few of the woody shrubs or trees are C4 


suspect that further searches will reveal few C4 species with
 
spethe exception of t ose families already known to possess C4 


cies and occupying desert environments (Winter, 1981). Further
 

a few more woody species adapted to
studies will likely reveal 


desert or saline environments and these need to be considered
 

for exploitation.
 

RECOMMENDATIONS
 

We 	might, therefore, summarize some recommendations as follows.
 

" 	Catalogue all known woody C4 forms and describe their envi

ronmental requirements and potential economic importance.
 

• 	Document all known C4 dicot vegetables or other economically
 



341 PHOTOSYNTHETIC SYSTEMS 


important forms.
 
* 	Establish the photosynthetic capacities, productivities,
 

nutrient contents, and water requirements of C4 dicot veg
etables and related species.
 

" 	Summarize the local uses of C4 grasses as cereals or for
 
other economic purposes.
 

• 	Prepare lists of appropriate C 3 and C4 species for various
 
roles in agroforestry systems in various environments.
 

" 	Identify important grass micro-organism associations for
 

potential exploitation as nitrogen fixers.
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DISCUSSION
 

LAMPREY - Is it likely that a particular, highly salt tolerant
 

forb (not named) in Northern Kenya could be a C4 plant?
 

TIESZEN - As I indicated, C4 systems are adaptive under condi

tions in which internal leaf CO 2 becomes limiting. These condi

tions occur when light is abundant and stomatal closure occurs.
 

in water stressed plants, and therefore in plants
This is common 


growing in areas of salt accumulation. This includes members of
 

the Chenopodiaceac. Your species would have to be tested.
 

ALVIM - Can any shade tolerant species be C4 plants?
 

shade
TIESZEN - Both C3 and C1, species show varying degrees of 


in East Africa all the grasses examined from open
tolerance but 


canopy systems at low altitude were found to be C4 . In closed
 

forest systems all the grass species were C3 , although some C4
 
forest edge (for example, some species of
 grasses grow at the 


movement an important factor
BUDOWSKI - Is the capacity for leaf 


in considering photosynthetic systems?
 

leaves is a very common phenomenon
TIESZEN - Solar tracking by 


species. is highly developed aruong some
in both C3 and C4 It 


in habitats characterized by short
 

area indices. In water stressed
 
annual species which occur 


growing seasons and low leaf 


systems leaves often minimize the interception of solar radia

tion.
 

1 

- Data from Pearcy related to Calvin's work suggest that
LEDIG 


1. Calvin, M., Nemetry, E.K., Redenbaugh, K. and Otvos, J.W. 

source. Petroculture J.(1981). Plants can be a direct fuel 

145-148, 1982.)(Ed.)
2, 26-28. (Reprinted in Biologist 29, 
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some tree euphorbias in Hawaii are C4 . These may be important
 
for the production of secondary compounds ('fuel' plants).
 

LOOMIS - The values of output reported by Calvin from these
 
plants cannot be theoretically accounted for.
 

TIESZEN - I am unable to account for Calvin's production data
 
from CAM euphorbias either.
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ABSTRACT. Different types of plant canopy are compared
 

with respect to their dry matter productivity, with an
 

emphasis on forest canopies. Properties such as the type
 

of photosynthetic metabolism, rate of net photosynthesis
 

in leaves, leaf area density, the aggregated arrangement
 

of leaves, evergreenness and stand age are considered.
 

Limited available data suggest that forest communities
 

tend to have not only a larger leaf area index but a
 

higher efficiency of solar energy conversion to gross
 

production than natural herbaceous communities. The ratio
 

of net to gross production is, however, greater in herba

ceous communities, so that the efficiency of net produc

tion may differ little between the two canopy types, being
 

mostly between 0.5 and 1 per cent. Net production effi

ciency can be raised to 1.5 per cent in intensively man

aged crop fields, although the net to gross production
 

ratio is likely to remain more or less the same. C4 crops
 

tend to have much higher efficiencies for both net and
 

gross production.
 
The poverty of existing knowledge about the character

istics and performance of mixed multispecies canopies
 
needs to be remedied if agroforestry systems are to be
 

designed and managed optimally. Meanwhile we have to fall
 

back on a more theoretical approach to the behaviour of
 

crop mixtures and a brief account of Ogawa's yield dia

grams for these is given.
 

INTRODUCTION
 

Information on the photosynthetic performance of plant canopies
 

is now available due, especially, to the concentrated efforts
 

made during the period of the International Biological Programme
 

from 1965 to 1974 (Eckardt, 1968; Duvigneaud, 1971; Cooper,
 

1975; Lieth and Whittaker, 1975; Murata, 1975; Numata, 1975;
 

Shidei and Kira, 1977; Kira at a7., 1978; Monsi an6 Saeki, 1978).
 

i ' ' !
<' . < -.. ' 
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However, our present knowledge is still limited in both quality
 

a general idea about the distribution
and quantity, giving only 


of organic matter productivity among different kinds of plant
 

canopies. Furthermore, reports are often based on different
 

techniques, making exact comparisons difficult. Tropical exam

ples are poorly documented even though the information is keenly
 

needed to establish new ways of land use, including agroforestry.
 

This paper is a tentative review of the comparative produc

tivity of different plant canopies, based on the limited, avail

able irformation. It is oriented more to general trends than to
 

the study of arbordetailed considerations. Emphasis is laid on 


eal canopies, which is still much behind the 
study of herbaceous
 

crop canopies.
 

FACTORS AFFECTING THE PRODUCTIVITY OF PLANT CANOPIES
 

Types of photosynthetic process 

The advantage of C4 plant canopies over C3 canopies in their
 

photosynthetic production is widely accepted, though not without
 

some doubts. According to Gifford (1974), there is a wide dif

ference between C4 and C3 plants in the efficiency of biochemi

but the
 

in the performance of
 
cal carbon fixation (see also Tieszen, this volume), 


difference tends to be less pronounced 


single leaves, and is said to disappear almost completely when
 

the dry matter production by a whole canopy is compared. He
 

ascribed this trend mainly to the greater gas phase resistance
 

leaves and their low carbon fixation capacity under the
 

low light levels that may prevail in field conditions. Though
 

Gifford's point contains considerable truth, there is concrete
 

in C4 


evidence that C4 canopies can produce more organic matter 
than
 

canopies.
 

Ishii and Murata (1978), for instance, compared the maximum
 

terms of the mean crop growth
 

C3 


production of various crops in 


rate (CGR = rate of dry matter production) over the whole grow

ing period to obtain the result shown in Figure 1. Apparently
 

crops are much more productive than C3 crops as far as their
C4 

maximum yield records are concerned. The same conclusion may be
 

drawn from the Japanese IBP experiments (Murata, 1975), in which
 

maize (C4 , Gramineae) always proved to have a higher CGR and
 

efficiency of solar energy utiliation than rice (C3 , Gramineae)
 

under the same conditions at various locations in Japan.
 

ThQ maximum net production rate for C 3 canopies of 40 to 50
 
-
1 is most probably reached by plantations of sotonnes ha-lyr 

called 'fast growing trees' in the tropics, though few exact 

estimates are available. Correslynding maxima for C4 canopies 

are twice as large; for example, 96 t ha-yr
-| in napier grass 

(T'' i~ . '': 1:o1:4,:,.")(Puerto Rico) and 78 t ha-lyr - 1 in sugar 

cane (Ilawaii).
 
are alwaysHowever, this does not mean that C4 canopies 

highly productive. Certain C3 plants such as sunflower are often 

some cases, genetic differences
as productive as C4 plants. In 


in other physiological characters than photosynthetic pathways
 

may become more important. 

Remarkabl difjre ns' n photo synthti r 

Remarkable differences in leaf photosynthetic rates do exist not 
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Fig. 1. Frequency distribution of crop growth rate averaged
 

over the whole growing season in various crops. Maximum yield
 

records for respective crops were used for the calculation.
 

Drawn from the table by Ishii and Murata (1978).
 

only in well-known cases of herbaceous plants but also in trees,
 

nts. In his study on the photosynthetic rate
which are all C 3 pl 

of trees in a lowland rainforest of peninsular Malaysia, Koyama
 

(1978) found remarkable differences among the species tested in
 

the rate of net photosynthesis of sunleaves at light saturation.
 

TyFical large trees of the top layer of undisturbed forest
 
rates of 

10 to 15 mg CO, dm- 2 (leaf area) hr
- 1, which are approximately 

stands, such as I)ptrocaPl2u. 	spp. and :'Jhor'eu spp., had 

equivalent to those of temperate trees (Larcher, 1980) . On the 

other hand, higher rates rangihj between 20 and 
25 mg CO. dm 

2 

1 were obtained in such small 	pioneer trees as !doaaranga
hr

that colonizedhypoJUli.'W , 1.? lots.; poe mos [lamw and G;ohl[dion sp. 

bare grounds immediately after tree felling. These species are
 

the ecological equivalents of 	the American C ,oropiaspp., also 

known for their high photosynthetic rates (Stephens and Waggoner, 

1970), and the African Ah.n:;(nmp 'opLoNb '. These species grow 

very rapidly, although they are very short-lived and have light 

wood of little economic value. 

It is interesting to note that the highest rate of 25 to 30 

mg CO. dm-2hr 1 was measured in leaves of Shorca eprosula. This-
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isalso a light demanding secondary forest species, character
~4~iized by a high growth rate in its initial growth stages, but it 

lives much longerand is frequently found as a large tree in 
mature rainforest stands. 

The secondary succession in tropical rainforest districts 
starts usually with a dense growth of short-lived pioneer trees, 
.i	and'passes through a long,.intermediate stage or stages of mixed 
seconday' foest before the final stationary phase is reached. 
There seems to be a general trend along this coursr- of secondary 
succession toward bigger tree size, heavier wood, longevity,
 
slower growth rate and lower assimilation rate. As shown by the
 
example of S. Zeproeula, certain species of the intermediate
 
stage may have both high rates of photosynthesis and growth, arn3
 
large stems of good timber quality. 'Most of the so-called fast
 
growing species used for tropical tree plantations appear to
 
belong to this ecological group, except for Australian Eucalyp
tus spp. A vast extent of secondary jungle in the humid tropics
 
thus offers a valuable gene pool from which more,suitable spe
cies for agroforestry use may be found in the future.
 

Canopy structure
 

The average inclination of leaves has been recognized as an im
portant factor influencing the efficiency of solar energy utili
zation in plant canopies since the classical study by Monsi and
 
Saeki (1953; Saeki, 1960). It may also, by encouraging leaf pro
duction and/or retention in the lower part of the canopy, in
crease the leaf area index (LAI). Canopies consisting of erect
 
leaves (erectophile canopies; de Wit, 1965) thus have smaller
 
values for light extinction coefficients, greater leaf area in
dices and higher rates of canopy photosynthesis than planophile
 
canopies (those with horizontally situated leaves) (Fig. 2).
 

Some other structural attributes are also important in the
 
case of forest canopies. The leaf area density (LAD) is much
 
smaller in forest than in herbaceous canopies owing to the
 
greater plant height and resultant larger canopy depth in the
 
former. Mean LAD values in most forest canopies range between
 

2 - 3
0.2 and 0.4 m m , whereas those for herbaceous canopies amount
 
" to 2 to 42m m in general (Kira et at., 1969). A low LAD may 

favour the penetration of light into a canopy due to diffraction 
and result in an increase in the total LAI, and hence the total 
photosynthesis of the canopy. It may-also serve to increase 
canopy photosynthesis by reducing the midday depression of at
mospheric carbon dioxide concentration. The CO2 concentration 
within dense herbaceous canopies is known to drop to a very low 
level of around 250 ppm at midday on a clear, windless day, 
while the daytime concentration observed in a luxuriant rain
forest of Malaysia was rarely less than 300 ppm (Aoki et al.,
 
1975).
 

In fact, the LAI of forest canopies tends to be greater 
than that of herbaceous canopies. Broadleaved forests In the
 
temperate zone of Japan show a range of LAI of 6 to 7 mm -2 , 
including that of undergrowth, while that of planophile herba

-2
 ceous canopies rarely exceeds 5 to 6 mm , even in densely
 
planted crop fields. The aggregated distribution of tree leaves
 
within the three-dimensional canopy space seems to play a signi
ficant role in increasing the LAI of forest canopies in addition 
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z: - •') , :".•i 
' I : , , ,,- 'd -< 'r' .' '.,' $ • * 

canopy andI the rate} of surplus production (gross canopy photo
synthesis minus leaf respiration) for different values of
 

light extinction coefficient,(K). Redrawn from Saeki. (1960)., 

to their small LAD. Tree leavu- tend to form dense clusters on 

twigs, which in turn assemble to make up tree crowns and the 

whole forest canopy. Shinozaki developed a theory (Kira et at., 
to show thatIsuch a cluster1969; shinozaki and 'Kira, 1977) 


structure could increase the total LAI held by a forest canopy
 

to a considerable extent.
 

Ev.ergreen varaus deciduous leavea
 

Growing in the same habitat, evergreen forests almost always 

prove to be more productive than deciduous forests (Ovington, 

1962; Kira,,1975). Summarizing the above-ground net production 

data in Japanese forests, Kira (1976) arrived at an average pro
ha-1 yr-I (mean of 88 stands) forduction rate of 11.15 ± 3.75 t 

boreal and subalpine coniferous forests, while the corresponding
 
temterate deciduous broadleave'd forests was
average for cool, 


8.74 ± 3.47 t ha- yr~ (55 stands) (Table 1). The evergreenness 

of the former forest type appears to be advantageous for its 

primary production in spite of the thermal climate-being less
 
The length of
favourable than that of the cool, temperate zone. 


for deciduous trees is substantially shortened,
growing season 

both at its beginning and end, owing to the time needed for the
 

unfolding of new leaves and the coloration period before leaf

fall. Both times which can be utilized for positive production
 

by evergreen leaves. This is probably the reason for the higher
 
same relationship may
productivity of evergreen forests. The 
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Fig. 3. Age dependent changes in leaf biomass and net produc
tion rate in even-aged forests. The leaf biomass in Crypto.
meriza includes the mass of green twigs (Kira, 1976).
 

also exist between drought deciduous and evergreen forests in
 
the tropics as well 	as among herbaceous canopies.
 

Age of forest stands 

A peculiar feature of forest canopies is the remarkable depend
ence of their net production rate on stand age. Age dependent 
changes in the rate of current annual growth of stem wood bio
mass are well known in even-aged tree plantations, and the time 
trend of net production rate also follows more or less the same 
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Mean rates of above-ground net production (103 kg
 

ha yr 1) in Japanese and Euro-American forests (Kira, 1976).
 
STable 


Japan Europe and N. America
 

No. of MMean Norof
 
_____ Forest type 

Mean~ates' ds Mean-r-ate
 

Boreal and subalpine
 
88 11.15± 3.75 19 9.01±t3.47
conifer forest 


Cool, temperate deci
duous broadleaved
 

55 8.74± 3.47 57 10.17-_ 2.26
forest 

Temperate conifer
 

96* 14.25± 5.78 5 14.96±9.01
forest 

15 10.41± 5.72
Temperate pine forest 44 13.64 ±5.00 


Warm, temperate ever
green broadleaved
 
forest 
 33 20.65± 7.21 1** 7.0
 

• Mostly plantations of Cryptomeria japonica, with some Abies
 

and Tauga stands. Pine forests are excluded.
 

**Mediterranean sclerophyll forest.
 

pattern. In even-aged forests and plantations, the net production
 

rate increases at first with stand age until a maximum value is
 

reached at the time when the canopy becomes fully closed, but
 

thereafter it undergoes a gradual decline, as illustrated 
in
 

Figure 3, although the leaf biomass tends to maintain a more or
 

less constant level for quite a long time. The time of maximum
 

net production rate depends on the density of trees initially
 

planted. If the initial tree density was very high, the 
produc

tion rate would be maximal within only a few years. Ordinary
 

planted stands in the temperate regions, on the other hand, may
 

reach the stage of maximum production in 10 to 30 years unless
 

the stands are artificially thinned.
 

This time trend has not yet been explained in terms of
 

exact quantitative models. One of the main.causes may be found
 

in the increase of total community respiration due to the pro

gressive accumulation of stems, branches and other supporting
 
in any case, the
 organs, as suggested by Kira and Shidei (1967). 


net production rate in young forest stands may sometimes be
 

twice as large as that in older stands of the same tree species,
 

even where environmental conditions are not different. This is
 

at least partly responsible for the wide variability of the no.t
 

same forest type as shown in Table 1.
production rate within the 


The time and duration of the highest productivity stage are
 

important points in the management of tree plantations and in
 

agroforestry systems. An artificial time control may be possible
 

through the change of planting density and appropriate thinnings.
 

In this connection, however, basic studies on the time trends 
of
 

net production and community respiration rates are especially
 

means of an age series of fast growing
needed, preferably by 


tree plantations.
 

- . ...
 

http:14.96�9.01
http:9.01�t3.47


354 T. KIRA and A. KUMURA 

ENERGY EFFICIENCY OF PRIMARY PRODUCTION IN DIFFERENT CANOPY 
TYPES 

The efficiency of solar energy utilization offers the most rea
sonable measure for comparing primary productivity in different 
plant communities and different environments. The number and 

-Sreri ab il ty -of -available'-e f f ic iency, e stimates -are however, -not-- 
enough to allow detailed comparisons. In addition to the diffi
culty involved in the exact assessment of production rates,
 

simultaneous observations of incident solar radiation is not
 

always available in studies on forests and other natural commu
nities. Thus the mean solar radiation observed at a nearby mete

orological station has often been used as the basis of effi
ciency calculation instead of synchronous in situ radiation data.
 

For the time being, therefore, we have to be contented with a
 
rough comparison between major canopy types.
 

The solar energy efficiency of primary production is defined
 

here as the ratio of the energy content of organic matter prod

uced during the growing period in a year on a unit area of land
 
to the total short-wave solar radiation falling on the area in
 

the same period. From the ecologicdl standpoint, it may be more
 

pertinent to adopt incident radiation than actually absorbed or
 

net radiation. Using the photosynthetically active radiation as
 
the basis approximately doubles the calculated efficiency value.
 

Table 2 enumerates the estimates of energy efficiency of
 
net and gross production which we considered to be most reliable.
 

The term gross production is used here to mean the sum of net
 
production and dark respiration of the whole community. Since
 
the authors used different methods for assessi'g community res

piration rates, and none of the methods seemed technically com
plete, the gross production efficiencies in the table are ,
 
regarded as less accurate than the net production values.
 

The efficiency of net production in forests ranges from 0.6
 

to 1.0 per cent, with the exception of a very young fir stand on
 

Mount Fuji. Higher values up-to 1.5 per cent have been reported
 
for dense young stands, for example of Cryptomeri japonica
 
(Tadaki and Kawasaki, 1966), but 1 per cent appears to be the
 

practical upper limit of net production efficiency in fully
 
grown forest stands. The efficiency of gross production is also
 

very low in the same young fir stand.,It is also the case with
 
the old secondary forest of mixed oak and pine studied by Whit
taker and Woodwell (1969), where they estimated the community
 

F 


respiration rate indirectly from the accumulation of carbon di

oxide in the lower layer of atmosphere during the temperature
 
inversion at night. When these two cases are excluded, the effi

ciency of gross production in forests falls within a relatively
 
l to 3.4 per cent.
 

F 

limited range of 2.4 

ratio of net production to gross production differs
 

appreciably between forest and herbaceous communities. The mean
 

value of the ratio is 0.33 ± 0.09 for forests and 0.55 ± 0.08
 

for herbaceous communities. An enormous accumulation of support
ing organs in forests may be responsible for the greater loss of
 

produced organic matter due to respiratory consumption as com
pared with the case of herbaceous communities.
 

A large value of the ratio seems to be common to both natu--.11 
ral and cultivated herbaceous communities, although the informa
tion on gross production rates in natural communities is scanty 

.The 
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(for example,.Midorikawa, 1959; Golley, 1965). If such really is 
the case, the gross production'is expected to be less efficient 
in natural herbaceous communities than in forests, since the
 

range of observed net production efficiency does not differ be
 

tween the two community types, being between 0.5 and 1 per cent.
 e ~may-then..charac.-terize.,theL primary- productLion .processes. ___ 

in the two community types as follows. Forest communities tend
 
to have greater gross production rates than their herbaceous
 
counterparts in the same natural environment, .owing to the
 
greater leaf area held by their canopies. Smaller LAIs and lower
 

rates of gross production are characteristic of natural herbace- 

ous communities, but this drawback is counterbalanced by larger
 

values of net production gross production ratios which are the
 

outcome of the smaller portion of supporting tissues in the
 

,A total community biomass. As a result, there is little difference
 
in the efficiency of net production between woody and herbaceous
 

communities growing under natural conditions as far as overall
 

averages are concerned. There is no reason to consider that a 
tree crop is fundamentally more producvive than a herbaceous 
crop, or vice versa. 

The production efficiencies in herbaceous communities are
 

considerably raised in intensively managed crop fields as Table
 

2 shows. The not production efficiency is generally around 1.5
 

per cent in C3 crops, while the gross production efficiency may
 

be as high as 3 per cent. The very high efficiencies observed in
 

a maize field are probably an indication of the high photosyn
thetic capacity of C4 canopies.
 

PRODUCTIVITY OF MIXED CANOPIES
 

Various types of mixed cropping are common among native agricul

ture in both the old and the new tropics. It is common to find
 

several different kinds of crops sown or planted in the same
 

field as a mixture. These traditional cropping systems may be
 

interpreted, at least partly, as a safeguard against disasters
 

such as drought, for which different crops have different toler

ances, but the occurrence of complicated interactions among
 

crops in mixed culture may sometimes result in a significantly
 

increased overall yield. The behaviour of component species in a
 

multispecies community, and the productivity of a mixed species
 

canopy, offer important themes for both theoretical and applied
 
ecology, but little has yet been done along this line. De Wit's
 

(1960) and Ogawa's (1961, 1980; Suehiro and Ogawa, 1980) formu
lations of the effect of plant density on the yield of mixed,
 

two-species stands contributed much tO this aspect of plant eco

logy; although their theories could cover only some of the
 

simplest cases.
 
Consider a simple mixed cultivation experiment in which two
 

plant species, respectively called D and S species, are grown
 

together in homogeneous mixture. The number of D plants per unit
 

land area (Pd ) and that of S plants (ps) varies in different
 

plots, while the total plant density (P = Pd + ps) is kept con

stant. The effect of the mixing ratio (pd/ )on the yields or 

standing crops of total plants (y = y + y _, D plants (y ) and 

S plants (y ), can then be expressed in a compact form caYled
 s
 

the 'yield diagram' (Ogawa, 1961) as shown in Figure 4.
 



W 
Lqa 

Tabh- 2. Efficiency of solar energy utilization (total short-wave radiation basis) in various plant
 

communities. Net production : gross production ratio is given on a dry matter basis.
 

Ratio
 
Growing Efficiency of Efficiency of Rata
 

season net production gross production orod.
 
gross prod.
I % 


3.4 0.27 Kira, 1978; Yoda, 1981
Lowland rainforest, Negeri 12 months 0.97 


Sembilan, West Malaysia
 
2.8 - Hozumi et aZ., 1969Everareen seasonal forest, -

SW Kampuchea 
2.7 0.35 Kira, 1978
 

Evergreen oak ( 12 months 1.0 


. forest, 

S. Kvushu, Jaoan
 
Maruyama, 1977;
Beech (5K <,m: ?': <) forest, 
Kn
 

C. Honshu, Japan 

2.5 0.23
Alt. 700 m 173 days 0.62 


Alt. 1500 m 143 days 0.68 2.4 0.26
 

Oak- Dine forest, New York, 5 months 0.75 1.8 0.45 Whittaker and Woodwell,
 

1969
USA 
Fir (A: ." : >:::) forest, Tadaki et al., 1970
 

Mount Fuji, Japan
 
1.1 0.48
4 to 5-yr-old stands 6 months 0.5 


ca 25-yr-old stands 6 months 0.95 2.7 0.34
 

ca 60-yr-old stands 6 months 0.75 2.5 0.28
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'a 

4-)

C
 

0 -~ Density of Dplants +P 
P - Density of S plants - 0 

Fig. 4. 'Yield diagram' that represents the plant yield

density relations in mixe- cultures of D and S species in
 

which the total plant density (P =,density of D plants (Pd)
 
+ density of S plants (p )) is kept constant. Symbols yd, 

Ys and y refer to the yields of D plants, S plants and total 

plants. Density is plant population per unit area. 

According to Ogawa, the shape of tV' species curves in the yield
 

diagram depends on the relative doainance between the species.
 

When D plants are grown in pure stands, the mean plant
 

weight (wd) decreases with increasing plant density (Pd), fol

lowing a hyperbolic curve as shown in Figure 5 (Shinozaki and
 

Kira, 1956). The point A on the curve (Fig. 5) shows that a mean
 

V)

-4-1
 
C 
'a 

-W d ------- A
 
4-

wd-Pd curve
 

I monoculture 

4dW6-----cl I 

?: : i of:Density D plants 

!: Fig. 5. Diagram showing the derivation of a density conversion factor. For further explanation see text. 
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b.lant-.weight of Wd is realized in a pure culture plot with a 

Splant density of p. Suppose, then, that a certain number (p')s 
of S'plants has existed'.in the ,same plot in mixcture 'with D 
p'lants. In this case, the mean weight'of D plants is normallyX ~ ~ ~ ~ W :to di , because.they.have 'bee 4 c-aerow a

j~4~Y'expected'to decrease. fromw w eas he aebe 
subject tolthe infiuence of both Piand ps. When the density of 

D plants corresponding to W*.'n'1 the pure culture curve is 

qd
 
, . "t: . :, : 


: gives the number of S plants which is equivalent to a single D
 

. ,plant with respect to their influence on the growth of D plants. 

Ogawa (1961) called qd,the S - D density conversion factor. If 

qd is smaller than 1, the D species is evidently dominant over 

the S species. In a similar way, we can obtain qs as the D + S 

density conversion factor, by which the density of D plants is 

converted to that of S plants equivalent in their effect.on the 

growth of S plants. In normal cases, if qd < 1, qs is generally 
greater than 1 indicating the suppression of S species by D spe

cies. If both pure and mixed culture experiments are carried out 

with the two species simultaneously, we can estimate the values
 

of density conversion factors for a given sampling time.
 

In many cases the density conversion factors tend to remain
 

more or less constant and independent of the changes in P and
 

the P/PsIratio. The interrelaLionships among Yd' ys, Pd and p5
 
can be expressed by relatively simple formulations for this
 

particular case. Based on the formulation Ogawa (1961) proved "
 

that a convex species curve such as the Yd curve in Figure 4
 

always corresponded to a value of qd smaller than 1, while a
 

concave y. curve,corresponded to the cases where qs > 1. If
 
qd= qs = 1, the plants of both species have behaved as if they
 

belonged to one and the same species, and the three yield curves
 

. become linear as shown by broken lines in Figure 4. 

On the other hand, the shape of the total yield (y) curve 

is determined by a complex of factors such as qd, qs and the 
relative size of the yields of D and S species in pure culture 

(at d = P or ps = P). A noteworthy fact is that the total plant 

yield ,(y) curve sometimes reaches a maximum or a minimum value
 

at a certain mixing ratio as seen in the examples of 'Figures 6B
 

and 6C. In the former case, a greater harvest is expected by
 

growing two species in a mixture than by the monoculture of
 

either one of the species. Experimental data are still too
 

S scanty to predict which pairs of species will meet such expec
, 


441 

44... tations. 

7, The density conversion factors may vary with time even in
 

the same pair of species. Furthermore, there are cases in which
 

the density conversion factors change as a function of the mix

ig ratio (Ogawa, 1961), or because of certain growth factors
 

other than plant density (Suehiro and Ogawa, 1980). Therefore,
 

almost all conceivable patterns of:yield diagram that can be
 

met with in experimental results are as indicated by the exam

ples given in Figure 6. Even the behaviour of the 'simple' mixed
 

two-species community is thus extremely complicated, to say 
 4, 

nothing of where mixtures of three or more species are found. 

. The very wide gap in our knowledge of how plants interact~in44 4 

http:effect.on
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(A)" (B)
 

Lerz~ rrinor (D) 20
 

Spirod Za oigorrhiza (S)
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11660 058
030 


2 
2 Plants m-
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Sudan gr s( )Radish (D) 

d 40 Chinese cabbage(S)
 
Y
 

0 
'/dE 

'EE 200 

0~ 

Ys201
 

362 723
10 00 5 
2


2 Plants M-
Plants m-

Fig. 6. Examples of yield diagrams for two-crop mixtures.
 

mixed crop communities, especially in agroforestry where the 

species can be so very different, is a challenge to 
plant
 

scientists in the years to come.
 

A PLATE illustrating this paper is elsewhere in this volume.
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DISCUSSION 

LEYTON - Have the photosynthetic light responses of leaves been
 

measured at different places in the canopy?
 

KIRA- Leaves were detached-from the uppermost point of the
 

trees and measurements were taken under controlled conditions.
 

TIESZEN - Usually what the 'average' leaf in a canopy is doing 

is 	not close to that of the 'ideal' leaf,
 

BRUNIG - Productivity data should be treated with great caution
 

because of the great year-to-year variability. This could be
 

even more pronounced in agroforestry systems as compared with -.
 

the canopies of natural communities.
 

KIRA - Our data are from 5-year averages. 

BUDOWSKI - Why is Eucalyptus which is one of the most efficient 

converters of energy. into biomass classed as an intermediate 

plant in the serial succession? 

KIRA - It comes from driei areas, and more studies are needed to 

understand why it has such high productivity. 

ALVIM - Biological response is probably not the most interesting 

parameter becauso farmers are more concerned about economic 

returns. In this respect shade from agroforestry canopies can be 
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particularly important in reducing production costs in a number
 

of ways.
 

KIRA - We are working on the biological values and these can,
 

later, be incorporated into economic models.
 

OKIGBO - The figures shown were mainly concerned with maximum
 

yields which is not always the farmer's objective. He may be
 

looking for stability or risk avoidance.
 

RAINTREE - Under natural conditions, woody and herbaceous pro

ductivities were similar. Considering that the productivity of
 

domesticated herbaceous species has been greatly increased, is
 

there a similar potential to increase the canopy productivity
 

of woody components useful in agroforestry?
 

COOMBS - Woody components should be expected to have lower pro

ductivities because chemical conversions of wood formation are
 

less efficient, which could probably explain why they have
 

higher net photosynthesis but equal net productivities.
 

LOOMIS - Five-year averages really are necessary to estimate
 

forest productivity with reasonable accuracy.
 

OKIGBO - As an attempt to provide an answer to Dr Kira's ques

tion as to the reasons for intercropping I would like to observe
 

that, generally speaking, intercropping gives higher total
 

yields than sole cropping, although yields of individual compo

nent species may be reduced. It should, however, be observed
 

that the total yields of economic products, even when they are
 

higher than individual component species, may vary in their
 

economic or nutritive value. The farmer benefits from inter

cropping in:
 
" reduction of risks that may be associated with failure of
 

individual crop species;
 
* 	a facility for frequent harvesting of cash crops and other
 

components, while waiting for the main crop; and
 

• 	ensuring that soil is kept covered and protected from erosion.
 

It should be noted that limited attention has been given to
 

research in intercropping and, often, too much emphasis has been
 

placed on difficulties in mechanization and the application of
 

certain inputs, such as fertilizers and pesticides, in inter

cropping systems. Unnecessary bias against intercropping should
 

be overcome and more resources should be allocated to determine
 

the potentials and limititions of intercropping, and to methods
 

of improving such systems and realizing their potentials. Parti

cularly as they are highly relevant for agroforestry research,
 

where at least one of the intercrops will always be a woody spe

cies.
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LIGHT CLIMATE AND CROP-TREE MIXTURES
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In order to estimate the potential productivity
ABSTRACT. 


of crops, whether growing alone or mixtures, it is first
 

necessary to know how much photosynthetically active
 

radiation (PAR) is intercepted. This can be done by
 

position of each leaf in three-dimensionaldefining the 

space and estimating the light falling on it by means of 

a computer programme. Another method, outlined here in 

relation to multi-storey capopies, is to define the light 

of whole units (trees, bushes) andtransmission properties 

build up a picture of the light being intercepted by the 

different plant layers. Irradiation above critical levels
 

may be necessary for some plant processes. To estimate the 

climate of different multiple crop canopy 

, the light extinction coeffi
within crop light 

designs leaf area index (LAI) 
maximum fraction of available light whichcient (K) and the 

can be intercepted by the trees (Fmax) have to be known. 
of the treeFmax can be estimated using a phy.ical ndel 

canopy on a panel of silicon cells or other light sensors 
increasing total
under field conditions. Practical ways of 


light interception in multi-storey systems are discussed,
 

and the need to consider the light responses of potential
 

species or cultivars for multi-cropping systems is noted
 

examples given. Although the balance of light disand some 

storey plant componentstribution between upper and lower 

has to be decided both by their light requirements and 

their economic values, knowledge of the ways in which 

changes in the structure of a multi-storey canopy can in

fluence potential productivity is clearly useful in helping 

to design igroforestry systems. 

INTRODUCTION
 

The yields of crops, whether tree crops or ground crops, are 

the radiant energy which they intercept. For many,dependent on 

ranging from apples to cereals, the relationship between dry

intercepted energy is approximately linear
matter yield and 

and the fraction (F) of the photosynthetically
(Monteith, 1977) 
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active radiation (PAR) which is intercepted by a crop sets the
 
''upper limit to its potential productivity under those climatic 

conditions It does not follow either that all crops should be 

grown at the maximum possible foliage density or that crop 
yields will always be increased by increasing irradiance. Exces

sive canopy density may depress economic yield. For example,
 e a r ' s s h Oo t s a n d a - - -very-Wp "ple" tre 'do not-fruit~on h rrent-y....... 

high density of the latter may so shade the potentially fruit

bearing zone that yield is reduced (Jackson, 1980). Excessive
 

exposure to irradiation may also depress economic yield, as is
 

the case when heat-sensitive apple varieties suffer from 'sun

scald' of the fruits. It is, however, axiomatic that PAR which
 

is not intercepted by the leaves of a crop plant cannot be 

Sdirectly used by it. In order to estimate the potential produc

tivity of crops, whether growing alone or mixtures, it is first 

necessary to know how much PAR is intercepted. 
In considering the potential productivity of multiple 

cropping systems, especially intercropping systems involving 

trees, shrubs and ground-cover crops, it is essential to be able <
 

to estimate the PAR intercepted by each of the component crops
 

at any given time and to integrate this over the time they
 

occupy space. There is now a very substantial body of theory
 

which enables calculation of the photosynthetic productivity of
 

a crop given knowledge of its leaf area, index, the light trans

mission coefficients of the canopy, the angles of the leaves and
 

the photosynthetic response curves of individual leaves. This 


theory is, however, essentially based on the concept of random
 

leaf distribution in a canopy which is effectively ontinuous.
 

Allen et at. (1976) in a review of work on radiation and micro

climate relationships.stated 'Since the dominant species in
 

polycultures or intercropping systems seldom develop complete
 

canopy closure, it is difficult to apply the previous material
 

(i.e. the general linking theory) on radiation quality, photo

synthesis, evapotranspiration and radiation fluctuation to these
 

systems.' The present paper outlines an approach whereby this
 

can be done.
 

SOLAR ENERGY INTERCEPTION
 

This section discusses solar energy interception by different
 
<;components of a multi-layered canopy with large gaps between its 


constituent units and, in particular, the distribution of PAR
 

within these units. At least two techniques can be used to cal

culate energy interception and distribution in discontinuous
 

canopies of any form.
 
The first is the Monte-Carlo method used by Oikawa and
 

Saeki (1977) and Oikawa (1977). In this the position of each
 

leaf is defined in three-dimensional space in a computer simula

tion and the penetration of beams of light of similar angular
 

distributions to those occurring in nature are calculated,. Such
 

a technique requires access to a powerful computer and would,
 
even then, be very laborious if applied to canopies of complex 

and irregular geometries with varying leaf characteristics in
 

their different components.
 
The second (Jackson and Palmer, 1979, 1981) defines the
 

basic functional relationships at the varying hierarchical
 

14 
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levels rather than taking the individual leaf as the unit and 
building up from this. It is, therefore, cap.ible of treating a 
row of trees, a single tree, ora bush as a unit with respect 
to some of its properties. Such an approach involves some sim
plifications and approximations. Nevertheless, it is easy to use 
does not require expensive facilities, and provides a useful con-f!rauswoit-dfo asdtree phslogst an-iile -te'gooit 

because itdeals in the entities such as tree size, shape, and
 
arrangement which he manipulates in experiments and agricultural
 
practice.
 

Energy interception by discontinuous and multi-8torey canopies
 

With continuous-canopy crops such as wheat the calculation of
 
light interception and distribution is governed by the equation
 

()
IL/I ° eKL 

where I is the light intensity above the canopy, IL the light
 
intensity below a leaf area index of L where leaf area index is
 
expressed as m' leaf per m2 ground, and K is an extinction coef
ficient calculated after measuring Io, IL and L under relevant
 
conditions.
 

This equation cannot be applied directly to a horizontally
 
discontinuous two-layered canopy of trees and a ground-cover
 
crop, but it can be applied, in a slightly modified form, after
 
we have taken separate account of the light which reaches the
 
ground-cover crop without passing through the canopy of any
 
individual tree. Total transmission (penetration) to the ground
cover crop (T) is the sum of Tf (light which misses the trees
 
completely and would reach the ground crop even if each tree
 
were solid) and Tc, which is light which has passed through the
 
canopy of the trees, that is
 

T T + T .(2)
f c 

Tc will obviously relate to the depth of the tree canopy
 
and the density with which leaves are arranged within it so it
 

-'i. will be governed by an equation similar to (1). It would,'how
ever, be inappropriate to use L (leaf area per unit of total
 
-ground area) as the measure of depth of tree canopy penetrated, 

A more realistic measure, which can best be visualised with res
pect to direct light, although it is also relevant to diffuse 
light, is the tree leaf area per unit of ground surface which it 
potentially shades, that is the unit area enclosed by the outline
 
of the projected cast shadows of the trees in direct light. This,
 
defined as L', can be calculated with respect to both direct and
 
diffuse light by equation (3)
 

L' L=: /(l-Tf) (3) :
 

in which Tf is defined as in equation (2) and expressed as a
 
decimal fraction of the light which would reach the ground-cover
 
crop if there were no trees, that is of the irradiance per unit
 
horizontal surface above the canopy.
 

The total light reaching the upper surface of the ground
cover crop after transmission through the tree canopy (T ) is
 c

thus T (1-Tf )a. (4)
 

""t-

A ±'~ ' } g g ". '* . . r: * .g 7 . .S '2 " " . • . : r•3. < = t 
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and total transmission (T)to this 'undercrop' is 

T =Tf + (1-f)e (5) 

The radiant energy actually intercepted by the two crops is then 
derived. For the tree .crop the maximum fraction of the available 

energy which it could intercept, given the tree dimensions and 
spacingn3, is (1-Tf'I this 'is're-d'ef ined as_mx he 

i , T =T + F -KLe • (6) 
F max 

and the fraction (F) of the available energy actually inter
cepted by the trees will be as in equation (7)
 

F =Fma -Fmae -KL' . (7) 
max max
 

That is, the fraction which would be intercepted if the trees
 
were non-transmitting minus transmission through trees of the
 

given dimensions and leaf density.
 
T represents, for the ground-cover crop, the total radiant
 

energy available above its canopy as a decimal fraction of that
 
available above the trees. If this ground-cover crop forms a
 
closed canopy over the surface of the ground then the energy
 
intercepted by this crop can be calculated from equation (1)
 
with Io given the numerical value of I x T. This ignores the
 
effect of the space taken up by tree trunks. If the ground-cover
 

crop is markedly discontinuous with large gaps of bare soil then
 

its energy interception can be calculated from an equation analo
gous to equation (7), bearing in mind that the value of F
 

obtained relates to available'energy at the upper surface of this
 
crop (I x T) not total available energy above the multiple-crop
o 

canopy.
 

Diatributionof radiant energy within the trees and the ground
cover crop 

In view of the nonlinear relationships between sunlight inten
sity and important plant processes such as fruit bud formation
 
and photosynthesis it is important to know not only how much
 
solar radiation a canopy intercepts, but also how much of the
 
canopy volume is irradiated above critical levels. Lower layers
 
..... canopy frequently contribute little to photosynthesis
t 
(Allen et al., 1974) and may contribute nothing to the economic 

yield of fruits so it is wasteful to grow canopies to more than 
a certain depth. For the continuous cover crop it can readily be
 

shown from the Monsi and Saeki (1953) 'equation (1) that if we
 
define LI as the leaf area in that upper zone of the canopy
 
within which irradiance as measured on a horizontal surface is
 
I or more then
 

LI = (in I)/(-K). (8)
 

This leaf area can be visualised as being above an 'irra
diance contour' which is at a given depth, in leaf area index
 
terms, from a horizontal upper surface in the case of a continu

ous canopy. clearly this argument does not apply in the same way,
 
for example, to hemispherically shaped trees where the 'irra
diance contour' will be influenced by distance not just from the
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top but from the outside of the tree, and by the shade cast by
 

neighbouring trees. It has, however, been shown (Jackson and
 

Palmer, 1981) that in the discontinuous canopy
 

L, = Fmax I(In I)/(-K) I. (9) 

The volume of canopy (CV I ) within which the irradiance as 

measured using a horizontally held, cosine law sensor would be 

as great as, or greater than, I is then given by equation (10).
 

CV = LI /(leaf area density, m' leaf mi- canopy volume). (10) 

In order to calculate the effect of a particular design of a
 

multiple crop canopy on the light climate within it, and the 

energy interception by its; components, we need to know the leaf 

area index (LAI) , K and Fma x . 

LAI is laborious to measure but special techniques can 

reduce the labour involved iin its mea surement on some tree crops 

because leaf area is usually related to trunk girth. Because of 

the exponetnt ia I rl at insihip bet wuon LAI and light peretration 

error; of mo,,i;urm n t. at high IAI-; (where the work is greatest) 

are relatively unittiportant:. 

K, tlie light extinction coeff icient, cart be calculated by 

using the Mtoni;i and Saek i equation (I) following measurement of 

radiant energy by cos it , law senser-, witlh appropriate wavelength 

respon:.; ho 1d hor i ,onta ] y above and be low a sec tor of canopy of 

measured ,AI. For t h, calculat ions to be valid the sector of 

catopy tu.st 1ii fiirly cont inuous , and large relative to the sen
soser;; h t the ridiant nrgy falling on the lower sensor has 

act1i,1i1I , s;d throuJh the meoaured canopy. Determination of K 

tust- t, ov(r a itimo period appropriate to that: over which the 

equations arf to be used. For examnple, it should be based on 

daily or even weekly integrals of radiation if applied to crop 

physiological , agronomic or ecologicrl studies. Serious errors 

occur if either the se;nsor has &n inappropriate wavelength or 

angular respotise, or if the K value is mieasured over an inappro

priate period -;o that it cannot validly be used with the leaf 

area and climatic data relevant to the agronomic questions being 

asked (Jackson, 19E30; Jackson and Palmer, 1981). 

Fmax (that is I-Tf) can be calculated, as long as the shapes 

of the discontinuous canopy elements are simple, over any desired 

period of time- by using simple computer or desk calculator 

distribut ions of sun and sky irradiance 

(Cain, 1972; Jackson and Palmer, 1972) . If the sizes, shapes or 

spacingr; of t Ire tree;s are highly variable, or tihe daily pattern 

of angular diStribution of direct and diffuse radiation is either 

complex or unknown, then it may be better to use a physical sys

routines based on known 

tem te estimate FIa directly. We are currently testing very comx 


pact ons,!; (Fig. I) based on small solar panels made up of silicon 

cells. 'hese art, bought as units and encased so as to give a 

cosine law re;sponi;e "so that: th( electrical output is proportional 

to the irradiance. FManx is determined by subtracting the output 

from one of these panels with model trees re,;1tu., on it from that 

of a c.arre-;;ponding parnel (or calibrated silicon photocell) with

out any such shading. Silicon cells are robust and give a high 
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! Border to prevent 
edge effects 

-44Central silicon cell panel 

4Model tree 

'Electrical output depends 
on shade ie.,Fa x 

4 : Fig. 1. Photocell (solar panel) system for measuring F 
max(where F = (1-T f max f 

output; moreover, their wavelength response, which causes
 
difficulties for many purposes, is irrelevant for such use with
 
totally opaque models.
 

PRACTICAL ASPECTS OF ECOSYSTEM LIGHT CLIMATE
 

Given that we can measure, or estimate, irradiance levels and
 
light interception in the different strata of a multicrop system
 
we need, next, to consider the physiological implications of the
 
ecosystem light climate and the use to which this knowledge can
 
be put with regard to the choice of mixed tree and ground crop
 
systems, and to their subsequent management.
 

Increasing cropping system light interception
 

Major advantages will accrue in growing a ground cover crop in
 
addition to a tree crop only where the latter fails to intercept
 
a high proportion of the available light. Any potential advan
tage will be small where the trees intercept most of.the light.
 

Having said this we should appreciate that many tree crops
 
are inefficient in interception of radiant energy in two main
 
ways. First, they take many years to reach full canopy and,
 
second, this full canopy may still be incomplete for management
 
and access reasons or it may, in the case of deciduous trees, be
 
very inefficient in light interception at particular times of
 
the year. These sources of failure to intercept available radia
tion not only result in underutilisation of radiant energy
 
resources but they also carry the positive penalty that energy
 
which is not used by the trees and crop plants is available for
 
the growth of weeds. 

In their early years tree crops are, therefore, frequently 
intercropped with ground-cover crops. In the United Kingdom, for 
example, strawberries are often planted with apples. The apple 
trees are grown in rows with the minimum distance between the 
rows being such as to allow the movement of tractors and machin
ery for spraying. The minimum between-row spacing is about 3 m, 
the more usual spacing in England about 4.5 m. At this spacing 
the trees intercept only little of the available light in their 
early years. For example, a very high density apple planting of 
cv. Golden Delicious on M.9 rootstock, at a spacing of 2.9 mI 
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bwt e ;rows and 0.9 m between trees within the row, was
 

shown to intercept only 11 per cent of available PAR at the end
 

f its first orchard year. One using more vigorous trees planted
 

at 4.3 x 2.9 m intercepted only 11 per cent at full leaf in the
 

second orchard year, while a 5-year-old orchard of Cox and
 

Worcester-on-M.-26-rootstock 
 -only 30-per-cent0f
 

available PAR (Jackson,.1980).
 
o-inMercepted 


* Under such circumstances the intercrop is actually using
 

thegreater part of the available radiation. The dominant factor
 

in the choice of intercrop is then its actual value over a rela

tively few years. Strawberries often fill this role in apple
 

orchards, as do field vegetables in some temperate fruit growing
 

areas. Coconut, oil palm and young rubber trees in Malaysia are
 

often intercropped in their'early years with annual crops. For
 

example, cassava, soybeans, peanuts, maize etc. (Blencowe, 1969)
 

and upland rice and maize are grown in young mango and coconut
 

plantations in the Philippines (Harwood and Price, 1976). It
 

should be noted that intercrops in this open-tree-canopy situa

tion do not need to be particularly shade tolerant, or even to
 

have strategies enabling them to grow at the time of season when
 

the trees have least leaf. Although, no doubt, such characteris

tics can prolong their years of profitable use.
 

Some tree crops show systematic changes in LAI over the
 

an extreme form in deciduous temperate trees
 year. This is so in 


which may not attain full canopy until after midsummer, and thus
 

may have little or no foliage at times of high incident energy
 

in the early summer and late autumn (Jackson and Landsberg,
 

1972). It is, however, also so in evergreen trees in the trop

ics 
(see Huxley, page 503 in this volume). In either case the
 

undercrop should be so rapid growing that it can exploit the
 

relatively short period during which radiation penetration
 

through the tree canopy is maximal. Bunting (1976) cites cucur

bits, with their very effective production of leaf area per unit
 

of dry matter, as being outstanding performers in this respect.
 

Optimisation of interception by the component tree and ground

cover crops 

In natural forests the adaptation of the different plant species
 

to their environmental niches permits a greater utilisation of
 

resources than would be achieved by a closed canopy of a single
 

genotype. In man-managed systems we can work towards a similar
 

maximum exploitation of total light resources by matching the
 

crops to the light climate to which they 7:esubjected in the
 

mixed cropping situation.
 
Light climate in this context is defined as intensity or,
 

more correctly, flux density per unit area. Dry-matter production
 

in a field crop growing under a given radiation regime increases
 

with the proportion of available PAR which it intercepts, because
 

light missing the leaves cannot be used in photosynthesis.
 

However, increasing the intenc.ty of solar radiation will not, 

necessarily, increase productivity. To achieve this it is neces

sary to have species which respond positively to a high inten

sity of PAR at the top of the canopy and those with light
 

response curves flattening off at relatively low irradiation in
 

the lower part. The key crop parameter in relation to light
 

requirements is economic yield and the relationship between
 

http:intenc.ty
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light intensity and economic yield varies both between species
 

and between cultivars This makes generalisation difficult but
 

adds to the flexibility with which the light climates of crop-
S 

ping systems can be exploited. 

Tree crop:lightrequirements. Thn apple, to take a well-studied 
7- 1i example, exhibits characteristi cs which ffit it very well-toth 

role of an upper canopy crop in a mixed cropping system under 

some environmental conditions. For example, from North America 

to the United Kingdom, Poland and Italy it has been found that 

shade depresses the fruit quality of some important apple culti
vars (Bassi et aZ., 1980; Heinicke, 1966; Jackson, 1970, 1980;
 

Jacyna, 1978). In the relatively high light intensity conditions
 

of Summerland, British Columbia, Heinicke (1966) concluded that
 

the best fruit colour.was obtained where they were exposed to
 

more than 70 per cent of full sunlight, and inadequate for sale
 

under 40 per cent. In addit.on, fruit size and soluble solids
 

content are reduced, as is fruit bud formation, at light inten

sities which are more than adequate for vegetative growth
 

(Jackson, 1980).: Shade has also been noted to affect adversely
 

fruit bud formation in South Africa where a degree of shade 
otherwise benefits the cultivars grown by reducing the risk of
 

sunscald. From such work it would appear that there is little to 
be gained by having any apple canopy which is not irradiated to 

at least 50 per cent of the above canopy level. 
Citrus is usually grown in much denser plantations than
 

apple but, even so, and although vegetative growth is vigorous
 

under shaded conditions, a relatively highlight intensity is
 

required for maximum fruitingto the extent that thinning the
 

trees in an overcrowded grove can increase yields by improving
 

within canopy irradiance (Monselise, 1951).
 

Under some circumstances where irradiation levels are very
 

high the tree crop may be primarily grown to provide shade for
 

the economically more important ground crops. Such trees must
 

be adapted to the potentially high heat load on their upper
 

leaves. Brlnig (1976) has reviewed appropriate adaptations in
 

crown and leaf form, in particular the value of small xeromor

phic leaves. 

Underatorey crop light requirements. Where the understorey crop 

is grown only in the first few years after planting the trees 

there is little interference in light interception. But this 

becomes more important as the trees utilize more of the available
 

energy later. Again, the strawberry is an example of an intercrop
 

species particularly used in the early years after planting with
 

several species of tall, temperate fruit trees. Sturm (1961)
 

considered that light was always the limiting factor for the
 

strawberry intercrop and that this latter could only be grown
 

satisfactorily for the first three years under closely spaced
 

bush apple trees (at 3 x 3 m or 2.5 x 2.5 m spacing), and for
 

*:- /nine years under wide-spaced trees (at 6 x 6 m or 10 x 10 m). 

Strawberry leaves require light intensities as high as apple to 

attain light saturationof photosynthesis. Lenz and Daunich 

(1975) cite 0.36 cal cm' 2 , that is 44 k lux, which is very 

similar to the value for sun leaves of apple shown by Barden 

(1977). However, strawberries do show some adaptations to an 

http:addit.on
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understorey role. They attain full leaf canopy earlier in the
 

season than does apple (compare Arney, 1953, 1954 with Palmer
 

and Jackson, 1977) and they are tolerant of some degree of
 

(1971) reported that Pocohontas strawshade. Yu, Park and Song 


berries planted between 2-, 4- and 6-year-old vines, where the
 

41.7, 31.4 and 19.9 k L x respectively
light intensity was 

during a three-month shading season, had similar flowering dates
 

and yields, although the plants among the older vines had fewer
 

leaves and fewer flowers.
 
More generally, C4 plants have higher photosynthetic 

rates
 

than C3 plants at high PAR flux densities 
(Hesketh, 1963), 
so
 

the latter shoud be less reduced in performance when grown as
 

(Hesketh anc. Musgrave, 1962)
understorey czops. Leaves of maize 


do not become light saturated in full sunlight whereas leaves 

sugar beet or soybean, may saturate at
 of C crops, 	such as
3 

about half of full sunlight.
 

At the crop level the studies of Sale (1974) on the produc

tivity of vegetable crops in a region of high solar input (the
 

of New South Wales where solar
Murrumbidgee 	irrigation area 

- 2


input is often up to 1000 Wm ) are of particular interest. He 

a large part ofshowed that the potato crop was unable to use 

this PAR, light saturation of the canopy occurring at about 450 

Wm - 2 . Using a technique of canopy enclosure he found that light 
Wm- 2 , andsaturation of a French bean crop occurred at 600-650 

-2 
(Sale, 1975). 	On the face of it
of cabbages at about 00 Wm
 

with the lowest light saturation levels would appear
 

to be most suited to being understorey crops, with some temper
the crops 

ate crops of 	this type possibly being able to perform as well
 

crop as they 	could unaer a degree of moderate shade from a tree 


however, note some reduction in
in the open. Sale (1972 did, 

light was not


yield of potatoes at a shad,, level under which 


considered limiting for photosynthesis.
 
light climate, both in
The re ;ponse 	 of the tea plant to 

trees and to artificial snading, has beenrelation to shade 
and the results reviewed by Baruastudied in considerable detail 


points of general relevance seem to have been
(1969). Several 


shown in this work. Firsts, that photosynthesis and potential
 

growth of the tea plant are reduced by the very high tempera

can result from direct insolation, buttures (over 35'C) which 


that increased irradiation p e cc'and an increase in leaf tem

perature up to 35°C are beneficial. Second, that those clones
 

of tea with erect or semierect foliage (E-types) make better use
 

of available energy for photosynthesis than do those with hori

the latter being more likely to becomezontal leaves (1l-types); 
and so requiring light shade forexcessively heated in full sun 

maximum growth in the conditions of North East India. Moreover, 

in light penet ration between canopies withthere is a difference 
Values of the extinction coeffierect and horizontal leaves. 


(1) tend towards 	unity with hiorizontal
cient, K, in equation 

lower with erect leaves. Thus the
leaves and tend to be much 


erect 
 leaf type of te_,a	bush develops a much higher LAI (5-7) 

and so surpasses the latter in potentialthan the I-types (3-4) 
also seems that reduction ofproductivity (Hadfield, 1968). It 

to about 60 per cent of full sunshine appears tolight int-nsity 
larger fraction of assimilates towards economic yield
divert a 


as opposed to total net production.
(leaf) 
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Genera] isations and arguments by analogy are frequently
 

misleading, but it may well be that the greatest biological
 

efficiency in a multi-crop, multi-tiered agricultural ecosystem
 

will be achieved by having trees with small, erect or semierect
 

leaves, and hence low K values, forming the upper storey and
 

plants with large horizontal leaves, and high K values, at
 

ground level. This would to some extent parallel the forest eco

system situation.
 

HORIZONTAL DIMENSIONS
 

As a generalisation the more uniformly a tree crop occupies the
 

space in which it is planted the higher will its interception of
 

PAR per unit of leaf area be (Jackson, 1980), and the more uni

form the irradiance on the upper surface of the ground-cover
 

crop with which it is associated. Whether this is desirable or
 

not depends on the required distribution of intercepted light 

between the twD crops which, in turn, will be greatly influenced 

by their -elative economic values and light requirements. If the 

tree crop is grown in discrete rr,..s its shade on the ground

co'.-r crop will be a function of cow orientation, solar altitude 

ind solar azimuth; the latter two, and hence the effect of row 

,,ri-o.tation, being dependent on latitude and time of year and 

day. T;e- relevant mathematics aie discussed by Usher (1970) and 

Jacks r,and PalImer (1971) . The shysical model system discussed 

e.rli'- in this paper for mt,-: ing " ilax would, of course, give 

a result directly proportionai .c shadow length at any given 

time, eo integrated over any chosen time period. If H is the 

Isight of the trees then at 50"N the cast shadows are probably 

unimportaIr at more than 1 to 2 heights distant, and much less 

at lower ],titures. 
In general, arrinqement of the troe canopy so as to maximize 

its occupancy Cf space in t:he horizontal plane maximizes Fmax 

and hence total lijht interception. In this, the effect of tree 

form and a rrangemint i- tessent ,ally ,imi~ior, at a different hier

archical level, thei, well-known effects of loaf angle with 

iorizontal. ]ea-es giving greater interception per unit LAI 

(higher K valuers) than vertical leaves. This effect of tree 

canopy arrangement. is, of course, more pronounced the less trans

mission there is throu(h the tiees so it is greater at high 

rather than at low LAI,. Figure 2 shows extreme examples of the
 

effect of arranging the same volume of tree canopy in different
 

ways at 51°N.
 

CHANGES IN LIGHT QUALITY
 

There are appreciable changes in the spectral composition of
 

radiation with depth in the canopy, leaves transmitting less of 

the PAR than the far red and infra-red parts of the spectrum. 

Typical vaius for a tree leaf transmission (apple) have been 

given by Palmer (1977) and the changes in 730 nm to 660 nm irra

diance at different depths in tree and ground crop canopies have 

been reviewed by Allon 't 411. (1976). The importance of light 

quality (wavelength) with respect to such factors as seed germi

nation and morphogenesis i'nwell established. It might therefore 

s..,ple shading trials with screensbe unwise to assume that 


which do not influence the spectral composition of light under
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T 
F 0.696 	 F 0.924
 
max 	 max
 

-KL' 	 -KL' 
LAI L' F e F L' F e F
 

max 	 max
 

0.5 0.72 0.45 0.24 0.54 0.67 0.26
 

1.0 1.44 0.29 0.40 1.08 0.48 0.44
 

2.0 2.87 0.13 0.57 2.16 0.25 0.67
 

3.0 4.31 0.05 0.64 3.25 0.13 0.79
 

4.0 5.74 0.02 0.67 4.33 0.07 0.86
 

Calculated for K = 0.6 

Fig. 	 ". Tree form effects on fraction of light intercepted(F) where F 
= Fmax - Fmax e 

N.B. 	Effects of tree outline parallel to those of leaf
 

angle at a different hierarchical level.
 

their shade giv results which are fully relevant to the under

crop situation. More detailed research is, however, needed on 

this point before its practical significance can be ascertained. 
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DISCUSSION
 

LOOMIS - There are two problems with your model. First, it
 

assumes a constant K; second, its validation under diffuse light
 

conditions should not bave involved use of the Monsi-Saeki equa

tion which is only valid for direct light.
 

JACKSON - I think it reasonable to assume a constant K under
 

discontinuous canopy conditions. For example, if you have a con

tinuous canopy with vertical leaves K will obviously be much
 

lower at midday than when solar angles are lower, but in the
 

case of a tree, where K is probably determined more by cluster

ing of leaves due to branches, a very similar arrangement is
 

presented to light throughout the day: the high angle sun shines
 

down on vertical branches; the low angle sun laterally into
 

horizontal branches. The equation used in validating the model
 

was essentially Beer's Law, which applies to both direct and
 

diffuse light, not a more complex equation. Validation was under
 

diffuse light conditions because it is easier to obtain a whole
 

day which is cloudy with only diffuse light than a whole day
 

with bright sunshin- under UK conditions.
 

LOOMIS - If there is shade the biological productivity of all
 
crops, including potatoes, will be decreased because it will
 

decrease the time period during which the leaves are light
 

saturated.
 

http:1,41-1.15
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JACKSON - Sale's results still showed hardly any effect of heavy
 

shading on potato yields in Australia.
 

NAIR - Sun elevation is important. In coconuts 55 per cent of
 

the light may be intercepted between 10.00 and 16.00 hours.
 

JACKSON - We have computed light interception for all sun eleva

tions in all seasons at our latitude and used these integrated
 

values in our modelling.
 

TIESZEN - We must remember that there are plants in which the
 

leaves change angle - both solar trackers and solar avoiders.
 

HUXLEY - We also have to remember effects of incoming solar
 

radiation on other processes. For example, many tropical plants
 

close their stomata during the midday period. For this, and
 

other reasons, shade can be beneficial.
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CROP WATER USE: PRINCIPLES AND SOME
 

CONSIDERATIONS FOR AGRCFORESTRY
 

L. LEYTON 
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Parks Road, Oxford, UK.
 

ABSTRACT. The concept of using seasonal water balances 

to providi, both a description of climate and a relevant 
guide to the. choice of cultivated plant species is now 

well estahli shed. 'The lpoper outlines some commonly used 

approache.s to custimt ins evaporation and points out that 

account must he taken in calculating water balances of 

the interception losses that can occur especially where 

woody perenia] s are grown. Aspects of some factors af

fecti ng crop water consumption, and the effects of water 

depletion, are noted and the need to know more about 

rooting and comeL it ion for water in agroforestry situ

ations i s str, isud. Th( complexity of the water balave 

situation when tri.,es or hushes are grown in association 
with agri:utltural cro;.s provides a challenge to agro
fores ters to defin-, clearly, the situations which 

should now he invstigated. Only then can the infor

mation, ideas and methodologies relating to plant- soil 
water relationships, which have been amassed over the 

last few decades, be applied effectively.
 

RA I IFA IA 

The type of crop or crols it is practical to grow in much of the 

warmer parts of the world is often determined by the rainfall, 

especialy it! seasonal di stribution. Clearly, this also affects 
the choice of management syster. 

Dependin( on tlh, nature and exteot of -he vegetative cover 

som, rain will fall directly ontoa the grounid surface through 

sap; in the plant canopy. The ie;t will be intercepted by foliage 

and hrunche!;, either to hi' re-routed to the ground via branches 
and maiin stem (;temf low), and by dripping from the crown or, in 

the case of we't.ted foliage, to be lost back into the air by 
evapora t ion. 
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Interception
 

Stemflow is important in so far as it concentrates rainwater
 

around the base of the plant, hence not only affecting soil
 

moisture distribution but also the degree of leaching. Both fac

tors are of importance for understorey vegetation. For most
 

trees and shrubs stemflow only amounts to about 5 to 10 per cent
 

of the gross rainfall, but with certain species it is very much
 

higher. Slatyer (1965) noted over 40 per cent of the gross rain

fall as stemflow in ANzlz0a ann-i.a, for example. 
Althocuh water on the surface of leaves may reduce tran

spiration, it can evaporate about 5 to 6 times faster than water 

passing through the plant so that the result is a net loss to 
soil water known as the 'interception loss' (Rutter, 1975). The 

amount of this loss wi 11 depend on the amount of water that can 
be retained on the vegetation (the interception storage capacity) 
and the nature of the rainfall. Measurements on temperate veg
etation inuicato interception storage capacities of about 1 to 
2 mm for conifer stands, aLYut 1 mm for deciduous stands and 
from about ti.5 to over 2 mm for herbaceous covers (Putter, 1975; 
Sinke, 1967; Ley'on , : ., 1'67). lF'ewdata are available for 
tropical veqetation, but they would be expected to be of the 
same order; Coo,(.r (1')tjH() quotes a value of 2.5 mm for tea. Con

tinuous rain, as;coinparsd tc short rainshowers leading to re
peated wettin( and dry ing of the foliage, will give relatively 
smaller or larger interception losses, respectively. Again data 

for tropical and subtropical vegetation are wanting. In tem

perate reg-ons, losses of 15 to 40 per cent have been reported 
for conifers, and of 10 to 25 per cent for deciduous stands 
(Rutter, 1975). For 4-year-old Eucalyptus coppice in Israel, 

Karsclhon (1971) found an annual interception loss of about 96 nn, 

amounting to 115 pe r cent of the total rainfall of 641 mm. 

Ringoet (1'52) reported an annual interception loss of 152 mm in 
an oil palm plantation at Yangambi with a total water income of 
1950 nun. 

I,, -', :,
00 I7 t i1' ! 

It is evident that with a fa -iy dense vegetative covr and 

light, but frequent, rainshowers the amount of water actually 
reaching the ground may be substantially less than the gross 
rainfall. To some extent this loss may be compensated for by 
the condensation of mist or fog (occult precipitation). This is 

particularly prevalent in mountainous and coastal areas. Accord
ing to Nicholson W1(,) it account!; for up to 25 per cent of the 
total 'rainfall' in thi nontiane forests of East Africa (for 
general revi ews so Penman, P)K i; Fer foot , 1)GH; Putter, 1975). 

Water reacl.inq the ground nay be lost by deep drainage , ulti

mately t-oreaippear as St I'amflow, or it may be retained in the 
soil, eventually ei ther 1:0 be evaporated from the surface or 

taken up by plant roots and transpired. Under a reasonably dense 
plant cover the amount lo ;t: by evaporation from the soil surface 

is probably small, but it (can he substantial from exposed bare 

soil, especially when irrigated (Iillel and Pawitz, 1972). In 

the oil palm plantation mentioned above Ringoet (1952) estimated 
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an annual loss of 307 mm by soil evaporation; almost as much as
 

that lost by transpiration (400 mm). When water is in short
 

supply it is essential to minimize soil evaporation, for example
 

by regular hoeing of exposed soil (dry mulching).
 

POTENTIAL EVAPORATION AND TIIE WATER BALANCE 

The highest possible yield of a crop can only be assured under 

conditions leading to maximum photosynthesis per unit area of 

land. In the case of C- and C4 plants this means, among other 

things, that the stomata remain open as long as possible during 

the day to ensure maximum CO2 uptake. This can only occur when 

the leaves are not waterstressed so that, other factors apart, 

the soil water supply must not be limiting, that is, it must be 

at or near field capacity. 

tt:o'Ob'K' ,'ta. Under such circum

stance-S, alld i,;;ming , cooplete crop cover, tralnspiration 

(evaprat ion) o'(ur!; at a rate, the potential rate (T), deter

mined larg(jely by th, evaiporative conditions of the air. Essen

ti al ly, tIhree f'wt()r.; te( involved. 

(1) rlw vapour pro;eure deficit of the air (VPD). That is the 

differerl:c, 1,4,twee1l t he vatour pres;ure uf saturated air (e s ) , 

at the prevailinq atir tcopewrat are , and the existingc vapour 

pressure (() I. Th;: -, 

(2) Windspeed. Increasin the windspeed leads to greater tur

bulent trau;tart of wat-'r vapour from the leaves to the bulk air 

alKve. Tho tollcr tlh, plant, and the rougher and larger the 

crown, the .reatlerwi 1,he th( rate of turbiulent transport at a 

giyen windspeed (Fi g. I). This is one of the reasons wily, under 

38
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the same conditions, tree crops transpire faster than shrubs
 

and herbs, and why water intercepted on tree foliage evaporates
 

more rapidly than an open water surface at ground level. For a
 

given crop at a given windspeed ET can be expressed as a simple
 

function of the windspeed (U).
 

(3) Heat energy. In order to convert liquid water to water 

vapour heat energy (ilatent heat) is renquired and, normally, this 

comes directly from solar radiation. Allowance has to be made 

for the reflection of solar radiation from the surface of the 

foliage (the reflection coefficient, or albedo) and for long 

wave thermal radiation exchange between the foliage and environ

ment. At any on(e moment, in time the halance, that is the rate 

at which energy is being absorhed by t:he fo iago, is known as 

the net radi ation ( kg) . I(inaring the small fraction used in 

photosynthensis, and allowin(, for a certain amount of heat stored 

in the foliage and ground ((;), the remaindt-r, PN - C, is dissi

pated by heat loss to the air (11) , aina; ]atent heat in) evap

oration (I Wt'.Iere(, latent he0at of (evipr'It ion) . Thus, 

i{* i- C iRN 


In hisi wI,-ki"wVn ,ini prolab l7 most widely u'.ed evaporation 
equation, lenimi (Pif c'i tintdli irodynainic factors (VPD, U) 

wit.h tit, .scjgy f'ictor (PT - G) Ii, n cr 1no 1 , uat ion related1 

to the r it- iI o t ion to 11 oien wato nlrfact (I.) , and 

all Uinpiric i! c.sffi nt (ivrt ,hout (.7) win med to coivert 

E' to ET fatt r, b' t atinv! into kciountth, reflction coefo . 

ficient of tI C1.op, on] itS; (>xtIi rI(l'lhnl.;, h Is r)iproduced a 

second oqliat ion i oluld h applied dirctly to the crop: 

.',)(111 - G
:)  

(.3 (1 4 11, 100) (es -S 

A
 

where , the nl01 inof Ih(- sat urait ion vapour rtrpsfire,/tempera
ture curve at th( met i air t:(eiipert-iir, ad I - the psychro
metric constant. 

Al though origi y based on a c:omplet e short grass cover, 

thit; equation, with .,r nod ificat ions to Ihe empirica]ly 

derived coefficionts , ht,:;ihoen found to apply with rteasonable 

accuraicy t ot her crops., incilu, inl din iduous forest, over a wide 

range t)f climat(-!;. Air humidit', air teni,,.rct ci and windspeed 
are re(m(Ia r I.teoro lons ica nlfIlirements in lan,.' count ries, but 

ot; it direct lyi t; alth()omil; c'an he imlesured usi rI a net. 

radioiet cr. In order to of i mat t lenan plfi Is;, us.ed islised 

data rl s(olal- ta( i't ioni ,io ; (l lealnirlc(in1, tvo ;t(ia Iith ) , 

air Iolliirp llII'i, and 'i ly holr-; of lmigltsiin;hilti (n) ;o as to 
a] low fot ihi;orpt ion of radiatt ion by (cloud. luring the day G is 

u;ual ly so !1n11 , no .pl wit h RN ,  t-hat it can le i(tiored. 

In tli, UnittI Kii(ihonm, the Metorolo(iicil Office( has cci:;-

In' ,ri md tlI(' (olult Isis; adil prodineh ; miontily (,st imates of i', 

lor 'illto;;t ,v(I".' lt of Tlle t itllportancecv Ithe (()lnltry. pra tit.,1 

of t eno,;f i ; t ,t when I e,,I i nfilI if;Ib low 1I'the diffe ren ce' 

provi nhu: htmluiit it n of dt' tiencya ive sIulcl-r t li'wat e'? i and 

t h lofor,, a flr bit t(,r quide to t li,water s;tat us of crops than 

rai lfailla lo ; thin; it s;erv(e; i-s a i id(e to irri(at ion riquiiire

mlnts!;. Whtiri Wo it( is; in ;h(ort ';upply, thi; is; oif coll;idirabl, 
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In their intensive hydrological investigations, the East
 

African Agricultural and Forestry Organizatijn (EAAFRO) used
 

Penman's first equation to calculate E for various catchment
 o 


areas in East Africa (Blackie, 1980a; Edwards and Blackie, 1980).
 

Their data for Kericho and Atumatak in Kenya are illustrated in
 

Figure 2, and even though in terms uf E, and not Er clearly 

reflect differences between the water balances of the two areas. 

Except perhaps in Decermber and January the balance is always 

positive at Kericho, hut that at Atumatak, ailmost always nega

tive. It should be noted, however, that these, are mean values 

over .rz)cds of- 10 years or more; in some year!;, the water 

balances were very different. 

mm 
3w0
 

KERICHO RAINFALL 
250

0 

J200 


z 
-


ATUMATAK E o0 

x
cci, KERICHO E, 
0 

-Jx
 

z 1003I % 

/ C' \ATUMATAK RAINFALL
 

50 - RAINFALL 

0.
 

J F M A M J J A S 0 N D 

M 0 N T H 5 

F it. ' . Mean montlhy rainfall and potential evaporation 

(E.) for Kericho and Atumat ak catchment.s. Redrawn from Table 

5 in BMackie , 1980a anl Fig. I in Edwards and Blackie, 1980. 

Ucul; uc ti:t.,'.. Apart from EAAFRO's studies, few such 

detailed measurements have been made in the tropics or sub

tropics, largely because of the absence of the necessary 

meteoroloqical data. Several short. cuts have therefore been 

tried. Since i; by far the most important climatic factorRN 

conceried, attemp)ts have been made to estimate this from 

measuremt:s of solar radiation incident on the crop (Si ) 

according to a sinple relat ionship of the form Rt = a + bS i . 

Although the coefficient; a and 1 vary from crop to crop, all 
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agree to within ± 20 per cent (Denmead, 1976). However, even
 

incident solar radiation measurements are relatively scarce in
 
as in Penman's
the tropics, so recourse is commonly made, 


approach, to estimating RN from incoming radiation above the
 

atmosphere (R., obtained from published data for different lati

tudes and times of year) and allowing for cloud by usinq daily 

hours of bright sunshine. For the African continent, Davies and 

out a simpler relation,Robinson (1977)T have worked 
RN :0.617 c - 24 which incorporates a vegetation reflection 

of 0.25. Assumi ng a negligible contribution fromcoefficient 
and that Al the net radiation ishumidity and wind factors, 

a of dividingused for evaporation, it is then only matter 

RN by 'k (2..45 NJ /kg) to obtain the equivale,,t rate of potential 

have produced maps of Africa 
potent- il evaporaticn 

evaporation. Davies and Robinson 

showing average rainfall, estimated average 

and the difference betwoeen the two for each mont.h. These show 

how widespread and severe are tihe rainfall delficiences. In fact, 

a positive wateronly about I0 per cent of the, cont inent hi 

balance in any on, month. 

Accorling to Monte ith (I147) the appioxitmition Eq. RN eal 

irr igatOd p1lanbe aCepted Providt'd rht it I.',not alpp] if to 

tations suorround 3y dr ' land where there is an 'oasis effect' 

the area. The approxi-That is advect. ion .' Lot dr ', tir into 

not app'ly tAo CAM crops, ,nch a pineapple, whichmation dots 
tht, Jay. The eL't daily income ofclose their sIoIita lli ng 


about- 7 MJ/im' duri ng the
radiation in the t:rOpic:c ran-'e from! 

cloudieost part a, tle ytar ni r the eq uator to shout 12 MJ/i1 

at the malins of rapical I,s ert . The.; cjive ant [51,range 

to rm pe-r day, but mclih hilIer val(_'.;, of the orderof about 
of 10 to 15 num tr day have been rex)rt.ed for irrigated crops. 

i, . ' l' ,. Several mort empirical evaporationU, in", r',5z 
illpractice (for example, Thorntliwaite,equations havt bteen us'ed 


19418; Blaney and Criddle, 1 950) all depending to a greater or
 

inean air tLempe rature, which is related to RN .
lesser extent on 


Among the simplest arid crudest is that of Khesla for India
 
mean
(Jaiswal, 190) which gives rmnthl.y E (cm) 0.4bhI 

monthly temperature ("C) . A somewhat similar approach has been 

used by Walter and I.ieth (1960) in their Wo,/;?(."[- At; /a";; 

this is Lased on the assumption that a rise in mean air tempera

ture of 10"C is equivalent to an extra 20 nun precipitation re

water balance diaquirement. Some examples of their seasonal 


grains for South America are reproduced in Figure 3. Though
 

cautioi. must be exercised in mnaking practical judgements from
 

data of this kind, they provide a better basis for the classifi

cation of clil atesi than rainfall alone. Various indices of
 

aridity have been proposed in the past (Moreaun, 19310. One of
 

these is Do Martonne's index, i -- PaiTa + 10, where Pa, Ta 

represent, respectively, the mean monthly precipitation and air 

temperature. Although s;uperficially attractive, equations of 

are far too crude to be of real practical or ecologithis kind 

cal value.
 

Di rat cm,aeum 'mcni I. 

The direct measurement of evaporation using evaporation pans is 

a comnnon meteorological practice and, although the heat balance 

http:rex)rt.ed
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(C i I litli d i,l(l ,nl.;For 'l.;1.),ctiod I( lions of South 

- t t I]l inn; humid periods -Americ,. )Dt.lt 1,: 1ic 
verticil. 1,atchin ; pi ,,t.iitit ,on<{ t'ii t 100 I1m1- black. 

Iepr ducel 1 i-n11Wi I .t , Iih t , withi permis.tion of'Alld (10110) 
the l )I :; ,. : ;u ; ,v F s h ., Vo, l,lq. 

and 10roly iitiV jo.po.A t i(,, ,! 11-e; ve ry differcut from those 

of a crop, thI ;iI;)1i,-ily , Ihli; 11( a!;Itielientli may appeal to 

those jinlwi1I 0r ul,1 t to hrtakio more sophisticated 

ItIilSiieITwintl;. ,11,w1rd I(tOt) that, thebl :ki e found during 

wet no ason at At o I'tl:ak , Lite Ifi 1,tw P ellnan's 1. and Class 

A pan evaotat ion Iay l,etwitri 0. o and 1 .0. However, during the 

hot , dry lx.r1od, wt l'nmri iwi C, to HI im per day, pan 

evaporatioll won ; ovt I Imm p i day; probably because the Penman 

forul]a do),!; not il low for,,iv('teted ejr(.rgy. Usually, the ratio 

between otfi-l iil tvi,)iit ion IiT and (l]ass A pan evaporation 

raniud fl at ().'/to 0. , iilu in uood aul(4leet- with clllan 's 

findill!;. It .t , thiti Ir(, that ill tie oI.t;ilce of other 

climat-i( dati, l-i;, A pai ,vaUiiitio i; a ,(,fu I sti tute 

for ass(o;!;ill(j t itei t ti lalmci o! an area. In Malawi (Anon., 

19 ) yiel',; of tliiaicone wert, ete:t when irrigated accord

ing to tfli di fIor-lce I twe(i pan evaporation and rain[all, but 

til, water supply had to be increased toduring . Liti !;t pik ()d 

1.1 timle;; pinl iv i -t ion to taiiiltaiill (good yields. 

Cl as, i fy ing t:hfe cI imate inl t rmn of the seasonal water balance 

between rainfa II and pot ,Ijt. aI ev -iporat ion has considerable 

advant ages' over more descr iptive schemes as far as crop 
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selection and management are concerned. Indeed, it makes
 
possible a simple distinction between wet equatorial regions,
 
where rainfall exceeds BI, in every month of the year; monsoon 
regions, with one marked wet season in which rainfall exceeds 
ET and there is a dry season in which it is less; and savanna 
regions, with one or two very dry seasons separated by very wet 
seasons in which rainfall sub!;tantially exceeds ET. (Monteith, 
1977).
 

It must be appreciate(i that rainfall in many or the areas 
concerned is often quite unreliable and varic ; from year to 
year to a much greater extent than E,. A feature of Ind ian agri
culture, for example, is to arrange intercrolpping so tIat, if 
the dry period is unusually prolonged, at least one crop will 
survive. However, although there is considerable agriculttural 
potential in assessing and analysing rainfall reliahility, par
ticularly in relation to plant iLnq dates, relatively little of 
this has been done outs ide East Africa (Gregory, 1969) 

CROP WATER CONSUMPTION 

, ,c
Water. ::, a.'. ;: * 

Even when sOil moisture is plentiful there are often occasions 

when, because of excfs;i.vely high water demands, leaves develop 

water deficits, the stomata close and, with the exception of 

CAM plants, photosynthesis virtually ceases. Such events are 
unavoidable, especially when the foliage is exposed directly to 
sunlight, but they are usually of short duration. The situation 
is more serious when rainfall ceases for any length of time. 
When this occur;, plants must rely on water stored in th soil. 
flow long thi; will si'ftice to maintiin active growth will depend 
largely on th,. phy!siL nature of the soil and on rooting depth. 
For each met re depth a ;andy soil can only ;tore about 6 cm of 
available waiter, wlereas a (:lay ;oil may store 20 cm, or more 
if organic matter is present (slalter and Williams, 1965). At a 
potential evaporation rate of 5 mm per day plants rooting to a 
depth of 1 m will cont inue to transpire for about 10 days in a 
sandy soil, hut for over a month in clay. Deep rooting is 
therefore a considerable advantaif to plants during dry periods 
unless they can be irrigated. 

OJ'hy,c O y z[ ,:; 'e'. {" wa tu'' t.' 

As soil moisture becomes depleted, but high evaporative con
ditions persist, leaves will experience an increasing degree of 
water ,]tress. Besides i reduction in transpiration, many other 

physiological processes are adversely iffected. As show[ in 
Table 1, even moderate stress will 1slow down or ;top cell div
ision; this lead;; to a redUction in leaf area and in transpi
ration which, although delaying the ons;et of more severe stress, 
will not prevent it . A:; moistutLre ;tress increa.sed, photosyn

thesis i !; furtlher redlced as a result of stomcti I closure, in

crea-ing mesophyll adn;istancearid ensylle iniact ivat ionl. However, 

the response varies with species (Table 2). C,1 pclants, which 
are typical ly asnoc iatied with semi-arid habi tats, adapt to water 
stress by closinq their st-omata at higher ljotentials (less 
stress) than C1 plants. CAM plants avoid s:tress by closing 
their stomata during the day and opening them at night. 



:a7 7,-. Generalized sensitivity to water stress *-f plant processes or parame-ters 

a
SENSITIVITY TO STRESS


Very Relatively
 

sensitive insensitive
 

REDUCTION IN TISSUE 'REQUIRED TO AFFECT PROCESSb
 

Proccss or parameter
 
affected 0 bar 10 bars 
 20 bars Remarks
 

Cell rowth - -


Piotein synthesis Fast growing tissue 

Stomatal opening ---- --------- Depends on species 

CO, assimilation ---- _---------_Depends --- on species 

Pesviration 

Sugar accumulation 

a) Length of the horizontal lines represents the ranac of stress levels within which a process becooes first 

affected- Dashed lines signify dedluctions based on more ter'ious data. 
b' With T of well-watered plar.LS under mild evaporative demand as the reference point. 

From Hsiao (1973). -o 

0 
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Table 2. 	Maximum and minimum leaf water potentials at
 
which stomata close. (From Ludlow, 1980).
 

C3 plants Glycin' max -16 to -29 
Goasypzwn hirutzu 
Euca iptu.s socialiv 

-30 
-25 

to -43 
to -43 

Larrea divaricata -40 to -58 

C4 plants Zea mais -11 to -28 
Sorc'ld'z bico 1or -15 to -28 
Pan-bonn1 o(,I.'ma -17 to -30 

Water coniaTption 

Because of stomatal closure for shorter or longer periods,
 
actual water consumption of a crop is generally less than ET. 
Theoretically, it can be calculated from Monteith's (1965) modi
fication of the Penman formula in which the degree of stomatal 
closure is quantitatively represented by a crop diffusion resis
tance, and the effect of wind by an air diffusion resistance.
 

The problem in applying this formula is the difficulty in 
measuring these diffusion resistances in the field without 
sophist.icated mi crometeorolog ical techniques. Perhaps the sim
plest alternativo is to measure the change i soil moisture 
content down to tle lowest limit of the root system during dry 
periods when drainage losses are minimal. Some results obtained 
by EAAFRO for mountain evergreen forest, bamboo forest and a 
tea plantation at Kericho during the 1971 drought (Eales, 1980) 
are shown 	 in Iigure 4. 

Dat:a of tiis kind are of considerable importance to for
esters and agronomists, not so much in respect of total moisture 
consui-q-tion, but as a guide to rooting and moisture uptake with 
depth, and hence the degree of competition that might be ex
pected in 	 intercroppina systems. We see from Figure 4 that under 
all three types of plant cover the greatest depletion occurs in
 
the top metre or so of soil, probably due to both surface evap
oration and superficial roots. Lower down, the evergreen forest
 
causes greater depletion between 2 and 3 m, bamboo between 3.5
 
and 4 m whereas tea, presumably more shallow rooted on this 
site, takes tip relatively little water below 2 m. Of the total 
water depletion down to 4.5 m, tea extracted 73 per cent from 
the ton 2.7'm and evergreen forest. about 69 per cent, but bamboo 
less than 50 per cent., in spite of its overall lower water con
stumption. These moisture contents were largely determined using 
a neutron moisture meter, but useful, data can be obtained, 
though more tediously, by augering and gravimetric sampling. 

Over large areas serving as catchments the water consump
tion of vegetation may be determined from the difference between 
rainfall and streamflow (R - 9), if necessary after making 
allowance for changes in soil moisture storage. Numerous such 
measurements have been made in East Africa by EAAFRO, allowing 
for comparisons between Penman E and actual evaporation losseso 


(Blackie, 1980a, b; Edwards, 1980) . At Kericho and Kimakia, 
where the annual rainfall is relatively high and reasonably well 
distributed over the year (see Figure 2) , the actual water 
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forest, and in a tea plantation at Kericho. Redrawn from
 

data of Eales (1980).
 

level (around

consumption generally approached the potential 


In a newly cultivated area at
 see Table 3).
0.7 to 0.8 E., 


Mbeya and with a areater seasonal variation 
in rainrall, wter
 

consumption also approached the potential 
level during the wet
 

very much less during the dry season, 
thus
 

was 


giving a lower measurement value (0.65).
 

In cropping practice deteimining the 
actual water consump

tion is often of less interest than monitoring 
the moisture
 

of the crop throuiqhout the orowing season by means of,
 

season, but it 


status 
of stomata! diffusion resistance.

for example, measurements 
resistance porometers, whichleaf diffusionModern automatic 

a relatively simple procedure.
 are transportable, make this 


be of considerable value when selecting cropsClearly, it would 
one species is more efficient in using water
 

to know whether 
is scarce. Much attention
 than another, especially where water 


has been given to the transpiration ratio, that is the amount
 

of water lost by transpiration per unit of dry matter 
production.
 

Some published values for tropical crops 
are given in Table 4.
 



0 
ko 

TabD 3. Summary of EAAFRO catchment studies (mean annual values). 

(From Blackie, 1980a, b; Edwards, 1980.) 

mm mm (R-Q);E0 Range 

R R - Q Eo 

Kericho Forest control 2105 1316 0.92 (0.76 - 0.84) 

1962-73 Cleared for tea 2021 1215 1474 0.84 (0.74 - 0.96) 

Bamboo 2036 1239 0.86 (0.79 - 0.97) 

Kimakia Bamboo/everareen 2140 1165 0.76 (0.74 - 0.82) 

1967-73 Pine plantation 1993 1163 1514 0.77 (0.69 - 0.84) 

Mixed bamboo/oine 2062 1054 -

Mbeya 'Fall everQreen 1899 1381* 1484 0.92 ± 0.06 

1958-6 NNewlv cultivated 1657 970* 1510 0.65 ± 0.03 

* Corrected for soil moisture changes 

R = rainfall, Q = streamflow, E. = evaporation 
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Table 4. 	Transpiration ratios of tropical crops 
(g water
 

per a dry matter).
 

Mean ratio Authority
Species 


294 Ringoet (1952)

Oil palm 

Upland rice 	 413
 

578
Robusta coffee 

866
Cacao 


Black (1973)
450 - 930
C3 plants 
 250 - 350
C4 plants 

CAM plants 50 - 55
 

These values must not be taken too seriously. 
Transpiration is
 

in the field so that most, if not all, data
 difficult 	to measure 


are derived from pot cultures and therefore 
under very different
 

conditions. Furthermore, much depends on the water available.
 

soil moisture was increased from
 Ringoet (1952) found that as 


to 19 per cent, the transpiration ratio 
of oil palm increased
 

613.
11 
337 and that of Robusta coffee from 515 to 
from 164 to 


also several other factors such as soil 
fertility and
 

There are 

temperatare which may 	influence yield more 

or less independently
 

of water supply.
 

CROP WATER REQUIREMENTS 

literature on tropical and subtropical 
agriculture


The enormous 

as to the 	selection
 

and forestry provides a wealth of guidance 


of crops and their management. Comprehensive 
publications such
 

as the indian lancbook of .4o(Ioult:iro (Jaiswal, 1980) and 
the
 

t.ik (Rdpu
to H /'ji'ow 'ni and /,mdnm to (u For

French .:. the water1974, 1976) include information on 
blique Franr;aise, 

detailed guidance on 
requirements of different species and give 

cultural practices including irrigation. 
Webb ct;a!. (1980) have
 

recently produced a comprehensive guide 
to the selection of over
 

attempt to equate conditions at the
 120 tree species based on an 


site with known and reported characteristics. 
The guide


trial 

for punched card or computer, and it incorporates

is adapted objectives

site factors (climatic, edaphic) as well as product 


timber, pulp, fuelwood, etc.).
(whether for 
sawn 	 the final 
Valuable as these publications undoubtedly are, 

test of a species or system of managem, nt must be made on site 
year, over a period

and, where the rainfall varies from year to 
now be asked is: in the light

of years. 	 The quest ion that must 
of the ecophysiology of crops,of our increasing knowledge 

improve on existing
of their water relations, can we

especially 
recommendati ons?
 

Ov'rooms ( t;L,,' ''',t, 0'" tO?' ,, J ?' 

balancea positive water 
In the wet equatorial regions, with 


all the year, there are no water de
throughout most; if not 

it may be 	 that where the 
ficiency problems. On the contrary, 

forest is cleared for shifting cultivation excess rainfall 
may
 
a
 

prove disadvantageous. The constant, 
humid climate allows 


to be arown, either temporarily, or
 wide variety of crops 
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permanently as in the cases of cacao, oil palm or rubber.
 

The real problems occur in those areas in which a negative
 

water balance persists for some length of time. OnE of three 

strategies may then be adopted depending on the length of the
 

dry period: irrigation; growing those crops which complete at
 

least most of their growth cycle during the period when moisture 
is available; or the cultivation of drought resistant crops.
 

Where it is practicable and economically feasible to do so
 

by far the best solution is to irrigate. The additional water
 

requirements can be determined with reasonable confidence from 
the difference between potential evaporation and the rainfall.
 

Where irrigation water is scarce it may only prove necessary to
 

irrigate during specific periods. There is considerable evidence 

that most annual crops exhibit a particular sensitivity to 

moisture stress from the time of flower initiation, during 

flowering and, to a lesser extent, durine fruiting and seed de

velopment (Salter and Gcode, 1967). Maize, during tasselling and 

silking and duzingl early grain formation, sorghum at the end of 
tillering, rice just before flowering, and cotton before flower

ing and boll formation, are all critically affected by moisture 
stress. If water is in short supply durin these stacies the 

yield may he irreversibly harmed. it arpears that during the 

flowering and fruiting stages, root growth is retarded or ceases 

completely, so worsening the situation (Leonard, 1962) 

Perennial crops are AlSo sensitive to water stress during 

the same reproductive stages, though probably no more so than 

during early ve(tative growth. Perhaps the most critical stage 

for perennials is during the period when leaf area, and hence 
water demand, is increasing most rapidly. As this period does 
not appear to coincide with that of maximum root growth it is 

e-3sential that there are no restrictions on moisture supply at 

this time if later growth and yield are not to be seriously 
diminished. Rapid vegetative growth is also an important re

quirement for high yields in those crops, such as sugar cane, 

that benefit from moisture, stress just prior to harvesting. 
Mature mango trees may also be irrigated to encourage a particu

lar growth flush so that they will flower and fruit at a desired 
t ifile. 

Since irrigation (or rainfall) at a particular growth stage 

may facilitate nutrient uptake by increasing nutrient avail

ability and/or providing suitably moist conditions for root 

activity, it is possible that these drought sensitive stages 
are also times at which mineral nutrient uptake may be affected 

detrimentally. In the field, these two factors cannot easily be 

separated. There are also cases where restricted moistur: supply 
can have a beneficial effect. For example, water stress during 

the early growuh of an annual crop may promote early flowering 
which, in some cases, may be desirable. 

It follows from the above that the cost-effectiveness of 

irrigation, in terms of yield, may be substantially improved by 
applying water only at those growth stages where the most bene

ficial responses are to be expected. However, if this is to be 
achieved in practice, attention must also be paid to previous 
weather conditions and to soil moisture. Fischer and Hagan 
(1965) have suggested that. if the drought sensitive stages are 

of short duration, the temporary use of anti-transpirant sprays 
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may be justified. Many more comprehensive studies are necessary
 

before this concept of drought sensitive stages can consistently
 

be applied to economically important crops.
 

The method of irrigation also determines its cost-effec

tiveness. Drip irrigation, although involving higher initial
 

costs and more maintenance than conventional channel techniques,
 

is most economical in the long ran because of smaller losses by
 

deep percolation and surface evaporation.
 

1z, i.s
L£'ffb?'t o 	i turbo 7. 


Because of the high water consumption of irrigated crops,
 

especially when surrounded by arid areas, protection against
 

hot, dry winds by shelterbelts is almost alwiays essential.
 
are avail-
Comprehensive accounts, including practical details, 

able in several revi uws and texts (for example, World Meteoro

logical Organization, 1964) and the .ientific principles are 

described, among others, by Leyton (1975). it is important that 

shelter i a pravideJ down to the ground surface, and that the 

shelterlt is parri ally permeable to air movement:. The common 

use of t>ucaIypts and other fast growing trees, whilst often 

impro~ssi ye, may eventually leave several metresa above the ground 

surfact? unprotected exce.-pt by stems. In such cases the tree 

bel t truste und Arpant e'd with sma)]. r troes or shrubs which 

are,ccpp icod when necessary. 

00
 

La 8 0
 
W 
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B E L T II E I G H T S
 

"o. f. Effect of shelterbelt permeability on relative
 

windspeed pattern, 1.4 m above ground. Reproduced from
 

Nrgeli (1946) with permission of the Swiss Federal Insti

tute for Forest: Research.
 

shown that the extent of the shelter 

effect, in terms of a reduction in windspeed, and therefore in 

to the height of the belt. However, 

Experiments have 

evaporation, is proportional 


as is evident from Figure 5, there is a gradual increase in
 

with distance behind the belt at a r te determinedwindspeed 
by its permeability. it is, therefore, commnr practice to de

fine the sheltered zone as that: over which the windspeed is
 

reduced by at least 20 per cent. Depending on windspeed and
 

to 20 times
permeability, this distance varies from about 15 


the height of the belt. Account must also be taken of the length
 

of the belt and the wind direction. According to Ndgeli (1946)
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the length to height ratio should be at least 11.5 if it is to
 

approximate to an infinitely long belt. With a ratio of only 2
 

the protected area will be about half the maximum.
 

ROOTING AND COMPETITION
 

Rooting' depth 

Competition for soil moisture between shelterbelts and crops,
 

and between tree and crop components in agroforestry systems,
 

raises the important issue of rooting depth. Deep rooting is an
 

advantage to plants during dry periods. Many crop mixtures have 

been designed on the assumption that different crop plants root 

and take up water from different depths, hence minimizing com
petition. In the Indian ,"Iboo of : '/t , (Jaiswal, 1980, 
p.182) the following examples are given, in relative terms, as 

maximum rooting depths in normal, well-drained soils: 

med i ilnr - rice, millet, maize, groun-inut, tobacco, 
cereals, banana; 

deep - cotton, gram, sorgiuni, sugar cane, grain 
leg unrits, citrus; 

very deep - fruit troes, forest trees. 

Unfort unatly, tih 'fituation is not. nearly so straight
forward as this class 'ficit ion n;iuuests. Even between trees 

there are diffonrence'; il toisturet depletion rates with depth 
(Figure 4). Root isn: dpt 1 is not solely determined genetically, 
but is ilso affecteci, wnd often much more so, by soil and 
climatic cortlitior! I.o example, Wallis (1 )-3) found that in 
Kenya, in i oli s t ff,. rooted to a depth of albout 3 i1, 
whe rt as depth:s of onl.y (). , illhave hi en quotcd for coffee in 

Uq,,ida ,ii in Ccnt rul Amoriie i ( tc Salter and Goode , 1'J7, 

p. 1 la) . 'it- 's part irt r di it r-nces ;cn prolbabiy be attributed 
largely to ti fferc:; in ri in !Ii . Unfavourable soil I)hysical 

condition; andi hill:h wat 1ir t a oi] At' rosieri ct depth.lo root ins 
Much of our di fficulty in seplratirg the variou; factors 

governing routing detli aI-is frfol the paucity of objecte 
experiilments cove-ing a wile, i-an(i( of tnvironient al sondition.s, 
as distinct froml just il:ipi ri cal olst'rvat ions. In f;um,' rhisotror 

experiments reported by Taylor (11),(M) all anuo!i tste d, in

cluding groundnut, p;w'rt mil](, !;or;Fhumcotton, otato, , and 

maize, had rooted by mlat:irit-' to t:hic tilsoilm po!,sibl,e depth 
(1 .i7 T'lt'.(. maim li fft'lns:':; i t w,,,n 1.e I ,' ill t heir 

rat:es of root q;rowt h, for 'XIll:p (', whl'Trf'a;; ma i',t'roots-; tirew at 
a rate of 7.7 millpor day, with )fa1iplt it, only Iiilt wa!; 1.7 per 
day. 

ho' t,a, t 1,., 

Ploot ins dept II a Iont' it; 1iot noce;;ar II y tI it bel;t measure of root 
act ivity. Probably a ,.ttt',r snudt, i; thi dt' r(,t'of exploitation 
of th. ;oil ]!; rf-floctod in th, root lengt h den;; i ty (PhD) ex
pressed at; rot~t nit h (rm) pe'r ai'of soil . 'Is.i varien substan

tiolly b(twtoli spocit'; ( 1iiiiuhcrow, I 'lo) . Gwn('ral ly, monocots 
have grtater PII); than ditot s. For e'xam~pl', illth, Ilpper 1. i m 

of n;oil , 1t1 RI,) for malo'.P wat (;. Ibt only ().081 for soybean. 
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The RLD usually decreases with depth; in the case of soghum 

95 cm soil depth, respectively.zero at 5 and 	 of the fine roots~from 4.0 todraws attention the importancemay 	 .Kummerow 'm towhich co€mpri se ant: important/(le'ss i thlan 1 m daiameter) 

of the 	total root biomass (50 per cent insouthern
fraction 
Californian chaparral)-- but -which -are often -ignored. or, overlooked

studies. In the soil moisture depletion studies reported
in root 
no bamboo roots
by Eales '(1980) and illustrated in Figure 4, 

wero'obs~rved' below 2.4 m, yet over half the loss of water 

; occurred between 2.4 and 4.5 m. 
,Ef we take into account variations in root growth and in
 

rmoipsure uptake according to the development stage of a plant,
 

and also'the effects of spacing, it is clear that much more
 

research is necessary before the problems of rooting depth and
 

competition for soil moisture can be clarified.
 

Root extension
 

Much the same confusion is apparent in relation to root exten

siop. growth. A generally cited adaptation to xeric conditions
 
This
is a widespreading, shallow root system (Kummerow, 1980). 


is, perhaps, understandable in view of the wide natural spacing
 

of xerophytes in arid areas. In the case of trees under less
 

arid conditions there is a general belief that roots do not
 

extend much beyond the limits of the crown. However, measure

ments in the United Kingdom have shown that, on heavy clay soils
 

at least, tree roots often extend as far as the height of the
 

tree and, in certain cases (poplar and oak, for example), as 

far as twice their height. Few such measurements appear to have
 

been published for tropical and subtropical trees, although
 

this has an obviously important bearing on plant spacing and, in
 

particular, on the effect of shelterbelts on the crops they are 

designed to protect. (For a more detailed discussion.of rooting,
 

see Huck, this volume.)
 
In recent years, evidence has been accumulating that the
 

mycorrhizal habit (both ecto- and endotrophic) renders the host
* 

plant less susceptible to drought. Partly, it seems, through
 

the greater effectiveness of the fungal hyphae in abstracting
 

soil moisture, partly through an effect, not as yet completely
 

understood, on the physiology of the host plant (Duddridge et
 

al., 1981; Hardie ot al., 1981). Since, in nature, most plants
 

are mycorrhizal more attention must be paid to this feature,
 

*i 	 especially in the case of exotic crops in areas where the 

appropriate fungus may not be present. Besides affecting water 

relations the mycorrhizal habit invariably improves the phos

phate status of the host plant. A particularly. important factor 

where crops are grown on soils which fix phosphate. 

THE COMPLEXITY OF MIXED AGROFORESTRY SYSTEMS
 

Where land is scarce, the simultaneous cultivation of tree 
and
 

food crops may offer considerable economic advantages. However,
 

monsoon and savanna climates, with.positive water balances
in 

during 	only part of the year, and even these subject to uncer

tainty from year to year, intercropping inevitably raises the
 

question of below ground competition for water. This problem
 

has already been discussed in relation to rooting depth and
 

http:discussion.of
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spread. An additional consideration is to select combinations
 

of crops which complete at least the most important part of 
their growth cycle duting the period when adequate moisture is 
available. Although many woody perennial species may be assumed 
to be abstracting water from deeper regions of the soil than 

their companion agricultural crops their effect- . i, 'he overall 
water balance are much mr( complex. For example, they will be 

responsible for changing the rainfall interception pattern (as 

discussed earlier), they may reduce (or enhance) windspeed over 
the agricultural crop, depending on their geometry, and they 
will cast shade on lower-storey crops. 

An effect of reducing windspeed at lower levels, is clearly 
shown in Figure 6 for an aspen stand in a temperate climate 
(Rauner, 1975) , and for a model tropical rainforest (Allen and 

Lemon, 1975). More widely spaced trees may have a different 
effect.
 

Since F)lar radiation accounts much more than wind for 

evaporation, except perhaps where an oasis effect is involved, 
the shading effect can be even more important. This of course 
will depend, again, on the density of the tree crowns (and see 

Jackson, this volume). Unfortunately, shading will Iso mean a 
t

reduction in photosynthesis, especially in the cas of C4 plants, 
so that often some compromise will be necessary, perhaps by 

regulating the overstorey canopy in relation to the light and 
water requirement of the understorey crops. Clearly, the out

come of iuch a complex situation will depend on many factors. 

A challenge for agroforesters now is to define clearly the 
situations which they wish to investigate. 
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DISCUSSION
 

KOZLOWSKI - Considering that water deficit is the resultant of 

the transpiration- absorption relationship, the problem can be 

tackled either by working on tle leaf surface- root surface 

relationship, or by reducing transpiration through chemical or 
physical components. In this respect anti transpirants induce 
stomatal closure and can be harmful, particularly with gymno

sperls. 

LOOIS - Plastic covers to decrease soil evaporation should be 

avoided because of their high cost and soil mulching effect 

which considerably reduces water loss. 
Antitranspirants should not be used under practical conditions
 

because: ( i) they are very expensive; (b) they require skill to 

apply correctly; and (,,) they cannot be removed (for example,
 
when light rain falls). There are three alternative strategies
 

to overcome water stress: (a) early maturation (trying to match
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crop duration and water supply); (b) cropping in the cool season
 

(reducing evapotranspiration); and (C) a non-uniform ground
 

cover, either in space (low percentage cover), or (crop
in time 


fallowing).
 

explored as a means
STEPPLER - Silvicultural managemant could be 


to influence canopy structure and hence throughfall and 
stem

root systems
flow. Also, the observation and measurement of the 


of mixed crops of woody and herbaceous components are 
likely to
 

pose some difficulLies.
 

BRUNIG - Measurements and calculations for different natural
 
Carlos

forest types in the Amazon Ecosystr:m MAB Project in San 

and IMdalaya have shown that soil depth and texture,and in Borneo 
and forest stature and structure have a strong effect on the
 

these areas, soil
 
evapotranspiration rates and water balance. In 


to very low levels during prolonged periods of
 water depletes 


bright, rainless weather and high saturation pressure deficits
 

in spite of the seemingly ever-wet climate suggested by the 

climate diagrams of Walter Lieth. The structure, physiognomy 
and 

physiology of the natural vegetation are well adapted to these
 

conditions, while in forest plantations 	 these often are not. The 

soil water potential and
interaction between climatic variation, 


tree crop properties must be carefully considered in designing
 

agroforestry crops.
 

BUDOWSKI - The assumption that deep rooting plants should be 

systems is o.ic to be challenged.always preferred in agroforestry 


Also, under certain conditions, nutrient cycling could be
 

favoured by selecting plants and/or silvicultural management
 

induce leaf and root shedding in stress 	situa
techniques which 


tions.
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identify the 	interactions
ABSTRACT. An attempt is made to 


between plant and environment which will lead to the
 

development of differential stress between the perennial 

and herbaceous components of agroforestry associations. On 

this basis suggestions aLe made concerning the preferred 

of the components of these associationscharacteristics
and how they 	 might be managed to maximize productivity and 

stability undei stress. 
pools of light, waterIt is explained that the reso-ce 

and nutrient are not just different physically and chemi

cally, but also with respect to the predictability with 

levels occur and are replenished. Pre
which suboWtimal 

compandictability of replenishment and the behaviour of 

ion species are the important determinants in the develop-

This is demonment of adaptively successful responses. 
of natural vegetastrated by reference to the behaviour 


tion, crops and pastures.
 

The components if agroforestry associations can be drawn
 

plants so that their 	ability to
widely from available 

be based upon different physiological
handle stresses can 

only to under-It importantaaiatomical responses. is not or 	 their adaptation but also the extent tostand The basis of 

of the potential componentswhich the adaptations to stress 


are competitive or complementary.
 

INTRODUCTION 

In this paper we are 	directing attention towards that subset of 

(Huxley, 1979) involving tall, woody, per
agroforestry 	 systems 

or shrubs and short, herbaceous crops or pastures
ennial trees 

in such a way that there is considerable microclimatic
planted 

the components. In such systems the
interaction between two 

o- shrubs will be distributed either singly, in small
 
trees 


in such that the interspecific perimeter is 
groups, or rows, 
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long per unit land area.
 
This is an important restriction because if the aggregated
 

sole units, trees or herbaceous species, are large in extent
 
relative to the size of the trees then the system is one in
 
which interaction during growth is dominantly intraspecific. For
 
such systems the first step is to understand the behaviour of
 
the individual components and to aggregate, with appropriate
 
consideration of temporal rotational effects, a farm or region
 
as the sum of the components. An appreciation of the interspe
cific interactions at the boundaries of the sole units becomes
 
appropriate later, presenting a second level of precision.
 

The objective of this paper is to consider the ways in
 
which nonoptimal levels of the environmental resources, water,
 
light and nutrients, affect the growth and yield of the compo
nents of agroforestry associations and how in turn growth and
 
resource use themselves contribute to the development of differ
ential stresses. Differential stresses generated or intensified
 
within communities are the potent forces that tend to destabi
lize the associations. An appreciation of the ways in which com
ponents interact in their procurement of environmental resources
 
forms the basis for the selection of compatible components and
 
of their management in stable, productive associations.
 

THE RESOURCE POOLS
 

For continued growth plants require continuous and balanced
 
access to the resource pools of light, water and nutrients.
 
Their growth responses must be adapted to the regional climate
 
and to the behaviour of the cohabiting species. Growth implies
 
resource use and hence a gradual diminution in the sizes of the
 
pools. Opposing physical and chemical forces of the natural en
vironment tend to replenish the pools although they may also,
 
like plant growth, cause losses. A large part of the discussion
 
that follows revolves around a consideration of preferential
 
access and differential response to these environmental re
sources. For this reason it is important to establish their
 
critical characteristics.
 

Light
 

A resource that is instantaneously available and if not used
 
immediately in the photochemical reduction of CO2 is lost to
 
all plants in a community. There is no storage. The resource
 
level varies widely with both strong diurnal and, except at
 
equatorial locations, seasonal fluctuations. Its level changes
 
rapidly, in the order of minutes or hours, but at any location
 
its diurnal and seasonal levels are usually highly predictable.
 
Preferential access relies upon canopy display in which stature
 
is the most advantageous attribute. Differential response exists
 
and can be quantified in leaf photosynthesis versus light re
sponse functions. Efficient utilization of both high and low
 
intensities confer competitive advantage.
 

Water
 

This is available to plant roots from the soil within their root
 
zone. If it is not used immediately it rewains in the soil for
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future use. Depending upon the soil depth and physical charac
-


teristics, the storage may be large (for example, 200 mm m 1
 

depth) relative to the rate of use by even actively transpiring
 
and growing plants (for example, 8 mm day-'). The storage is not
 
perfect because losses may occur both upwards, by evaporation
 
from the soil surface, and downwards to below the root zone even
 
at nonsaturated water contents. Water below the root zone may
 
become available by upward flow, when soil water potential gra
dients are appropriate, but more effectively by downward exten
sion of the root zone. Changes in the level of soil water depend
 
upon the pattern of rainfall but, by comparison with the hour by
 
hour changes in the level of light, the changes are more appro
priately measured in weeks. Preferential access relies upon the
 
re lot, voo pivot'oc8 of the component species and differential 
access upon the ,.'J c'y of . ract.,Zon per unit of rooting 
volume. High root density and low root water potential both con
tribute favourably to this. In drying soils the resistance to 

flow of water to and across the soil- root surface interface in
creases dramatically. Consequently high root density is likely 

to be the moi-e effective basis of improved access to soil water. 

These, like water, are located in the soil and also, like water,
 
are available for immediate use or may remain stored for the 
future. Once again storage is not perfect with possible losses
 
at the soil surface by volatilization and by erosion, and to
 
depth by leaching. Additionally, nutrients may be rendered un
available by chemical alteration. Nutrients located below the
 
root zone can become available only by extension of the root
 
system. In the absence of serious erosion, surface deposition, 
or fertiliiation changes in overall fertility are slow, are 
measurable in years, and rely upon continued weathering of the 
parent material both within and below the root profile and the 
redistribution of nutrients to the upper soil layers by recy
cling via the litter of deeply rooted species. This resource 
pool is thus at any site, like light and unlike water, highly 
predictable. Preferential access depends upon relative root 
profiles, principally vo)ot. dt-pt, whilst differential access is 
based upon euroL ff/ci't o2blngbj poixr pc unit rooting 
volume. Symibiotic dinitrogen fixation, or mycorrhizal associa
tions effective in the uptake of other nutrients, provide ex
treme cases of differential ability in nutrient uptake.
 

RESPONSE TO STRESS
 

Our interest here lies in the response of plants when confronted
 
with suboptimal levels of one or more of the growth resources at
 
any stage in the phenological development of their biomass or
 
yield. Stress describes a condition of the environment that
 
ca-! s a reduction in the growth of plants or damage to particu
1iI sensitiv, neristematic activity that leads to a subsequent
 
reduction in yield (Levitt, 1978) . In the response to stress, 
the plant may or may not demonstrate changes in any of the 
various physiological indices, for example, water potential, nu
trient content, enzyme activity. That is it may or may not be 

internally affected. The extent of its adaptation to stress is 
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measured by its growth or yield under stress relative to that in
 
the absence of stress. This is an important relationship in the
 
study of the growth response of a plant under stress although, in
 
the development of productive systems, absolute yields under
 
stress are likely to be more important than relative adaptabil
ity.
 

Since the growth resources have such different characteris
tics it is difficult to say a great deal about the nature of
 

resource use which is generally appropriate. There are, however,
 
some general points relevant to agroforestry associations which,
 
in addition to their multispecific composition, are character
ized by anatomically and physiologically diverse plants, and are
 
intended to persist for at least tens of years.
 

Appropriate adaptations to stress depend not only upon the
 
severity and duration of the stress, but also upon its predict
ability. Of the three resources to be discussed by far the most
 
unpredictable is the level of available soil water. For light
 
and nutrients the predictability at any site is high, although
 
since the levels experienced by a particular component in an
 
association depend also upon the growth of the cohabiting spe
cies, they may have an unpredictability entrained to the level
 
of the water resource. Thus, for example, transient change in
 
leaf area or display in the tree layer in response to water
 
stress will alter the penetration of radiation to che lower
 
canopy; or reduced growth in response to water stress will lower
 
the current demand for nutrients.
 

Conservative use of the storable resources, water and nu
trients, is a well-established component of successful adapta

tion for continued growth and for survival under stress (for
 

example, Specht, 1972; Mrrow and Mooney, 1974; Christie and
 
Moorby, 1975). The value of this adaptation to an individual
 
species clearly depends upon the behaviour of cohabiting species.
 
It is this need to consider the co-ordination of stress responses
 
between components that sets agroforestry apart from the bulk of
 
the literature on plant response which arises from studies of
 
sole crops. Agronomists turning to the study of these more com
plex communities need to be well aware of the ecological litera
ture and particularly the co-ordination of responses to stress.
 
The literature abounds with data on, and references to, competi
tive use of resources and, certainly, the potency of interspeci
fic competition in determining the composition and distribution
 
of natural communities is well represented.
 

Because of competition the distribution of plants is more
 
restricted than is their physiological potential for growth, and
 
the major ecological expression of a species, its ecological
 
optimum, may be distinct from its physiological response (Ellen
berg, 1952). This has important consequences for those who seek
 
to interpret the physiological characteristics of a plant from
 
observations of its ecological distribution and, likewise, for
 
those who wish to predict the outcome of a plant in a mixture
 
from observations of its behaviour, that is its physiological
 
response, in sole culture. However, not all relationships within
 
natural communities, by their existence successful, are competi
tive. There are examples of complementary use of resources in
 
which access to the resource pools is partitioned in either
 
space or time so that competition even under seemingly stressful
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situations does not arise. Thus trees need not compete with
 
annual herbs for water, given a relative distribution of the two
 
root systems. Deciduous trees may allow the passage of a con
siderable annual integral of light to support the seasonal
 
growth of an understorey.
 

Perhaps the most remarkable example of non-competitive
 
adaptation to stress is seen in the behaviour of the sclerophyl
lous, evergreen shrublands studied by Mooney and Dunn (1970). In
 
these widespread communities the basis for cohabitation of a
 
diverse floristic group is the adoption by all of an identical,
 
basically conservative, pattern of water use. Mooney has termed
 
this phenomenon 'convergent evolution', and the co-ordinated
 
response of all members gives the community the potential to
 
rely upon the conserved water that would otherwise be available
 
only to those rare monospecific, evergreen stands, for example,
 
the semiarid shrubland Acacia harpophylla in S.E. Queensland,
 
Australia (Downes and Connor, 1973; Tunstall and Connor, 1975).
 

LIGHT STRESS IN AGROFORESTRY ASSOCIATIONS
 

Plants respond to the quantity and to the quality of light. The
 
number of quanta in the visible waveband is the energy available
 
for photosynthesis (PAR) whilst the spectral distribution into
 
the near infrared (NIR) combines with it to control various
 
developmental aspects of plant growth. Within plant canopies the
 
overall intensity of light decreases and the ratio of diffuse to
 
direct radiation increases. The spectral composition also
 
changes, becoming relatively richer in green and in the NIR (for 
example, Allen (t al., 1976; Ludlow, 1978). Both aspects poten
tially play important roles in the response of component species 
to the light stresses which are expected to arise within agro
forestry associations.
 

Except in the early establishment phase, the tree or shrub
 
component physically dominates the herbaceous substratum and
 
hence its potential for growth. Since this, for any plant, is
 
ultimately restricted by the energy available for photosynthesis.
 
Stratified, mixed canopies are both easily studied and easily
 
manipulated relative to those in which the cohabiting species
 
are distributed throughout the same canopy volume. Depending
 
upon the planting, the pattern of illumination on the under
storey may be made more complicated (for example, Hadfield,
 
1974a, b). A simplification of horizontal homogeneity of light
 
climate on the substratum, determined by a horizontally, homo
geneous uppei canopy, may or may not be appropriate in further
 
analysis of photosynthetic response, but for any described
 
canopy geometry the mathematical ability exists to define the
 
illumination of either component of the canopy of a mixed com
munity and hence its potential photosynthetic response (for
 
example, Allen 0 al., 1976, and see Jackson, this volume). Our
 
ability to handle these complex geometrical problems should not,
 
however, lead us to underestimate the value, given our ignorance
 
about so much else of the system, of much simpler treatments
 
(see Thornley, 1976; Trenbath, 1976).
 

ProduAtivuity under shado 

The potential photosynthetic rate of closed canopies of C4
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plants is directly linear to the irradiance on the canopy up to
 

full sunlight because these canopies are composed of foliage
 

elements with a linear photosynthesis versus irradiance response
 

(for example, Connor and Cartledge, 1970). In C3 canopies the 

behaviour at high incident irradiance depends upon the degree of 
light saturation of the component foliage elements, which in
 

turn depends upon their geometrical arrangement and the geometry
 

of direct and diffuse radiation. The possibility exists that the
 

canopies, like the leaves, will light saturate at high light
 
levels and, consequently, some measure of shading may not lead
 

to reduced growth, that is to light stress. The evidence on this 
comes from various experiments in which the CO 2 exchange of 
crops has been measured using field chcmbers. Most studies do 
show saturation of photosynthesis of communities at irradi-C3 

ance below the peak values of around Ioro Wm- 2 (0-3 lim) that may 

be encountered, but of course the communities saturate in all 
cases at irradiance levels well above that at which the compo
nent leaves saturate. Saturation has been recorded for soybean 
and cotton crons around 900 Wm' (Jeffers and Shibles, 1969; 

- 2 
Baker ,' ,zi. , 1972) , for wheat and tobacco crops around 700 Wm 

(Connor and Cartledge, 1971; Puckridge and Ratowsky, 1971; Whit

field i! cl. , 1980) , for sugar beet crops around 550 Wm- 2 (Brown 
and Rosenberg, 1971), but for potato crops at only 400 Wm- 2 

(Sale, 1974) . It is possible that the different efficiencies 
with which rhe direct arid diffuse components of incident. radia
tion may be utilized in canopy photosynthesis (Connor and Cart
ledge, 1971) may explain some of the differences recorded above, 

but it seoms equally likely that some of the responses (for 
example, Sale, 1974) also include internal restrctions to 

photosynthetic product- iv ity, that is ! ink 1 imitation. Ilowever, 
if the iespOnits, n abov., are persistent and characutlI inod 
teristic of the crop:; cnicornwd then t-hey not only show at what 
level s 1 ight st ress':; wi 1 l occur, but in all cases demonstrate 

on essentially line ar resixns ) trradiiance within the nonsatu
rated range. It i; vL1hont frm these data that the presence of 
trees in agroforestry associat ions need not necessarily serious
ly restrict the photosynthotic rate of some companion herbaceous 
plants but, perhaps more importantly, that there is considerable 
scope to select understorey species in which growth restrictin 
is minimal. 

Seasonal changes in light leveIs may cause a rduction in 
the reproductive yield of crops which is greater than the over

all reduction of growth itiselI f. This irises because in the 
sequential processes that. dote rmilie reproduct ve yield there are 
stages which are particularly sens;it iv t:o stress, including 
stress arising from low light levl 1;. Dterminate crops like 

wheat (Fischer, 1975) or naize (Early ,'t ,!., 1967; Gerakis and 

Papakosta-Tasopoulou, 1980) have little opportunity to compensate 
for stresses which operate to reduce the grain set. Fischer 
(1975) demonstrate ( experimritally the severity of shade in an 

attempt. to explain the possib le role Of du.ll weather in the year
to-year variabiI ity in the yie d of irrigated wheat in Mexico. 

Indeterminate crops have the potent ial to compensate by further 
flowering but the possibi1ity of an exaggerated decrease in 
yield remains. Root crop!; may have better inherent yield stabil
ity in conditions of transie.it. stresses, as would pasture 

http:transie.it
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species in which, except for the requirement of annuals to pro

duce sufficient seed for year to year survival, the major inter

'st is in biomass production only. Collins ct aZ. (1978) studied
 

the effect of shading from flowering onwards on the seed set by
 

the annual pasture legume Trpfolwia cbtcrranuwi. A reduction of 

a greater proportionate
 

Since clover seed is an
 
light intensity of 50 per cent caused 


reduction in the number of seeds set. 

summer
important part of the diet of grazing animals during the 


non-grcwth period seed dynamics and the year-to-year regeneration
 

of the pastures have potentially complex interrelationships for
 

and Batini,sub-clover pastures under Flrnz Pdiata (Anderson 

1979). 

Photomorphogenic and photoperiodic responses determine 

plant form and reproductive performance. Etiolation is a commonly 

low light intensities andobserved reaction of plants growing in 


and lupins grown singly in an agrohas been reported for oats 


with iiaforestry association ci n :Hotac (Anderson and Batini, 
:t
1979). Yield reduction was associated with reduced seed set 


in this the relative roles of photosynthetic productivity and 

developmental responses were not separated. Extreme effects of 

if the flowering response of understorey
light stress may occur 


plants in agroforestry systems is affected by shifts in light
 

quality. It does, howevei, seem unlikely that these effects would
 

dominate the response of the plants to light stress, that is, 

cause serious developmental problems, at least at light levels 

which allow acceptable levelis of productivity. 

,-" a''P?!? a,:' as: t;z rur' r~n t to
 
run pr::':;, 7 .+g t ,, 


1., t: c v.r " '. ' , i m~ a 
to 

The selectLion of the tree component of agroforestry associations 

should conc(,nt ratet on those species that have high efficiency of 

utilizat ion of captured raliation, so that acceptable levels of 

product ivity :an b'* maintained at the lowest possible levels of 

light capture. In thin way the potential productivity of the sub

stratum can be maximized. The trees are practically certain to be 

species (see Tieszen, this voltune) so that efficiency of uti-C3 

lization requires effective distribution of radiation over the 

foliage surfaces (Jackson, this volume). Trees with high leaf 

reflect ivity will contribute to the constructionangles and high 

of the most photosynthetically productive mixed canopy. Where
 

trees are planted in rows oast-west orientatic. will maximize
 

the radiation reaching the herbaceous layer. If the trees are
 

evergieen then they ought to he' continuously productive, or
 

replaced with dec duous trees probably at a closet spacing.
 

Continued productivity of the herbaceous stratum will
 

require continued attention to t: . canopy 
 of the tree layer so 

that by harve;ting of individuals, coppicing or pruning, it is 

1x).sible to adjust light penetration to minimize the effects of 

light struns!; on the yield of the herbaceous component. By atten

tion to the t iminq of such muanipulations it should be possible 

on the growth, developto minimize the effects of light stress 

men t and yield of the herbaceous layer. 

In selecting the herhaceous; compurnent. particular care should 

be di rected towards ensuring that transient periods of more than 

usually extreme shade r,!;ulting, for example, from climate cha

tree leaf area, do not coincide
racteristics, or increases in 
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with'sensitive stages in the development of yield. In 
some areas
it might.be advisable to avoid determinate crops and perhaps to 
choose the root or tubr crop alternative since they do appear
 
to be less sensitive to transient severe stresses, Under decidu
ous 
trees it may be possible to devise a cropping programme in
 
which there is no light limitation to the growth of the herba
ceous 
component (for example, sorghum and millets associated

with-Aca a-azbda-9)ElAHourirnAhmvd 
 aletitmay

be necessary to start and/or finish'the crop under shade. If
 
there is a choice, then for determinate crops stress in the early

stage is certain to have the least serious effect which, in many
 
cases, may not be detectable in the final yield (for example,
 
Earley et at., 1967; Fischer, 1975).
 

WATER STRESS IN AGROFORESTRY ASSOCIATIONS
 

The water status, and hence metabolic activity, of the component
 
organs of a-plant-root, stem and leaves,-through which water is
 
drawn from soil to atmosphere, reflect not only the balance be
tween the uptake by the roots, and the necessary loss from the
 
canopy that must accompany an open pathway for the diffusion of
 
CO to the photosynthetic sites within the leaves. They reflect
also the resistance - capacitance characteristics of the internal
 
pathway itself. The evaporative demand is determined by the am
bient microclimate and the extent of the canopy, whilst leaf
 
diffusive characteristics and responses determine their ability
 
to withstand it. The root density profile determines the capacity

of the plant to extract water from the soil, and the capacitance

of the plant relative to the diurnal fluxes determines its abil
ity to buffer diurnal deficits. Within agroforestry associations
 
the potential interactions governing the relative success of the
 
components when soil water levels are below optimum are consider
able.
 

Water use
 

Faced with a shortage of water plants may either seek to evade
 
the consequences of desiccation, or they may seek to tolerate
 
them. These are the two extreme strategies of what is most likely
 
a continuum of adaptation which is becoming well documented in
 
the ecological, and more recently in the agronomic literature
 
(see Turner and Kramer, 1980). As was pointed out earlier, the
 
appropriateness of any adaptation must depend not only upon the
 
severity and frequency of droughts but also upon the behaviour
 
of cohabiting species. Thus plants which continue to 
transpire
 
as soil water levels fall depend for success, in the absence of
 
additional rainfall, on either increasing their water supply by

expanding their root 
zone and/or by lowering their root water
 
potential, or by completing their life cycle or current growth

phase before the water supply is exhausted. By contrast, plants
 
which begin to modulate transpiration at relatively high levels
 
of soil water by stomatal control to reduce water loss per unit
 
foliage area, or by reducing net radiation load through leaf
 
movement or a real reduction in leaf area, have the potential to

survive at low levels of metabolic activity for comparatively
 
long dry periods. These plants also have tie opportunity to em
ploy diurnal patterns of stomatal activity which allow the most
 

http:might.be
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efficient use of transpired water.
 

Water stress will arise following periods when evapotrans

piration exceeds rainfall but because of the nature of the asso

ciation, the effect on either component may be unequal. Water
 

stress will arise in agroforestry associations whenever there 
is
 

to the root system of any plant
insufficient water available 


component to meet the evaporative demand placed upon its canopy.
 

Consider those features which lead to 
differential growth in
 

based upon either a depression of
agroforestry associations 


plant water status or action designed to avoid it.
 

(aCc4l,?,. The evaporative demand per unit leaf area of the tree 

canopy must exceed that of the herbaceous layer because, due to 

to a higher radiationits position and structure , it- is subjected 

and lower vapour pressure deficits.load, greater ventilation 

Each of these factors works to inicrease the transpirational load. 

a mixed agrofor-To offset tli,se disadvantages a tree canopy in 

estry s;yotelc need's, in turn, to exercise greater control of water 

which can inloS -y anL'jt allntoTlical and stonatal adaptations 


o0 its net radiation locd in favour of
creas, th( , ijrtit ion 


sons ib], nlit an'l iway reim evaporation. The extent- to which a
 

to which it
tre-e cinopy can affect thie cent tel, or the extent 

Cal dldy tll' diopaoit io)n or extert of its leaf area to reduce 

throw tis alanc(,o f overil1 evaporative deniand towards
it-, will 

in the
thi he i)auatOou; 1, 'lyrI . ewevt.e r, provided t ,ero aro surfaces 


tre'e canopy to i ut 'r:cept ridijotion, ev(n if they are' evapora

tiye ly inact iv , tht (1(iii'naol oI the herhace oil'; layer will be
 
di i ied.
 

Thi; fact thi th(, hlie racoou; layer growing in association 

hence a 
h t ceo 	 (-1l)oy; a l owiet(, evaporative deniand, and 

w. 
pit 	 et ia for oll imlpiov(id water :;tatiis, i o the basis of tile well

ed 'f fct f lerieit of wi ich ogroforestry .,-an seek
d0eUen0t 


t ot 'k(-,idvlit,leje (for xlimple , llooenierg, 1971; Sturrock, 1975;
 

ind IGi ) .1).'I'l,' chalongr' i:; to arrange tie asso

w,it er oupply to tiho herbaceou.n layer allows it 
Ri;!ioell 
ciation 1ouch thLi 


water status condition, and to
to to,rk advantag of my im proved 


overcome til, 
 .oriow ffCtt of shading that will operate over 
a3sociaat least ,;-omu of t hi pr,jt ,l:t eld area. At- leant for strip 


t 11)111, th11' aValilale1 s t l' o; of t11' MiCroclimatic and yield
 
direction
rel:;ilon0e to o helterhfilt_' m;t afford explanation and 

to th, formulation ,r1d maniagiem(,nt of agroforestry associations. 

Althoiigh therte J Iaobhly tr(li's with leaf water relation

ship10 c-oii;ora lo withI t.hon;' of herbaceous plants, on balance 

iiv, r, ' xrioroltrphi 1" chractiristics . From considerations 

photosynthetic 
tr(n; 

of le!af re, let n' (Sinclair in] Tho as, 1972) , 


:apilit y (lam i'h'r , 19(1) , tlea di ftiiwor characteori.5tics
 

(I 'rl;t, 	 ', ;.' , t7) ,lhd din;ic(it inn re;i!;toanc( (for example, 

,r and t-r(' 

lit t (0,1 r uli( arid hence to persist 
1,it y.'r, (Nmni i'n(d() 'Iun!;ta !1, 1l)(M) leaves may show a 

go-ete'l 11) y mll wti( 

iet iVw ly in low rliifall ( nVironmnlt;. The (vergreen.nof drought 

I'n' t l)itllent 0 i Aivnt ralia (';oee /.'it44;,,1Oi,/ , and st on)
1pr(1,1 


tiinly ,xhitit thline chiractori ;tif-!;.
 

orly lnde!r the control of cuticu'lanit wit ot ;tat ii!; i; not 
h ' effectively modulatedIlr and ot imatai ll i ot o but can al.;o 


di!splay via leaf movements, or by
by chaclo!; in t lhoi cliely 


roduct ion ill tlhe t ranspiring area 
 itself. 	 Whilst wilting has been 
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interpreted (Rawson, 1979) as a positive, adaptive mechanism
 
rather than simply a structural result of excessive water use,
 
there are other well-documented leaf movements, especially in
 
the leguminosae, which can reduce radiation load and which are
 
functionally linked to leaf water status (for example, Shackel
 
and Hall, 1979; O'Toole and Cruz, 1980). Modification to canopy
 
area is probably the most effective means of reducing transpira
tion and this can be achieved by either a reduction in the ex
pansion of new leaf area, or in an increased rate of senescence.
 
The interpretation of the value of alternative adaptations to
 
the reduction of water use in response to stress must include a
 
combined analysis of the efficiency of water use in producing
 
new biomass, or in maintaining existing biomass which can remain
 
productive for the future. In cassava, for example, water stress
 
seriously restricts each aspect of leaf area development: apex
 
division, leaf production per apex and leaf expansion itself.
 
Although at the end of a stress period the crop had little leaf 
area, an increased rate of leaf senescence was not the cause
 
(Connor and Cock, unpubl.) . Since leaves of cassava maintain
 
their photosynthetic capacity in excess of 100 days, this re
sponse can be seen a; an effective use of the capital already 
invested in leaf area.
 

b tcrir. . Trees are distinct from herbaceous plants by virtue of 
their greater investment in structural material which connects 
the photosynthesizing canopy to the absorbing roots. This 
material exists in substantial quantities both above and below 
ground and has important effects on their comparative water 
relationship; ( t.., and the.!ink]ey, 19781), hence differential 
response t o !;t r,.si of t ees and herbaceous plants. 

Since the pathway of water transport is longer in trees 
than in herbaceotus plants the resistance to flow also tends to 
be greater. Tree canopies tend to be internally drier than her
baceous cariopie; undter similar conditions of evaporation and 
water uptake by the roots. Except in very tall trees (Conner i:t 

-al., 1977) the static comnponent of 0.1 bar m ' is not likely to 
contribute excessiely to this, but the flow related component, 
especially in trees in which vessel size is small, does become 
important (IHellkvi;;t ,.' . , 19741). Higher internal stress and 
lower transpiration are t_;- likely result of this increased 
resistance. This; interplay between canopy height, water potential 
and consequent photosyntbhtt ic activity led Paltridge (1973) to an 
interesting Lheoretical anialsi. of the shape and productivity 
of trees. 

To uffert this di:;dvansaq' tree-; have a considerable in
ternal wateor cpaciity, sonme of wiich may be, released diurnal ly 
from th :;apwooui, or sen;ea;nl.ly faoe the huartwood, to buffer 
the ittrn1,l water dieficit!; of rnetabolic,[lly active tissue, for 
Oxarmpl 14 Iave;; aind 1ri ter;s. There are exariples; of trees, in 
which the ;;t(rng calaIcity i!; enorou!;, for e xample the Austral

ian bCtt t rI( (/r '':?,,' u rip haobabs and eucalypt s with, ;;.), 
lignotu,er!; (tie group) ; water areh'lee' but re(serves impor
tant in ;*ua(r a ii,'r, ;:onvent-iona design also. There is some 
difference o opinion is to tine quantity of internally available 
water but out imatoe;,, as high as '7 mn have been made for a 
Douglas fir forest (Waring and Punning, 1978). Thi;; aspect of 

http:sen;ea;nl.ly
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modulation of the differential stresses that 
trees and herba

ceous plants might encounter in agroforestry 
associations needs
 

to be assessed.
 

differences between the root penetration of
Root m:oLa.':r. Gross 

and associated herbaceous plants, especially 
annuals, pro

trees 


siqnificant interaction between the water 
relations of
 

vide for 


and for the development of differential stres
associated plants 


of their greater root depth (for
 
ses (Cohen, 1970) . By virtue 


access to water -s
soil that 
example, Kimber, 1974) trees have 

not available to the cohabiting herbaceous species. Whilst in 

soil, to which the herbaceous component
the surface layer of thi-


components may compete.

is morphologically reotrictrd , both The 

in the surface
horizontal exploration by the reetls of trees 


layer- is a notable charact(ristlic of trees, at least from water
 

. inter-
Kulrlmerow, 190) Ca nopy
short environmt;nt; (Story, 11)67; 


can substantially re
ception and subsequent s;tem flow in trees 

-olat ive ydvrltage (for example, Pressland,
direct: wat!'?r to the ir 

charac1,111o0) . Whilst the water use
1976; ad(I lIiyt 011, thi 1, 

the penetration of 
teristics of tir( hrorbacou, ]ay'r leterine 


into this iubsoil from which trees have
 
non-intercpt cd rainfaill 


us, In eary environments, trees clearly depend for
 
exclusiv 

err wit r Iet ,IViaiI)I( to the herbaceous stratum,
their surviva I 


f ;oithern Australia duri ng sumvier, and
 
for exallp 1' wo Ii h 

the produc
the sign} fi (A_ r('llovinq~ tht Ierbaceous layer or; 

i.Li w(,1 known in horticulture.tivit,' a tr,: 

uS ' ruatt .lt for isoil water 
 budqeting

Model:? of i llt} 'i 
find a place in prograitningwIl ti] o'gih dev,'lope d to 

irrigati o rr.mi::tli s.;ewiitg t.it t of drylan crop? (Baier, 1973; 

ic .it I 'i. tI7 Nix an Fitipatrick, 1979) and in 

are now 

Fitopatr 


lri l i ; rit ut ioto n.,t ult' v'.gotatiort (Spolcht, 
 1972).
exp],linil 


ith tt0 it,. I ,f-ii st'' i; t:o a ltldythese tech
r'di,ti 

Il r S'!;' . ,,~r;, t,) ott rA tiad I r (2spojt;( of oil water 
Art iiiim . 

rit lri arcltviourarechari t, I i r(llot :;t ou t l tllt1 o al 

cor ina t ion! It !sprobable that iercein 
of ; ,,t pl,tritvat 'o, 


,.ro I iititIg di fi(,rential stresses 
 and maxim
lies th,I ,ol;;"t) 1t1t-' 

product ivityi i rofo;try in respont' to the iost vari
izitij 

I r c atrrre.; detetmining plarnt produc
able (,f th( ie 'vlr r1miit 

tivity.
 
reciargo urtd(r silvopastoral


Th(, tlI t: a;,r1 o a 

wi Ilrowit it southern Australia, but here 
syste.m art' llttlt 


t irerevorse (A that alluded to above.
 
th curr-f'nt prill i:;sI 

t hi croriulY many of tnaturral , o tora] woodlands carry-
Durin t 

typ cc ,Vr a eottaOI it]rboaceot. layer have
in v,lit ot'li 

t , r;i|ttli to i( couraqi' picttcttre growth,
eitho i tot, irt 


or to l-tllo11i t'lty iis 1,tit of 
 tlito dovi!iopriet of crop

liri bo n the. gradual 
. r,.t ,I ti jr-icticopinlq irI lirit ;. Ali 

l ;ti :;t I) oI t or lecits Itt Vi (, tt winter 

w th root 5o1)11 of tiie pasture. 
tlll ': 


i I Il : ti, 'lht 'io 
fertilizer 

st)ri rt 

'[lt it-lilr'i llhk; , I ,ttravivi ,(titecitite} applied 


,t'f vtte d the re
(t;t rlrl i:l;iihlti I I) lli r-rz riilt tl (tltrnlt ihiv 

rttivo grasses (;tipa,
pli(lcot tllll )I tirowing, 1 rlttia,lIv, 

;1' w it aittt s c fci wiit or - .;prilg growth habit 
[('51 T '2/ c 

int( , 't'?, i', ' ':m md varier:; weod!;) . Although rainfall 

(1 700 nmtl and anntual evapora
tioe;(,r.as i; c(milail vely low 

tion ihigl (> 900 rml, the riinfcall occitro when evaporation is 

vaporation of summer, transpiration in 
low and, dhr ito! the high 

http:tioe;(,r.as
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the absence of trees is virtually suspended. The result of the
 

gradual increase in subsoil water has been the mobilization of
 

salt from depth in the soils and the deterioration of pastures
 

initially in the lowest parts of the topography, death of re

maining trees and high discharge of salt into rivers. A consider

able research effort is currently directed to the measurement of
 

the water use of trees (Greenwood and Beresford, 1979, Greenwood
 

et al., 1981) with the objective of finding species that tolerate
 

the salt and transpire actively.
 
Long term changes in the soil water profile are a possible
 

consequence of the implementation of agroforestry associations.
 

Short-term runs of above or below average rainfall may obscure
 

the real stability, or otherwise, of the association.
 

Watcl, (Inssaaj* 

Although carbon gain and water loss by plant canopies are only
 

loosely connected, it turns out that the ratio between them 

water use efficiency (WUE), or its reciprocal transpiration
 

ratio (TR) - is sufficiently identifiable for any vegetation
 

type to allow estimates of dry matter production from the more
 

easily calculable water use. This analysis is improved if a
 

separation is made between the transpiration and soil evapora

tion components of evapotranspiration, since the ratios best 

relate water lost by transpi ration alone (Fischer and Turner, 

1978). This technique allows for the calculation of productiv

ity, particularly in water stressed environments, and it will 

provide a useful means of estimating the growth of the compo

nents and likelihood of differential stresses in agroforestry 

associations. It also draws attention to the possibilities that 

exist to exploit the inherently different water use efficiencies 

of the Cj, C, and CAM photosynthetic pathways (Ludlow, 1976;1 


Christio, 11)7/H; and se Ti oszen , this volutme). 

A!; wI ih ;tre;s due to Iight , it is once again important to 

empha;ize that th, soclurnt i A] proc,_,sse. which determine the 

reproductivw' yield of plaits are also differentially susceptible 

to water stress. This applies at floral initiation and around 

flowering and it is particularly potent in reducing seed set and 

hence, the potential yield. Stresses early in fruit filling are 

more important than those near fruit- maturity inldisrupting th( 

supply of assimilate to moet the demands of t:his sink. A single, 

comparat iveIy short ste.'s;, may have devastating effects on the 

yield of det erminot-e! crops . And also upon the fruit yield of 

tree speciu:,; in which floral initiaotion occurs over a well

defined perio t, often the, year before the fruit. is filled (Salter 

and Goode, 1967; Begg and turner, 197(,). Indot-erminate annuals 

hove. the cpacity to Compensate for single stresses and perhaps, 

a!swas mont ionid previously, root crop; are best suited to with

stild periodic stressesince their yield is apparently not 

determined by -;uch a complex of processes and their storage 

organs pern i!;t to accept t ranslocates when available. 

:, ' i , s:.( to. rili~ ,",'U/5'1. ;JMono;l," 'lat. ,.a' . c', l s. . ,",,/ 45 t.i'cS' duo 

Man A11, 1 , '1'?It 1 u 

In order t.() effects of water stress in agroforestry
minimize thi 

af;sociation; it is necessary to define, and then continue to pay 
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attention to the levels of the storage pool available to either
 
component relative to their water use behaviour and the differ
ential sensitivity of the physiological processes that determine
 
their yield. The more unpredictable is the rainfall, then the
 
more conservative must be the management to ensure continuity of
 
the perennial, and hence of the association. Yield stability
 
must take second priority to this.
 

The most effective means to reduce transpiration, and hence
 
reduce stress and prolong survival, is to reduce the area of the
 
transpiring surface (for example, Butcher, 1977). Reduction of
 
the tree canopy will throw the evaporative balance of the commu
nity towards the herbaceous stratum which is generally dependent
 
upon a smaller store of water which it shares with the 
trees.
 
Temporarily removing the tree/bush canopy (by coppicing) may
 
eliminate competitive needs for water between the plant associ
ates where these are sharing the surface soil levels in some way.
 
Pruning the 
roots of the trees also will allow the herbaceous
 
stratum more complete control of its water resource. Reduction
 
of the leaf area of the herbaceous stratum will not affect the
 
immediate water balance of the 
trees but will favour a loss to 
the entire system by evaporation directly from the soil surface, 
and a preferential distribution of water to the trees by re
charge to below the rooting depth of the herbaceous stratum. The 
losses to the system by soil evaporation can be considerable 
dependin; upon stiorm size distribution and ground cover, the 
latter including transpirationally inactive litter as well as 
transpiring leaf area. In an actively growing wheat crop in 
southern Australia, or in the Great Plains of the USA, as much 
as 50 per cent- of the total water use can occur by soil evapora
tion (Fischor and Turner, 1970), principally during establish
mert and towards maturity. Particular attention needs to be paid 
to th, cont ro 1 of soil evaporation in agroforestry associations 
illdroqht pr(.T areas. 

Improved yi(ld; of annual crop-; in water short environments 
have boon largoly achieved by shortening the overall growing 
:;ea;on and by sowing phenologically adapted cultivars into moist 
fallowi; when the ;ubsequent and predictable critical stages in 
tiht dove lopses t of yield are least affected (see luxley, this 
voluse) . There is litt:1 e evidence that the substantial improve
mont7 it adapt,:,tion, that is in yield and yield stability, have 
yet included asignificant sh ifts in the physiological ability of 
the improved cultivars to to]oratie stress. The principlessame 
oire likely to apply to thle( more constrained, competitive situa
t ion pr(-;.nt&,d b~y a(jrofor(,:;t.r,/ as;!;ociat~ions. 

NUTRI E.NT STRIE;. IN AGROPOI'PESTRY ASSOC'IATIONS 

Oe. , theo hopt;:; of auiroforestry is;that it can capitalize upon 
th calpjcity of perennial pJlasts to trans-'r nutrients from 
(lpth inllt! til tg'r aoi] layer ; where they are accessible to 
the cotll),lion ;s 1llowly rootlltt herbocoots plants. In this way, 
on one the, ,;;tf'm(of '.ahifting agricul ture' is replicatediiltt, 

il !1SvCtrIthel thn. i n t i mit. 
A:; tli assciatin (giow; nutrients are fixed in the vegeta

tion, , 'pci i n t liepertamnialI (omponent-s. Nutrients are then:,l1y 


removed fron the .;ito, by harvesting. Whilst the pools of
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available nutrients can be replenished by chemical conversions
 
within ,the soil.profile, and by accretion to the site, the 
nu
trient~cntent of the upper soil layer, to which'the most intense
 

Sroot'activity is restricted, will depend largely upon the exter
al'recycling syst:em of the perennial component. From this de
scription it -can be 	concluded that a successful agroforestry
~associaticon, wil have,. by aue-r.mngmn,.te-olwn------

I'>a,<characteristics.
 

A perennial component with a root system effective in nutrient
 
uptake at depths below the rooting zone of the herbaceous 
layer. 
A 	highly productive perennial component with high nutrient 
return to the upper soil layer.


*.	A herbaceous component that can either compete with the per
ennial for nutrient enrichment in the upper soil layer, or
 
which is managed still to take advantage of this.
 

Productivity will be restricted at sites in which the up-
 :4
take of nutrients is less than that required by the vegetation
 
as a whole to meet the growth potential determined by its access
 
to the other environmental resources, that is, nutrient :3tress
 
will occur. Considering the number of plant nutrients, the intri
cacies of nutrient systems in vegetation and the anatomical and
physiological differences between the perennial and herbaceous
 
components of agroforestry associations it is unlikely that the
 
same 
nutrient stress will be felt equally by either component.

Selection of components of agroforestry associations and their
 
management must account for these issues if nutrient flow and
i 	.- hence productivity are to be maximized and differential stresses
 
between the components minimized. As was explained at the 
outset

the characteristic feature of the nutrient resource at any site
 
is its tendency to remain relatively constant, at least on a
 
yearly time scale. Plants display a range of adaptations to such

persistent nutrient shortages.and, in this discussion, the
 
interest lies in what combinations of them are compatible with
the objectives of agroforestry.
 

Nutrient uptake 
Plants require a continuing supply of nutrients to meet the
 
demand of growing tissues. This supply can be aided by efficient
 
transport of nutrients from the root system, by remobilization
 
of nutrients already present in senescing tissue, that is by
internal recycling, and the overall nutrient need can be mini
mized by genetic, environmental or management restrictions to

the rate of growth (Gerloff, 1^63). Generally, however, unre
stricted growth requires some 
level of continuing uptake by the
 
root system.
 

Uptake at the root surface establishes a concentration gra
dient from the root surface to the bulk soil down which further
 
supply diffuses to the root. If water is also being adsorbed by
the root then movement is aided by mass flow. Not all nutrients
 
are equally mobile in soils and hence the rate at which they are

replenished at the root surface differs. Of the major nutrients2
 
N03-N is highly mobile because it exists mainlyin the solution
 
phase, and the rate of supply is therefore critically affected
 
by the soil water status. Phosphate-P, NH4-N, and other cations
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which are strongly associated with exchange surfaces have
 

limited mobility (Bray, 1954) and rate of uptake is likely to be
 

influenced by the time and extent of fine root extension.
 

Plants will compete for nutrients whenever the zones of
 

depletion of their roots overlap and clearly this depends upon
 

the nutrient in question, its concentration in the available
 

pool, The rate at which this can be replenished, the soil water
 

relationships and the nutrient uptake characteristics of the co

habiting species. Zones of cepletion for mobile nutrients are
 

wide and hence plant interaction can occur at relatively low
 

rooting densities. By contrast for poo:lly mobile nutrients, with
 

narrow zones of depletion, root systems of different plant asso
.
 

ciates may remain effectively independent to higher root den


sities. Whilst high root density is relatively unimportant for
 

the effective uptake of mobile nutrients by monocultured species
 

(Barley, 1970), this is not necessarily true for mixtures ('Iren

bath, 1976). Tn the mutual zone of depletion nutrients will move
 

to either species in approximate proportion to their overall
 

root surface activity. High coot surface density by one species
 

serves 
to minimize its proportion of interspecific contacts.
 

Intraspecific contacts a;1e not competitively disadvantageous. In
 

add'tion to this static description of nutrient uptake, root
 

growth and exploration of new soil volume are an important part 

of the search for nutrients. Clearly we need to know a great
 

deal more about the situation in any particular agroforestry
 

system before we can specifically suggest improvements in design
 

or management.
 
In the ecological (Mosse, 1973; Bowen, 1980) and forestry 

(Harley, 1970) literature, and more recently in the agronomic
 
Hale and Armstrong,
literature also, (for example, Khan, 1975; 


1977; Asimi it ,(7., 1980) the outstanding feature of nutrient 

uptake capacity is the range of symbiotic relationships with 

improve nutrientmicro-organisms that plants have developed to 


uptake in nmtriernt-poo. environments. Whilst rhizobial associa

tions are restrrsted to the legumes, and these are the most im

portant dinitrogen fixing systems, mycorrhizal associations of
 

one type or another are almost universal in the roots of the
 
in most agricomponents of natural vegetation and can be found 

cultural crops and pastures. Mycorrhizal associations are known
 
under conditi)ns of lowto increase the yield of the host plants 

fertility, and the nutrient most firmly implicated is P, although 

nutritional advantage with respect to N, Ca, Na, Mg, Fe, Mn, Cu, 

B and Al have also been recorded (Mosse, 1973). Since N and P 

are tho important nutrients of the infertility syndrome it is 

important to explore the relevanc, of these symbiotic relation

development of successful agroforestry associationsships to the 

(Redhead, 1980).
 

The two types of symbiotic associations have important
 

to overall nutrient relationships.
differences with respect 

Rhizobial associations place at the disposal of the symbionts
 

the enormous reserve of gaseous nitrogen which is unavailable
 

directly to non-nodulated plants. Legumes are able to grow
 

essentially independently of soil solution N, that competiso 


tion with non-legumes for this nutrient is not intensified by 

the symbiotic relationship. In fact the syste .3 are generally 

quite 'leaky' so that associ.tcl non-legumes quickly benefit 
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from raised levels of N in the soil solution. By contrast,
 

mycorrhizal associations do not allow access to previously un

available reserves of nutrients. The available evidence suggests
 

that the fungal hyphae which ramify extensively through the soil
 

from infected roots absorb P from the same nutrient pool as un

infected roots. The major advantage appears to be the additional 

exploration potential of infected plants (Sanders and Tinker, 

1973) , although it is pnssible that uptake per unit active sur
face area is also more effective. In any event it is well known 

that per unit of plant root, depletion of soil solution P is 

greater in the presence of effectively infected roots. 

Devo 7oprnont e o. a" 

In agroforestry associations the spatial and temporal distribu

tions of the root systems of the two components are likely to 

dominate the development of nutrient stresses. The root system 

of the perennial component can be Lxpected to penetrate to 

areater depths in the soil and, even thou(h root density there 
may be low, the root can effectively exploit mobile nutrients 
and, with appropriate symbionts, less mobile nutrients also. By 

contrast the herbaceous component is often restricted to the 
upper scil layers, which it can expect- to share with horizon

tally extensive roots of the perennial. Whereas the perennial 
will maintain a permant.nt root systerm th,, '005 corocst 

by tb.? i oot_, of Oic P''.aaa~ 

Although a co)imon chirmt eristic of vegetation of nutrient 

poor sites is its openness, it is important to realize that such 
veqetation may we l 1 1be a closed stand in lowi y ,oJ. Roots may 

represent the g]reater proportion of the total biomass in such a 
situation and the distribution of roots will match the capacity 

of tile soil and biological systems to supply nutrients to the 

soil solution. Experiments involving trenching have demonstrated 

the potency of root competition and the need to reduce or elimi
nate it, if lower strata species are to thrive. Plants can only 

naturally invade such sites following catastrophic events, or if 
they have a significantly lower threshold concentration for nu

trient uptake than the existina spesies. 
The search for nutrient efficient plants must include con

sideration of the favourable, microbiolocyi -al associations that 
exist widely in vegetation. However, regardless of the basis of 

superior nutrient uptake, physiological or symbiotic, the pos

sibility of great differences between plants raises the question 

of the compatibility of nutrient uptake strategies. In the case 
where the strategy allows access to a separate and large pool of 
nutrient, for example, symbiotic dinitrogen fixation, the su

perior ability of one species need not lead to the development 
of nutrient stress with respect to the growth of the partner. It 

is possible that consequent shortacles of other nutrients may 
ensue, as also miumht stresses due to water or light, but these 

are not inevitable and the major result is the continuing im

provement of the nitrogen economy of the e ntire vegetation. In 
the case of mycorrhizal. associations, however, the situation is 

different. Effective infection does not greatly increase the 

supply of the nutrient. Tile lowered phosphate concentration in 

http:permant.nt
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the zone of depletion does provide the possibility for a more
 

rapid solubilization of unavailable P, but this depends upon the
 

appropriate chemical equilibria. The ability of mycorrhizal
 

plants to reduce the concentration of available soil phosphate
 

suggests that interference between different plant associates
 

the soil volume that they both explore can only
for phosphate in 
!qually efficient assobe compa'ible if both have developed an 


'- Ls difficult to imagine that increased root density
ciation 

on the p.,art'f one partner, or improved activity or transport,
 

can match the greatly expanded surface area for uptake upon
 

which the success of the mycorrhizal association is apparently
 

based. Plants which can extract nutrients to concentrations 

below that of companion species can exclude them from nutrient 

poor sites, where replenishment is slow, just as effectively as 

can be done by shading in dense vegetation. Thus for stable 
thereagroforestry associations on nutrient insufficient sites 

can only he large differences in ability to absorb nutrients if 

the root system of one component i s not completely overlapped, 

by the other, or unless the growthhorizontally or vertically, 


of one comniiert i's sig ificantly restrair.ed by soine management
 

or other environment,: I factor. 

The avail ahi ity of nutriints may change slowly with time, 

not only b us of_ca the curaduaI removal by harvestino or loss by 

leaching, but ilso bcause ol the developing soil- vecetation 

system. The_ accumulat 1I', of organic matter and the associated 

decrease in pH may also chang, the availability of macro- and 

have been recorded under long rotamicronutrints. Such (Ahanges 

tion forests and ire currently asnuminq importance in southeast 
pastures.Austral i . fo Ilcwin: -M0 to 50 years of improved annual 

In aurofor.stry a;s':ciat ions the rotations are likely to be suf

fici(ently lon(s thit nutrient tvailability will change. Under 

these condt ion ; th ,re Ire, opportunities to match the herbaceous 

and, hopefully, not onlycomponent,, toI h changing conditions 

in iuj plantsthe dojust the to a continually declining 

po] of a lilab le nu':rlnt s. The perennial component should, 

however, beo oh- t,) ;ustain its producLti. ity during the rota

tion. 

*, tkuznagj m"'Pnt. to entto mineifo i*,(,t '] th 

The perennial )lants in auroforestry associations must be
 

adapted to the local nutrient environment. Which means that
 

their potontia] growth rates ar e matched to their capacity to
 

extract nutrients from the system. The most 
 productive trees 

wi l 1 so those that can ,xt.ract nutrients, at the highest rates, 

or which have t:he 'tjghtes t' irit rnal nutrient recycling system. 

In agroforestry associat ions anI importint halance must therefore 

be struck betwe.en the. hiomass, and hence nutrient accumulation 

troe layer, and its capacity to return nutrients to theby the 
upper soil by exterral recycling. That is, woody perennial spe

cies select ion .;hould favour plants with 'leaky' internal nu

trient recycling sy;tems. Without significant accretion of nu

trients placed at the disposal of the more frequently harvested 

herbaceous layer, significant differential nutrient stresses are 

placed upon them. 

Selection of plant components must take into consideration 

http:betwe.en
http:restrair.ed
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the basis of adaptation to the local nutrient environment. Par
ticular attention must be paid to the plant- micro-organism 
nutrient interrelationships. Effective symbioses can so change
 
the nutrition of a plant, and the relative value of a site for
 
its growth, that physiologically based differences between spe
cies or genotypes may become irrelevantly small. Selection of
 
genotypes must also recognize the importance of particular popu
lations within the range of distribution of a species. Most
 
examples of adaptation involve the differentiation into physio
logical ecotypes each adapted to a specific and generally narrow
 
range of edaphic condirions (for example, Snaydon, !962; Heslop-

Harrison, 1964). However, there are other cases in which a wide
 
adaptive range is achieved by broad physiological tolerance (for
 
example, Parsons and Specht, 1967). Modern crop varieties are
 
usually designed to be physiologically adapted to a broad range
 
of environments but with significant amelioration of soil condi
tions; this will rot be an option for low input agroforestry
 
systems.
 

Management of the perennial component of agroforestry asso
ciations can be used to reproduce some of the theoretically 
advantageous features of associations adapted to nutrient poor 
conditions. Pruniinu the canopy can be used to improve the flow 
of nutrients to 'ie upper soil layer. This procedure can be used
 

to optimize the value of productive but nutrient efficient per
ennials to the association. Spatial redistribution of litter 
will offset the characteristically uneven natural recycling of 
all except very dense tree canopies. 

If the herbaceous component is to capitalize upon the nu
trients returned and added to the upper soil layer by the per
ernnials, then its access to then must be ensured. Tight external 
nutrient cycles in v (etation rely upon effective foraging for 

nutrients in littor and surface soil. The most effective way to 
aid the herbaceous component is by renoving or reducing root 

competition by the perennial. If the management of the herba
ceous component involves cultivation then this may confer a 
sufficient advantage, but additional strategic root pruning 

remains a consideration. Because of the distinctly different 

nutrient relationships in agroforestry associations and mono
cultures it is possible that limited tillage systems will be 
less appiopriate in this respect. Whilst contact herbicides are 

widely used in agriculture and horticulture, uind have already 
found an important role in the establishment of the perennial 

component in agroforestry associations (Tustin ot al. , 1979), 
their role in cropping the herbaceous component of agroforestry 
associations may he of limited vlu e. This is because removal of 
the herbaceous layer without simultaneous modification to the 
root exploration of the perennial could allow it rapid access 
to available nutrients and seriously disadvantage the subsequent 
re-establishmeit of the herbaceous component. 

SUMMARY 

PlaniL growth requires a continuing and balanced supply of light, 
water and nutrients and a consequence of growth is the gradual 

depletion of the pool sizes of these environmental resources. 

Without replenishment, growth may reduce the levels of these 
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*pools such that the subsequent growth of the plants is reduced.
 
Reduced growth i the universal symptom of environmental stress,
 
the actual internalstrain on the plant may be minimal depending 

-upon the way in which it responds to suboptimal levels of envi
ronmental resources.> . 

The environmental resource pools have distinct characteris
----,.tics _with-respect. -to -the. rate-,and -predictabilityof -their-re*7,-,---,..-

plenishment relative to the withdrawal rates for plant growth. 
Successful adaptations for handling suboptimal conditions depend 
upon the local characteristics of the resource pools, the rela
tive ability of the cohabiting species to gain access to them 
and the kinds of interaction of use or conservation that they 
employ when faced with suboptimal levels. 

When water and nutrients are in adequate supply, the inter
action between the components of multispecies mixtures of plants
 
operates via the light regime within the canopy. Photosynthesis,
 
productivity, and hence success, depend upon the relative abil
ity of the components to capture the diurnally predictable
 
photosynthetic radiation and to use it photochemically. For
 
'productivity, the more important of these two steps is the effi
cient capture of radiation. This is governed principally by
 
stature, that is the display of leaf surfaces above those of the
 
associated species, but also by leaf angle and leaf dispersion.
 
Agroforestry associations are characterized by great differences
 
between the canopy distributions of the trees and herbaceous
 
components. Because incident photosynthetically active radiation
 
determines the potential productivity of vegetation there must
 
always be competition for it in mixed associations in which
 
water and nutrients are in adequate supply.
 

For the conditions of adequate supply of water and nutri
ents, arguably mainly restricted to high technology agriculture
 
and horticulture, the management of associations of disparate 
species involves attention to the light supply of the desired
 
components. This can be done by such temporal or spatial adjust
ments to the components of the canopy as are appropriate to
 
ensure both a level and a distribution of photosynthetic carbon
 
gain consistent with desired yield. The principles of community
 
photosynthetic response are now well enough recognized for the
 
situation to be managed optimally if other practical considera
tions allow.
 

The supply of water and nutrients is from storage pools 
located in the soil and subject to either intermittent and often 
massive replenishment in the case of water, or continuous but 
slow replenishment in the case of nutrients. Relative access to 
these pools by the component species of a mixture is determined
 
by the extent of each root system. That is, its depth of pene
tration and, within this depth, its density. And by its relative 
ability per unit area of root surface to absorb from these 
pools. Differences in both of these charactoristics are impor
tant in the competition between cohabiting species for water and 
nutrients. Demand for water depends upon canopy microclimate and
 
canopy extent which are only loosely related to the current
 
growth, and hence to the current absolute access to photosyn
thetically active radiation. Demand for nutrients depends upon
 
current growth.
 

In response to these constraints plants have evolved a
 

+ SI++ + • .+? + + : , +. 



k 420 	 D.J. CONNOR 

range of adaptations to stresses of water and nutrients, that is 

to 	suboptimal levels of the storage pools. The analysis of these
 

responses in mixed communities requires attention to:
 

-


the compo*The definition of the resource pools available to 


nent species. 

" 	 The temporal variation in the size of the pools with particu

lar emphasis upon the predictability of replenishment. 

* 	The extent to which the strategies of resource use of the co

habiting species are competitive or are complementary.
 

Plants may be physiologically capable of productive success
 

when in sole control of nonoptimum resource pools of water or
 

nutrients but unsuccessful when sharing them with competing
 

plants with either a differential access or superior competitive
 

capacity. When the supply of water or nutrients seriously limits
 

growth the communities are more open and canopies less dense.
 

Under these conditions the competition for available light
 

diminishes but there exists a wide range in the availability of
 

water and nutrients in which situations light stresses are
 

generated and have important effects on the outcome of competi

tion.
 
The selection of the components of agroforestry associations
 

requires attention to the local characteristics of the resource
 

pools and the inherent adaptations that potential components
 

have evolved to handle suboptimal levels of them. The cohabita

tion of morphologically and physiologically distinct plants
 

modifies the microenvironment in which each exists. The extent
 

to which they may potentially grow will be modified by the way
 

the canopies interact with respect to the capture of light. And
 

the levels of the storage pools of water and nutrients, and
 

hence their supply relative to the demand determined by the cap

ture of energy, will also be modified. Management of mixed com

munities in stress prone environments requires continual atten

tion to the spatial relationships of the components both above
 

and below ground. The required productive balance must be struck
 

between growth, and hence the use of water and nutrients when
 

conditions are more nearly optimal, and the certain persistence
 

of these resources for those components which ne-d continuing
 

access in order to survive to the next replenishment.
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DISCUSSION
 

KOZLOWSKI - Although adaptation to water stress involves a num

ber of features, probably the most useful onces are those con

cerning structural characteristics. For example, in clones of
 

poplar there is a strong relationship between ability to with

stand drought and stomatal distribution and size.
 



425 PLANT STRESS FACTORS 


CONNOR - Stomatal responses and leaf movements are clearly the
 

first level reactions that plants have, but drought adaptation
 

must often proceed beyond these reversible processes.
 

JACKSON - The concept of the resource pool which you applied is
 

not generally applicable to stress factors. For example, stres

ses due to temperature could not be handled in this way.
 

CONNOR - I agree, and to apply it to light is to stretch the
 

concept a little, but it is extremely valuable to deal with
 

water and nutrients in this way.
 

LEYTON - Physiological knowledge should be used to identify
 

critical periods in the development of plants so that management
 

can be designed to avoid stresses that might affect the system.
 

I feel that simple equipment, like evaporation pans, are more
 

appropriate than more sophisticated equipment which is difficult
 

to apply under actual management conditions.
 

CONNOR - It is important to distinguish between equipment for
 

research and equipment for management. The development of simple
 

tools often requires sophisticated instruments to measure plant
 

status and function.
 

LOOMIS - There certainly can be a need for this so-called
 

sophisticated equipment in order to understand the development
 

and extent of stress.
 

TIESZEN - The Tea Research Foundation currently recommend cobalt
 

chloride papers to measure stomatal condition, and hence water
 

status, in tea. The technique is simple but its development
 

required attention to many other details of the plant's condi

tion which require complex measurements. 

HUXLEY - Simple phenological observations can sometimes help in 

the study and management of stress. 

STEPPLER - I agree that agroforestry research may require
 

sophisticated research techniques but the objective should be to
 

provide simple techniques for management.
 

OKIGBO - In my experience shading experiments with single spe

cics have not given results comparable to the responses that
 

occur in the field in mixed communities.
 

CONNOR - rhe simplest answer is that other factors were prob

ably operating in the field that were not included in the 

shading experiments.
 

TIESZEN - Agricultural and natural systems deal with stress in 

different ways. In agricultural systems we prevent extensive or 

excessive stress and manipulate resource pools to maximize yield. 

In ecological systems, however, most species avoid or minimize 

stress because survival is important, as well as productivity. 

Take for example water stress. This may lead to midday stomatal 

closure and, we may be tempted to conclude, to reduced produc

tivity. The alternative would be the evolution of a lower mini

mum leaf resistance. Although this would conserve water it would 
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also reduce gas exchange at times of the day when evaporative
 

demand is low. The daily CO2 and water balance may be more
 

favourable with just periods of transient stress and midday
 

closure. An alternative response may be to allocate more biomass
 

to root growth and soil exploration. This would improve the
 

plant's capability for water uptake, but at the expense of top
 

growth. Simulation modelling is one important technique to help
 

sort out interactions of this type.
 

some circum

stances, yield of tubers can actually be increased following
 

stress. This indicates that management need not only be directed
 

towards maintaining constantly high levels of the resource
 

pools.
 

STEPPLER - Data on cassava have shown that, under 


RAINTREE - The examples presented in the paper dealt with single
 

factors. Data of this type does not alluw the prediction of
 

typical situation
 

under the type of low input systems that ICRAF is mostly con

cerned in developing.
 

interactions between factors which will be the 


CONNOR - The examples given were of single factors, but the
 

thrust of the paper was the need to consider interactions.
 

Clearly multiple factor experiments are needed in any situation
 

as is the use of models to predict the outcome from whatever
 

response data are available.
 

JACKSON - I do not agree that all agroforestry systems should be
 

of the low input type. For example, those dealing with fruit
 

crops may justify higher inputs.
 

COOMBS - I think that pests and diseases should be considered as
 

one of the major limiting factors of equal importance as physio

logical stresses. (Agreed, but not covered by the meeting. Ed.)
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ABSTRACT. Plants distribute growth among competing sinks 

in such a way as to retain a functional structure. When 

photosynthate ts limiting it is used in the canopy and 

little, if any, is available to the roots. When water or 

nutrients are limited they are intercepted by the roots, 

growth of the canopy s restricted, and photosynthate is 

available for root growth. 
Because most changes ar( adaptive, environmental effects 

are t'redictab e. Iigh 1 ?vuIs of irrad iance increase root 

growth r .Ijt ive- to :;h t., and low levels increase shoot 

growth rit at iv,. ta ro)t . ij'cially in temperate peren

nials :;hrt signal a cessation shootshtepriad of 

growth, sub: gt. ly favouring root, growth. Infertile 

soils and low watter potent.ial inhibit shoot growth pro

portionally mert than root. growth. The effect of tempera

tare cannot he general ized as easily because it depends 

not only on the temperature regime to which the plant is 

adapted, but also on the cl imatic correlates of tempera

ture. 

Li fe form ii intiimately connected with the shoot - root 

balance and witih reproduct iwye allocation. The shoot:root 

ratio in annual s increase,.; with t iine, nd the reproduc

tive allocat ion is: ai high propa rtion of total biomass. 

in woody perern ia 1:; the hoot. : root ratio generally 

declines with ige, and reproductive allocations are 
usually les; than thone in annuals. 

Within specios the variation of growth distribution, 

and hence pl ant architecttre, as a re sIlt of population 

adaptatior t-o lat itudinal, elevational, edaphic, and 

moisture gradient:; i. well documtented. Variation within 

populations is less well studied and estimates of herit

ability are rare. 
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INTRODUCTION
 

to assume that plants can adjust their archiit is reasonable 


tecture to fit their environment. Animals have behavioural modes
 

to accomplish this. If they find themselves too warm, they seek
 

Analo
the shade of a burrow; if too cold, they bask in the sun. 


gous responses in plants would be the differential allocation of
 

sun when they find themgrowth to the stem in order to seek the 


selves in partial shade, or 
the allocation of growth 
to roots
 

water status or nutrient environment become limitwhen the soil 

not a teleological argument.
ing to biological function. This is 


have been fixed by natural selection: those

These responsr 


individuals capable of adjusting their growth to seek 
a more
 

survive and

favourable environment were better equipped to 


reproduce than those that did not.
 

But the ability to respond to environmental stimuli entails
 

a metabolic cost, and plants, with their limited capacity 
to
 

in their growth response when confronted
 sense stimuli, can err 


with fluctuating environments. The bounds to environmental re

or adaptability,sponse, called phenotypic plasticity individual 
meet
 

therefore, are not without limit. Plants have adapted 
to 


the demands of the environmental rigours that they most fre

limits
quently encounter, and to respond to changes within 

around the mean. 
topic. It includes the

The allocation of growth is a broad 

division between reproductive and vegetative efforts 
and the
 

stem, and root
 distribution among vegetative organs: leaves, 


system. Within organ systems there are also trade-offs: for
 

versus fibrous, multiexample, long tap roots with few laterals 


branched root systems.
 
a review of the patterns of distri-
This paper is primarily 


bution among vegetative organs, but also refers briefly 
to
 

trade-offs within organ systems and to reproductive 
allocation.
 

MODELS FOR THE DISTRIBUTION OF GROWTH
 

1975, 1977a, b) and Hunt (1975, 1976, 1977)

Thornley (1972a, b, 


discussed models for the partition of photosynthate 
in which the
 

root
 
balance between rate of nutrient and water uptake 

by the 


and C0 2 -fixation by the leaves determines the allocation of
 

carbohydrate:
 

x rate (absorption) leaf mass Y rate (photosynthesis)root mass 

If conditions limit photosynthesis (for example, low light) then 

most or all of the current photosynthate will be used near the 

and leaf and stem growth will exceed that of root growth 
source, 


is capable of producing sufficient photosyn
until the canopy 

thate to exceed its requirements. This agrees with mgst observa

translocation of carbohytions on translocation. For example, 

is most activelowest when shoot growthdrates from the shoot is 

limit growth, then photosynal., 1967). If nutrients 
be available for

(Lister et 
thate cannot be used in the canopy and it will 

the roots. The limited nutrients that are abtranslocation to 

the point of entry, the roots, so that
 

sorbed will be used near 

and leaf growth until the root is
 

root growth will exceed stemn 


capable of exporting nutrients to the canopy. The 
model would
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predict that periods of root growth should alternate with
 

periods of shoot growth which, in fact, is the situation for
 

many species even under constant conditions in growth chambers
 

(Fig. 1 from Ledig ,t cl., 1976), or in tropical trees growing
 

in an aseasonal climate (Borchert, 1973). And it has long been
 

_cbserved in the field (for example, Kienholz, 1934; Webb, 1977).
 

Rhythmic growth patterns in pines are parallelled by rhythms in
 

short-term translocation patterns as indicated by distribution
 

of photosynthetically fixed 14C (Shiroya at al., 1966; Schier,
 

1970).
 

0- se Total
 

1000 "----4 Roots
 

A.--....... * Leaves
 

--- -0Stem
 

E 

X 600

p~/ 

200 / *** 

50 100 150 200 
AGE (days) 

Fig. 1. Peaks of root growth activity alternate with peaks
 

of shoot growth in seedlings of pitch pine (Pinus rigida)
 

grown under constant conditions (Ledig et al., 1976).
 

DEVELOPMENTAL PATTERNS 

The shoot:root ratio increases with age in herbaceous plants and
 

decreases in woody perennials, at least in seedlings (Figure 2). 

Rooted Monterey pine (Pintz a radiata D. Don) cuttings from 

physiologically mature trees have lower shoot:root ratios than
 

seedlings of the same size (Fielding, 1970). In general, the
 

greater degree of perenniality (that is, the longer lived), the
 

greater the root growth relative to shoot growth (Troughton,
 

1960). Because of developmental changer it is difficult to
 

evaluate treatment effects by comparing proportions or ratios.
 

It is better for many purposes to compare the parameters of the
 

allometric equation (Ledig and Perry, 1966; Ledig et al., 1970):
 

InY = a + blnX.
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9 0--Barley 
- ----- Loblolly pine 

- ---.-- Scots pine 

a 

0 
0 

3
I

0 

O % --.- ---------------

C 	 I I 

0 	 2 3 4 

TOTAL PLANT DRY WEIGHT (g) 

Figy. 	 2. Shoot:root ratio generally declines with age in 

woody species and increases in herbaceous species (Turner, 

1922; Ledig ."t 17. , 1970) 

In the equation, InY and InX may be the natural logarithms of 

two organs, or (,5I organ (inY) and total dry weight (inX). Allo

metric relationship!; aorng vegetative organs are constant until 

the onset of fiowring, at least in grasses (Troughton, 1956, 

1960). In tree sp cies, the relationship seems to hold for at 

least three years, and perhaps much longer, for example, 15 

years in peach (Pi,z. t,; ioa [IL. I Stokes) (Chalmers and van 

den Ende, 1975) and 55 years in Scots pine (P1ino,' ,,ylVastriS L.) 

(Ledig tt (l-., 1970).
 

After perturbation, such as 
 root 	pruning or shoot clipping, 

root to the relatior 3hipdifferential growth returns shoot: and 

before disturbance (Brouwer, 1962). The relationshipexisting 
between shoot. and root is obviously a].tered after leaf abscis

sion in deciduous trees, but apparently returns in the follow

ing spring to level!; that continue established trends (Figure 3). 

Photoperiodic responses in woody species cause alternating 

growth of shoots and roots, resulting in swings around the allo

metric relationship (Figure 4); nevertheless, over a sufficient 

period of time a consisterit trend is obvious (Cannell and 

Willett, 1976) . 

Although environmental stimuli cue changes in the develop

mental pattern, controls on the distribution of growth are prob

ably hormonal in nature. Certainly, the strength of reproductive 

for both nutrient elements and carbohydrates is
organs as a sink 

rather than external limitationsthe result of hormonal control 

to growth of the leaves, stem, or roots. Changes in leaf or root 

activity change hormonal balance. And because subsequent growth 
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500 LogeL)=-0.239+0.927 Loge(y)
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Fig°. 3. After winter dormancy the relationship of leaf dry
 

weight to total seedling dry weight tends to return to the
 

patterns established in the first growing season in the de

ciduous European larch. Asterisks (*) indicate values during
 

early spring when leaf growth was just beginning and in
 

autumn after leaf fall had begun.
 

4.0-
Shoot growth: 
- Prolonged summer 

- Intermediate -- -

Short summer 

E 3.5 
/ Second winter
 

/ ,1973/74 

U 

0 3.0
o i/-'-n 

enFirst winter 
a 1972/73 / 

0 
2.5 -

II I I t I I I I JI 


2.5 3.0 3.5 
LOG 10 ROOT DRY WT. (mg) 

Fig. 4. Oscillation in the shoot:root relationship in lodge

pole pine (Pinus contorta) provenances as affected by their
 

duration of shoot growth (Cannell and Willett, 1976).
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response to correct the imbalance is adaptive, hormonal control
 

and control by limiting factors are indistinguishable in effect.
 

Hormonal control is necessary to maintain growth along adaptive
 

lines despite environmental noise.
 

ENVIRONMENTAL INFLUENCES
 

P;7yo 'a I ;i i, 'ouro :,t 

LIght. If light has an effect on partitioning of photosynthate 

it is to increase root growth relative to shoot growth at higher
 

levels of irradiance. Shading reduced the relative growth of
 

roots in grass seedlings (Troughton, 1960), but had no effect on 

tY relative growth of root to shoot in several tree species 

,t zl ., 1970; Doley, 1978). Light tp, ;', had no effect on(Ledig 
the allometric relationships in perennial ryegrass (oTZ{iri 

OPni('H L.) , but u~nder a con/bination of shading and high levels 

of nitrogen fertilization, tops grew at a relatively greater 

rate than root', (Tble I from Hunt, 1975) . Based on the propor

tion of new growth accounted for by leaves, stem and root the 

allocation to leaves remained a constant proportion in chrysan

themum (cia:wanf ,'vson.': , :am Raniat.) irrespective of irradi

ance; and simi]ar responses were cited for other species (Acock 

19791). Under a combination of high light and high mois
.] France) had

( I'
Doug las fir ,(.1!ss: : , *./ Mir 
ture 


relatively greater shoot growth than roo)t growth compared with 

other comb inat ions of 1 ight and moisture treatment (Ledig ft 

a1?., 1970) 

T(b?, . Effect of nitrogr. and light on relative root to 

shoot growth in rytegross (Hunt, 1975). 

Allometric constant
Trea tm t 

High nitrogen - high light 0.838
 

Low nitrogen - high l ight 0.953
 

High nitrogen - low light 0.694
 

Low nitr(,gen - low light 0.727
 

As ,xpected, shoot:root ratios in -veral wooao zf.cc le 

were higher in shadi- than in full sun (Kozlowski, 1949; Huxley, 

1967; Gordon, 11)91; Carpenteor, 1974; Patterson, 1980), hut in

vest igotio!s ;ith on the final proportion of dry matter in 

leaves )r root t;t( xtided periods of growth are difficult 

t!o intert)rot . Be( ti (, nhoot :root tat is change wi th ontog.ny, 

d(,velolmn,nra! differetices are cnf,)unded with treatment effects. 

In several studies of shoot:r oot rat io;, the effect of irradi

antce iay he with rhl con foulIded rmisture stress (for example, 

Gordon, 1969; Carpenter, 1974). 

Root growth r(spons(e to ii] uminot ion of tie leaves resem

bles photoj:(syntthtet ic I ight respon.,;e uurve; in ;ole0 woody species 

(Richardson, W3) ; that i!;,th(re is a l ight comipensation point, 

a rapid increase in root growth with increasing irradiance, and 

finally in approach to an a.symptote or saturat ion leve]. The 

response timel was in the order of 12 to 2,1h(ours in silver maple 
er in red(A ('11'a/tt':n L.) seedl ing's, but otihittant a lyl lon 

http:ontog.ny
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oak (Quercus rubra L.) (Richardson, 1956). Studies on translo

cation of 14C-labelled carbohydrates also indicate an :increased 
More labelled carboexport to roots with increasing: irradiance. 


hydrates were translocated to roots after exposure at high irra
i u 

t odiance Italian- rye gra s -

(Ryle and 
irradianc e'-in (o 

temuleltwn Lam.) and barley (Hordeum valgare L.) 
Powell, 1976). The response is immediate, but not fully expressed 

until two or three days at high or low levels of irradiance. In 

some pines, and in sorghum (Sorghum udanense [Piper] Stapf), 

translocation to the roots was greatest following several days 
1962;
of preconditioning under high irradiance (Shiroya et al., 

Wardlaw, 1976). 
The results agree with the hypothesis that requirements for
 

shoot growth are satisfied first and, as the needs of the shoot
 

are saturated, the carbohydrate gradient increases and the roots
 

receive an increasing share of assimilates. If nutrients or
 

water are limiting then carbohydrates cannot be utilized for
 

shoot growth, and the root will receive a disproportionate share.
 

Therefore, shoot growth should be saturated at a lower irradi

ance than root growth. In fact, for western hemlock (Tauga 
heterophylla [Raf.] Sarg.) and Douglas fir, shoot dry weight was 

greatest when seedlings were grown at 50 to 75 per cent of full
 

sunlight, but root growth was greatest when seedlings were grown
 

without shade (Brix, 1970). For ryegrass and barley, the amount
 

of 14C-labelled products retained in the leaves was constant, so
 

increased assimilation under high irradiance primarily favoured
 

the roots (Ryle and Powell, 1976). Whether short-term change in
 

translocation has an effect on developmental patterns is less
 

certain. Short-term experiments do not always separate temporary
 

storage products from structural growth.
 
Many species respond to levels of irradiance by changes in
 

leaf and stem morphology without changes in the allocation of 
between -ips and roots (Figure 5). Internodesdry matter growth 

are longer and/or leaves are broader and thinner when shaded,
 

for both woody perennials and herbaceous species (for example,
 

Jackson, 1967; Ledig et al., 1970; Carpenter, 1974; Doley, 1978; 

Acock ct al., 1979).
 

Photoperiod. Without exception, the effect of lengthening
 
photoperiod is to increase shoot growth relative to root growth
 

in temperate perennials (Bourdeau, 1961; Giertych and Farrar,
 

1961; McNaughton, 1966; Read and Bagley, 1967; Eliasson, 1971;
 

Heide, 1974; Anon.,, 1976; Immel et al., 1978; Kinloch, 1980).
 

Temperate plants respond to long photoperiods by extending their
 

shoot growth period. Because growth is episodic roots elongate
 

after shoot extension and leaf expansion slow down. Thus,
 
an increase in shoot:
extended periods of shoot growth result in 


root ratio. Tropical plants, not photoperiodically adapted,
 

should show no response, or an erratic response, to variation in
 
photoperiod. 

Temperature. The effect of temperature on the allocation of 

growth is difficult to generalize about (for example, see lit

erature reviewed in Acock et aZ., 1979). Shoot:root ratios, or 

relative shoot growth to root growth, increase with temperature
 

*in some species (McNaughton, 1966; Cooper and Thornley, 1976; 
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A B 
Sun-leaf Shade-leaf 

Projections 

Sections 

2 

Fig. 5. Drawn for sugar maple (Acer soccharwn). Shade 
leaves and sun leaves. Shade leaves are broader and produce 
higher concentrations of chlorophyll than sun leaves which 
are thicker and have higher levels of carboxylating enzymes. 

Gur et ai., 1976; Hodgkinson and Quinn, 1976; Gowin et ai.,
 
1980) and decrease in others (Troughton, 1961; Mahon et at.,
 
1976; Gottlieb, 1978; Acock et at., 1979). Part of the problem
 
may be the lack of temperature differential between shoots and
 
roots in controlled environment experiments; an unusual situa
tion in nature where variables such as light, photoperiod, soil
 
water status and mineral nutrition impinge directly on one or
 
the other of either the shoot or the root. However, temperature
 
treatments in most controlled environments are usually applied
 
to both simultaneously, and root and shoot responses and inter
actions are complex. For example, photosynthesis is partly a
 
temperature insensitive photochemical reaction, while photores
piration increases with temperature as a result of the tempera
ture dependence of leaf ribulose-1,5-diphosphate carboxylase/
 

*oxygenase 
 activity. Therefore, as temperature increases, the
 
rate of root absorption should increase more rapidly than the
 
rate of net photosynthesis.
 

Thornley's model would, indeed, predict that shoot:root
 
*ratio will increase as root activity increases. However, this
 

hypothesis was not borne out in several species of trees when
 
root temperatures were varied from 190C to 270C and shoot tem
perature was held constant at 220C (Heninger and White, 1974).
 
Shootiroot ratios did tend to increase at 310C, perhaps because
 
of rapid rates of root respiration. Shoottroot ratio decreased
 
with change in temperature from 191C to 150C in species with
 
apparent growth optima of 191C or above, which can be explained
 
either by reduced root activity or by the observation that the
 
optimum temperature for root growth is lower than that for shoot
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growth (Nielsen and Humphries, 1966; Davidson, 1069a). The
 

results suggest that the effect o' temperature is directly on
 

growth rate and not on relative activity.
 

Norwegian 

0 4
 
0
 

+ -Portuguese 

°[2
0 
0 
In 0 I I I I I 

305 10 2 

TEMPERATURE (0C) 

Fig. 6. Snoot;root ratio in a Norwegian race of orchard
 

grass (Dactylis glomwrat) increased with increasing tem

perature but decreased in a Portuguese race adapted to
 

summer drought (Eagles, 1967).
 

Temperature responses may vary among species as a result of 

differences in climatic adaptation. For example, allometric root 

to total dry weight growth increased with increasing temperature 

(A0nihot escutenta Crantz)in the subtropical species cassava 


(Mahon et at., 1976), but decreased in several temperate species
 
1976).
(McNaughton, 1966; Cooper and Thornley, 1976; Gur et al., 


In orchard grass (Acty i8 gZomerata L.) relative shoot-to-root
 

growth increased with increasing temperature in a race from a
 

climate with a cool, moist growing season and decreased in a
 

from an area with summer drought (Figure 6 from Eagles,
race 

1967).
 

If seasonal change is signalled by a difference in tempera

ture its effects will also depend on the precipitation regime to
 

which a plant is adapted.
 

Soil &uteP vtatua. Greater available soil water often reduces 

root growth relative to shoot growth (Figure 7 from Gales, 1979, 

and see Harris, 1914; Satoo, 1956, Troughton, 1960; Steinbrenner 
1969, Read and Bartlett,and Rediske, 1961; Zelawski et al., 


1972; Barlow ot al., 1976; Timmis and Tanaka, 1976; Silvius et
 

at., 1977; Fisher and Turner, 1978; Blake et al., 1979), Rela

tively few studies, however, have shown a change of the ailo
status (Pearsall,
metric coefficient in response to soil water 


1927; Troughton, 19601 Ledig ot al., 1970).
 

In soybean (Glycine max [L.) Merrill) a condition of water
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Fig. 7. 	Increase in root:shoot ratio as a result of drought
 
treatment in ryegrass (Lolium perenne) (Gales, 1979).
 

stress as compared with adequate watering resulted in greater
 
translocation of photosynthetic products to the roots, except

during the period of pod-filling (Silvius et at., 1977) because
 
reproductive demands have priority of resources in annuals.
 
Genotype can interact with drought treatment. For example, in
 
cottonwood (Populus deltoideS Bartr. ex Marsh.), or loblolly

pine (Pinus taeda L.), clonal or family interactions with a
 
water stress treatment were observed (Farmer, 19701 Cannell et
 
al., 1978). Even when effects of soil water on shoot:root dry

weight balance appear to be lacking there are changes in root
 
morphology (Penka, 1965).
 

Evans (1980) has suggested that the input of energy in the
 
form of irrigation may permit the breeder to shift growth from
 
the roots to the top to increase merchantable yield. Furthermore,
 
this trend would reduce respiratory losses because roots can
 
account for a high proportion of a plant's carbon loss through

respiration. In addition, allocating a greater proportion of
 
carbon resources to leaf growth would increase the growth rate
 
(Ledig, 1976). Without irrigation the optimal shoot:root balance
 
will necessarily be less than that where irrigation is practised.

Furthermore, on dry sites, Cannell et at. (1978) have found a
 
negative association between volume growth in loblolly pine
 
families and high relative shoot-to-root growth.
 

Nutrient level and 8oit structure. The response of shoot and
 
root growth to fertilization conforms to the expectations of
 
Thornley's-model. High levels of nutrients increase growth of
 
shoot relative to root in both herbaceous and woody species
(Figure 8 from Shamsi and Whitehead, 1977, and see Harris, 19141 
Turner, 1922, Pearsall, 1927; Mitchell, 19341 White, 1937;
 
Williams, 19481 Troughton, 1955, 1956, 19771 Vose, 1962;
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0 14 28 42 56 70 

DAYS 

Fig. 8. Change in root:shoot ratio with various nitrogen 

concentrations in J'jtl;?'; ,' zvza (ShamF;hi and Whitehead, 

1977). 

Ste.inbrenne r and Red iske , 1964; Davidson, 1969b; Blackmon, 1970; 

Giertych, 1970; Evan!, 1)72; Mathews, 1972; Drew lt 1973;al., 
Hunt, 1975; Haines and Dunn, 1976; Stribley and Read, 1976; 

Will, 1977; Joinert z., 1980; Maynard , I i! ., 190). However, 

in Same other ,Yrnpl.nut rient level had no effect on the 

Shamshi and Whitehead, 1977;shoot:root bal ancc (f1y oxampl,, 

Anderson and Ladi ges, 1978; Joiner ,'I ., 1980). Perhaps 

because the rangp of rtt ilzr troatment !; was not broad enough 

Co cause a moosurab]( me sponse. Potass;ium is less effective in 

altering tto sh)ot :ro)t b,tlat ce than nitrogen or phosphorus 

(Vose , 1962; Sham;h i and Whit head, 1977; Bouma 11., 1979; 

Joiner z t'., 1900) . 

Not a I I g11n()t ypa rTe;l))n(l toC)changes in nut rient level to 

the sallo d, qte('. For ex,-1n1ple , t hI. r( lat i ve shoot -to-root growth 

of vario ); rovonanu(l - ; ef Norway ;pru(:( (',"', i,' [1,. I Karst 

wan,; aIffect ed diffrnl ly by chano!; in tpho.'sphorus level (Gier

tych, 19,70) . In European larch ([,"i,,x Mill.) fertiliza

tion prolcnged the sho()ot g]rowth period (Pineau, 1968) , a pos

siblee liija whwr(,by nutji ient level mtiry influence shoot:root 

ratio i)n !sollw t-ree ;pecion. 

'There i hess informition on the effect of s;oil structure 

on shoot:root bhilanci.. Root growth is retarded by compaction and 

lack of aerat ion, probably becau;e of inhibition of root respi

a result shoot.:root ratio may increase. In ryegrass 

and clover ' in I,. shoot growth was favoured 
ration. As 

('1 folu' t ;''u,,s ), 
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a .gainst growth in' qaterlogged soils (Davidson, 1969b). Howroot 
ever, Ladiges and Kelso ,(1977) found no effect of waterlogging .
 

on shoot:root ratio in ribbon gum (Eucalyptus viminaZisLabill.)
 
.or.swamp.-gum-EavataLabill.). 

Biotic competition
 

The effect of plant population is variable. A greater plant
 
population may increase (Kamel, 1959), decrease (Troughton,
 
1955, 1956), or not affect the distribution of growth between
 

shoot and root (Troughton, 1956; Rennie, 1974). This variability
 
may result from differential effects of plant population on
 

above- versus below-ground competition, depending on the species
 
and levels of stocking used. Results that show an increase in
 
shoot:root ratio in woody species with increasing nursery bed
 
population, or under grass competition, are suspect because
 
effects are confounded with developmental changes (Fober and
 
Giertych, 1971; Wilson and Campbell, 1972). Changes under inter

specific competJtion seem to be complementary. If shoot:root
 
ratio is increased in one species it is decreased in the other
 
(Troughton, 1555).
 

GENETIC VARIATION
 

Species patterns 

Shoot:root ratios decrease from the annual to the herbaceous
 
perennial habit, and to seedlings of woody perennials (Table 2
 
from Abrahamson, 1979, and see Monk, 1966). Tuber crops are
 
exceptions having a high proportion of growth in below-ground
 
organs (Bray 1963; Penka, 1965). Within the woody life form
 
there is a trend for species of early seral stages to have
 

greater shoot-to-root growth than those from later ones. Species
 
like pin cherry (Prunus pennsylvanica L.), trembling aspen 
(Populus tremutoidee Michx.) and red alder (Alnus rubra Bong.), 
which are geared to temporary occupancy of a site, distribute 
more growth to leaves and stems than to roots, and they enter 
the reproductive stage at an early age as contrasted with longer 
lived species such as beech (Fagus grandifolia Ehrh.) and sugar 

maple (Acer sacaharum Marsh.) (Zavitkovski and Stevens, 1972; 
Marks, 1975).
 

Table 2. Per cent of biomass in vegetative and reproductive 
organs in herbaceous wildflower species from the eastern
 
United States by life form (Abrahamson, 1979).
 

No. of Below- Stem Leaf Flowers Shoot:
 
Life form species ground root
 

Field annuals 9 14 43 24 20 6.14 
Field perennials 24 29 31 28 12 2.45 

Habitat related gradients also are observed. Species spe
cific shoot:root ratios increase along gradients from xeric to 
me~ic habithts in both herbs and trees (Bray, 1963; Mooney et 
at., 1978). Desert species have the lowest shoot:root ratios 

" " 
i£: .. '; ' : :/i ii '::? : " i : ,.i 5 4 
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(Mooney and Bartholomew, 1974; Evenari et al., 1975). Apparently
 

root morphology may vary as well. For example, from predominantly
 

taprooted, in eucalypt species native to dryer habitats, to
 

shallow f ib rous-roo ted; in speciles _from 'mask habitats"(Zimmer 
and Grose, 1958). Shoot:root ratios may decrease from high values
 

in species at low latitude and altitude to low values in species
 

native to high latitudes and altitudes (Wiegolaski, 1975).
 

Intraspecific variation
 

Ecovariants. When the pattern of dry matter distribution varies
 

among populations within a species the trends can generally be
 

interpreted as adaptive. For example, two populations of ribbon
 

gum and mugga (Eucalyptus sideroxylon [A. Cum.] Benth.), native
 
to areas with low rainfall, had lower shoot:root ratios (that is
 

larger root systems for their size) than populations representa

tive of high rainfall climates (Zimmer and Grose, 1958; Ladiges,
 

1974; Pederick, 1976). Seedlings with relatively larger root
 

systems were less susceptible to wilting when water was withheld,
 

and recovered from stress more rapdily than seedlings from popu

lations characterized by high shoot:root ratios (Table 3 from
 

Ladiges, 1974). Similar examples have been reported in a variety
 

of species (Bey, 1974; Baldwin and Barney, 1976; Venator, 1976).
 

Table 3. Shoot:root ratios and drought damage for 3-month

old seedlings of ribbon gum (Eucalyptus viminalia) (Ladiges,
 

1974).
 

Leaf Plants Dry Shoot:root
 
Population terial killed weight ratioot
 

Poultindeadrai
 
% % (rag)
 

Dry sites:
 
Anakie granite 20.8 10 172 2.22
 

Anakie basalt 65.1 10 230 1.96
 

Mesic sites:
 
Trentham 69.0 50 189 2.94
 

Mt Cole 73.0 
 40 230 2.56
 

Latitudinal trends in the distribution of growth are quite
 

consistent in tree species. In uniform garden experiments prov

enances native to northern latitudes have relatively more root
 

to shoot growth than provenances from southern latitudes
 

(Kriebel, 1963; Gordon, 1966; Brown, 1969; Schultz and Gatherum,
 

197i; Brown and Cech, 1972; Farmer, 1975). Apparently, the
 

proximal cause is photoperiodic. Growth is extended in prov

enances from areas south of the test location because photo

periods are longer than those to which they are adapted, and/or
 

they are adapted to an inherently longer growing season. While
 

the revcrse is true for provenances from areas north of the test
 

location. Shoot growth, therefore, continues longer in southern
 

provenances. And by the time buds are set little time is avail

able for root growth before temperatures become restrictive.
 

In northern provenances of lodgepole pine (Pinus contorta
 
Dougl. ex Loud.), Sitka spruce (Piceaitclheoi [Bong.] Carr.),
 

and black cottonwood (Popu.un trichocarpa Torr. et Gray), where
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Fig. 9. Seasonal fluctuation in root:shoot ratio in lodge
pole pine (Pinus contorta) provenances. The longer the period
 
fo shoot growth, the less time for root growth and the lower
 
the 	root:shoot ratio (Cannell and Willett, 1976).
 

terminal buds formed earlier, periods of root growth were longer

and shoot:root ratios lower than in southern provenances (Cannell

and Willett, 1976, and also Sweet and Wareing, 1968). However,
 
more 
detailed analysis indicated that this compensation occurred
 
in the spring. So for periods measured in years rather than
 
months, the allometric relationships were similar for all prov
enances of Sitka spruce and black cottonwood (Cannell and
 
Willett, 1976). 
The pattern of greater root growth relative to
 
shoot growth was retained in lodgepole pine because shoot growth
 
was not as strongly linked to photoperiod. In lodgepole pine
 
current growth was fixed by the number of primordia laid down in
 
the bud the previous year.
 

On the basis of trends for latitudinal races, and when
 
grown in the same environment, provenances from high altitudes
 
should have greater root growth relative to shoot growth than
 
provenances from low altitudes. In fact, little information is
 
available on relative shoot and root growth with relation 
to
 
altitudinal transects, and it is conflicting. In lodgepole pine,
 
shoot:root ratio was lower in montane provenances than in coast
al provenances (Roberts and Wareing, 1975), but in Norway spruce
 
shoot:root ratio increased with elevation (Holzer, 1966).


Not all differences among provenances are of the fixed or
 
constitutive type. Different populations of the same species may
 
differ in their environmental response, or even in the degree of
 
their rosponse, exhibiting phenotypic plasticity. As an example
 
of differences in environmental response the shoot:root ratio of
 
a Norwegian race of orchard grass increased with increasing tem
perature, but that of a Portuguese race decreased (Figure 6).

For the Norwegian race, which evolved in a climate characterized
 
by summer rainfall, higher temperatures favour water and mineral
 
absorption by roots, so the shoot is free to grow. But for the
 
Portuguese race, higher temperatures signal summer drought, and
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On Droughty Sand On Poorly Drained Loam 

uS. 

U 

0o-

LU 
a

o70

v. !. h'1wroot iy,;teni of seedlings from northern white 
' cedar (i'b, , ,: growing on the uplands responded 

pl ast: i Ca1l y t itI I Ili st ure cond it iori; in an ot-e rwise uni

foria riv i tlniment-. .,_l( i~lcJ f rom parents native to poorly 
draimd ]awl ai; lacked the ability to reispond adaptively
 

(Ilabeck , IUD) .
 

survival d piotnild )n i l - tl.i; ivt, out n')';tieqll. The classic study 

of labeck I1)iH) ')11 upl. lid and aw, llnlp i'cot'ylen; of northern white 
i rateodced,ar --. *i,: , I,.}) i l m,.t (jle t ical ly 

de tcrm inica di f , r i in lla:,t i. it y (1'igiur-' 10, from lla eck, 

Ill addlit to it I ) .nc( ill t lit, d i..,;trihultion ofi',ln f;llD 

(jrowt l lit tr-i],ll nlyn;t ii;, In iia,-y e dit f(trerice.. amllig prov

el1i11ncle.; in) t lit wa'y ,Iv i Iill e lhydrtes artc0 used withinl an 

orrIll :;','at t . .nx:lliplf , qrowt h of root ; iiia'/ b- dominated by 

forilit i('ll ft I t i or- by , much ramif ied and fibrous struc

tori. Ii,lI;t ; V()I j'i't i(oln Ii l),t ior hli log' include prov
t; 11 ck , a Ehrh .),:inllce; of 5: ll' i bl tlwi ry (ir: 'a " 'fh 

(Brown, 1i 9; liiwnl ilnd lick, 1 7' ) . 

1?st1, ,.'; 'iprf ; ''";', ', . Much lesn is known about variation 
in growth ,1llIocat ioil within populations. ledig ind Perry (1966) 
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and Cannell et at., (1978) found differences among families in 
labially pine. In Cannell et al. 's (1978) sample, families 
having a high relative rate of root growth compared to shoot
 
growth in the seedling stage produced the greatest wood volume
 
at eight years when evaluated an a droughty site (r varied from 
-0.5 to -0.8) but not ona site with'a high water table. Cotton
wood clones vary in relative growth of shoot to root and in their 
interaction with moisture stress treatment (Farmer, 1970). Vari
ation in shoot- root relations among varieties of ryegrass, 
orchard grass, and tall fescue (Festuca arundinacea Schreb.), 
was also related to differences in growth and yield (Troughton, 
1963; MacColl and.Cooper, 1967), but gains were predicted for 
selection of varieties with greater top growth (Troughton, 1977). 
The only report of heritability uncovered was 0.32 for shoot: 
root ratio in bread wheat (Triticum aestiVun L.), and effects 
resulting from dominance variance were also significant (Kazemi 
et 4Zl., 1978). 

REPRODUCTIVE ALLOCATION 

The induction of reproductive structures results in a decrease
 
in allocation to vegetative organs (Leonard, 1962). In peach
 
trees diameter increment, or dry weight growth of vegetative
 
organs drops 80 per cent within four years after fruiting
 
(Chalmers and van den Ende, 1975). Fielding (1960) estimated
 
that 7-year-old Monterey pine allocated 16 per cent of current
 
dry weight to sexual reproduction. Dwarf ecotypes of pitch pine
 
(Pinus rigida Mill.) grow at almost the same rate as normal 
pitch pine for their first few years, and the distribution of
 
growth between shoot and root is similar. But the dwarf forms
 
are reproductively precocious and rapidly fall behind in stature
 
after flowering begins (Good and Good, 1975; Ledig and Little,
 
1979). Dwarfing rootstocks are used to change allocation patterns 
in fruit trees to favour fruit at the expense of roots. Appar
ently phloem transport is checked in some graft combinations 
but, in others, swelling below the graft union suggests that 
there is an accumulation of carbohydrates in the roots (Sax, 
1958). Therefore, more than one mechanism may be responsible for 
increased reproductive allocations. Rootstock- scion interactions 
are known (Tubbs, 1980). 

In their wild state, annuals devote a greater proportion of
 
photosynthate to reproduction than flowering perennials (Pitelka,
 
1977; Abrahamson, 1979). Annual allocation to fruit may be very
 
high in domesticated perennials once they reach reproductive
 
maturity; allocation to fruit can be greater than 60 per cent of
 
annual increment in peach (Chalmers and van den Ende, 1975).
 
However, the annual increment is only a fraction of the total 
accumulated dry weight in roots and stem, so fruit weight is a 
small proportion of total dry weight. Plants growing in more 
rigorous habitats and under limiting conditions allocate less to 
sexual reproduction than those more favoured, although the 
former may allocate more to vegetative reproduction through in
creased growth of below-ground parts, such as rhizomes. Thus, in 
a sample of native North American herbaceous species those in
digenous to open habitats allocated 14.5 per cent to flower pro
duction and 24 per cenl to below-ground organs, but figures for 
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Table 4. Per cent of biomass in vegetative and reproductive 
organs in herbaceous wildflower species from 'the eastern 
United States by habitat type (Abrahamson, 1979). 

Habitat No. of Beown Stem Leaf Flowers Shoot:root 

type species % % % 

Fields 36 24 36 26 14 3.2 
Woods 16 40 18 34 8 1.5 

those 	from woodlands were 8.1 per cent to flower production and
 

40 per cent to below-ground organs (Table 4 from Abrahamson,
 
1979). Temperate plants growing under rigorous conditions at
 

high elevation may depend on vecetative reproduction, allocating
 
i i 	 less to sexual reproduction but more to below-ground parts than 

those at low elevation (Jolls, 1980). However, for species rely

ing primarily on sexual reproduction, reproductive allocation as 
a proportion of total growth may increase with elevation (Kawano 

and Masudo, 1980), because less time is available for vegetative 
growth in shorter growing seasons. 

According to some authorities, natural selection may modify
 
wild plants along an r- and K-selection gradient (Solbrig, 1971).
 
For example, dandelions (Yaraxacum officinaZe Weber) from fre

quently disturbed habitats enter the reproductive phase early,
 
while those under severe competition in unmown fields devote
 
considerable growth to leaf production before flowering (Solbrig,
 
1971); little bluestem (Andropogon coopa2 u8 Michx.) from older
 

fields, fully stocked with competitors, devoted less to repro
duction than those fromrecently abandoned fields (Roos and
 
Quinn, 1977); and grazed colonies of raspberry (Rubu8 hispidus
 

L.) put more growth into leaves and less into reproduction than
 

ungrazed colonies (Abrahamson, 1975).
 

APPLICATION TO AGROFORESTRY
 

In many instances, the distribution of growth in temperate
 
plants, particularly the partitio'n between vegetative and
 
reproductive growth, is regulated directly or indirectly by
 

photoperiod. Photoperiod induces flowering and cues shoot growth
 
cessation by inducing resting buds. Agriculturists and foresters 
in the tropics and subtropics use many introduced species from 

temperate zones. The lack of photoperiodic or climatic signals 
can disrupt their customary growth patterns. The short photo

periods typical of the equatorial regions induce precocious 
flowering in short-day plants and may prevent flowering entirely 
in long-day plants. However, these patterns are readily suscep
tible to modification by breeding. For tropical species, the 

signals for change from one growth phase to another are less 

well understood, and the subject is in need of a major research 
effort. 

Responses to limiting factors, such as light, water, and
 

nutrionts are adaptive and enhance survival and growth. With 
intercropping, the patterns of dry weight distribution in under
storey crops are likely to change in the direction of increased 

leaf and stem growth and reduced root growth as a response to 
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shading. However, root competition for water and nutrients could
 
be compounded because of reduced transpiration under shading,
 
and the net effect warrants study. Certainly, flowering and
 
fruiting will be reduced by growth below an overstorey.
 

The effect of intercropping on the overstorey is less
 
obvious. Root competition from pasture grasses may increase the
 
distribution of growth to the roots in trees, but once past the
 
seedling stage, competition between roots of annuals and peren
nials may be less important with respect to dry matter distribu
tion. Species should be chosen that use different rooting zones. 
If we assume that trees intercropped with low plants will be 
grown at wide spacing, it seems likely that light will not be 
limiting to the overstorey and the relative distribution of 
growth to stem and roots will be greater than when they are 
grown in a closed canopy.
 

The types of studies needed to fill our information gap are 
empirical and practical in nature. In particular, we need more 
information on the effect of competition, especially comparisons 
of growth in pure culture versus pcitormance in mixed crops of 
overstorey and understorey plants. 

SUMMARY 

The distribution o)f growth among vegetative parts can be 
modelled by refetr ince to limiting factors: when photosynthate 
is limiting, it- if uood in the canopy and little or none is 
available for root growth; and when water or nutrients are
 
limiting, t h,'- -ire used at their point 
 ,f ent ry, the roots. The
 
mechan0ism 
 i dlpt iwye because it- correcto functional imbalances. 

During t h} ;i ied of vgetative, growth, relationships among 
,ires , r,{t:;, , l :JterMl can be! decI-ibd by the a]]ometric 

eqitat ionI, alt] 101gbj ,s: c i itt ions or(d the relationship are 
ob;oervti in c-.,ien:;e to leaona I demands. The consequence of 
a IIometric I g )owtI is an onite not ic chaIge in the prport ion of 
dry matter accutiulat-d in ditiit ergans 

Because t ioA ch,ang .ac ir(adapt ive, nviroimental effects 
are prfedict-abo. i11h le,-l of i rra diance increase root: growth 
relat iv e to oh ,t growt i, nd low .vol a] increase shoot growth 
relat v(. to root gi-owth. tln tolnpir ttenIt-(e n i ,-tl. (ard it few 
tropica! ones) short photoperciodhd c;igrnitl a Se ssation of shoot 
growth, subOqueInt ly favouri ngj root gr()wth, I. ir annuals flowering 
is oftorn keyed to phottop ,rioil and vi]] signal a switch from 
veqe tati. ye to) reprodu tiv(, g reowti. The ,ffect. -)f tempera ture 
cannot be so tots iy (giters 1isd bsot ,wcusit depe-nds not only oil 
the ttemikrt ore r ille t; wihich the p1 itt is adapted, hut also 
On tht IP imttI t is Co I r t.,r,-t if tFee t r, suhii(.' ,t t:hIe ilssoc ia

teir b, t sen r i h empe rt-t r ,i Jd I I gh t ill Med i torraneani 
c lilti, it ', V('.-; -ls high te [npwi-at urf 'tIld pl-tcipitttion ini cliiates 
with lumer nirxima. J/if,iti 1e st(i ls ind low wat-er potentials 
inh ibit. itcet grew!h roj)ort ioit ily more. thtan root growth. In 
addit ion to (}la gic:; it pl,int trchit ccclii there are also trade
itff. wit. hill igt toys! tll; fir xnitli,, tlrow, thick leaves 

v(i sits bi, d, thin ,,,vl;, a:; in th( sunleaf*- shadeleaf 
d i ht,t: jiy. 

IMf-i oirm ;: intimaitely conitectfd with the shoot:root 
ialance rnid With reproduct ive aliIocation. The shont : root ratio 
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ninannuals increases with time and the reproductive allocation
 

has highestpriority. In perennials, the shoot:root ratio gener
ally declines with 'age and reproductive allocations are less
 

than thoseiin annuals. Perennials adapted to a pioneering role
 

are relatively short lived, and generally put less growth into
 
root 	systems than perennials typical of late successional stages.
 

Variation in plant architecture within species is well
 

are "examples of population adaptation to
 
latitudinal, elevational, edaphic, and moisture gradients.
 

VariatJon within populations is less well studied, and estimates
 

of heritability for the shoot:root balance are rare.
 
In agroforestry, the complex effects of species mixtures on
 

light, water, and nutrients and, therefore, on plant proportions,
 

will depend to a significant degree on the particular combination
 

of species chosen and the number and kinds of plants per.unit
 

area. Choice of species will require careful research.
 

'documnented.""There 
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DISCUSSION
 

LEYTON - How many of your examples of root:shoot ratios were
 
obtained indoors and how many under outdoor conditions? Also,
 
has your equation taken into account presence versus absence of
 
mycorrhizas, since infection by these can lead to a substantial
 
reduction in root:shoot ratio because improved uptake of phos
phorus and water means that the plant can survive with a smaller
 
root system?
 

LEDIG - In all my own experiments the seedlings had mycorrhizas.
 

CANNELL - It is difficult to achieve absence of mycorrhizas even
 
in pot-grown plants, and all field plants would have had mycor
rhizas.
 

OLDEMAN - Hlevea shows rhythmic growth in the upper parts while 
underground growth is continuous. I suggest timodel relating 
photosynthesis and cambial activity which gives a more complete 
picture than the model you presented. 

LOOMIS - Thornley's model shows a balance depending on a vari
able resistance, which is difficult to think about. Brouwer's
 
model shows that under conditions of water stress shoots cannot
 
grow but roots can, whereas under carbohydrate stress shoots can
 
grow but roots cannot.
 

LEDIG - I am not wedded to Thornley's model. It does break down
 
in certain conditions,
 

HUXLEY - What about complementary changes in root:shoot ratios
 
in mixtures of crops? Do the ratios for both components become
 
higher, since there is often deeper rooting of both components
 
in mixtures?
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LEDIG - No. Root:shoot ratio seems to increase in one component
 

and decrease in the other, but the data are fragmentary.
 

KIRA - There are some dangers in the interpretation of some of
 

the data you have presenteo. First, it is dangerous to base
 
generalizations on work with young seedlings, since over a
 

period of 20 to 50 years the root:shoot ratio decreases. Second,
 
density of stand is important as, for example, dry matter parti

tion to reproductive organs greatly decreases under overcrowded
 

conditions. Isolated plants should therefore not be compared
 

with plants in dense stands. Third, it is dangerous to depend
 

too heavily on allometric relationships, since even when there 
is no flowering the log-log linear relationship is not always 
maintained over long periods of tine. 

LEDIG - There are many problems with the allometric constant, 
but it does hold for long )r iodIs of time. For example, for 15 
years in peach and 55 years in Scots pine. However, you are 
right that the root:shoot ratio seems to decrease in older 
trees, although thi may be due to our inability to reach tile 
entire root s vst !n Ina older tres. 

LOOMIS - Hira raises an important point, in that functions must 

be balanced (mass of root s water uptake must equal mass of 

leaves • water loss) and we should consider the activity of the 

balance, that 15 no root mass but root surface, water- uptake, 
and So on. 

The d mrdary a1l0mm tl'tc (quation d'als with the change in the 

ratio between two differenl dimensions of an organism with time. 

Itowever, the changes caused v such growth factors as I ight, 
nutrelinls and we i'alcan also be formulated by the same equation. 
In terms of differentlal equatlon)s, the former is given as 

I ds I ai
 
S d i it d t
 

where S and Itare shoot and rool weight, while tile latter is 

S : f R f 

where f is the level of a certain growth factor. The allometry
 
in the latter sense is much more stable and highly useful.
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•ii tion,,and hence the yield, of trees and herbaceous crops. 
The topics covered are: (a) the manipulation of individ-


Ualsual trees for vegetative and reproductive yield; some
 
¢: :principles and methods of tree pruning, and some problems
 
< < and techniques of fruit tree culture; (b) effects of
 
5 i increasing plant population densitiesl some general prin

iiii / c iples involved, and some implications for agroforestry, 
and (c) the likely effects of manipulating tree/herba
 

ceous crop mixtures; the principles of resource sharing,

:!i and some speculations on the management, in agroforestry,
 

of trees grown for different purposes.
 

M U N R P TEINTRODUCTIONE 
This contribution draws together information relevant to tropical 
agroforestry on some of the ways in which the production and distribution of dry matter in trees and herbaceous crops can be
 

altered by management practices. Practices involving the time of
 
u and seasonal phonology are described by Huxley (this 

volume), and the whole subject of soil management (tillage,lm 

iii".i
.fertilization, mulching, use of,N2 fixers, etc.) was dealt with
 

Sat a previous ICRAF meeting (Mongi and Huxley, 1979). Conses- ...
 
-
i!iquently the scope of this contribution will be limited to (a) i
tree pruning and tree fruit culture, (b) effects of altering the
 
population density (plants per hectare), and (c) the likely

effect of growing various types of trees and herbaceous crops 

egotherin mixtures. The emphasis is onspatial rather than
 
smporal ,r
aspects of pliant management. 


S The objective is to summarize the main principles involved
 
in thedifferent forms offmanagement, and then to consider some
 
i cthe ibptions 
relevawt togtropicalagroforestry. The merits of 

ahedifferet options wt be judged, inhi the pr antheir d 
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effects on yield per plant and per hectare. This is not to say 
that it will always be possible, or desirable, to maximize yields 
per hectare. one of the main objectives of agroforestry is to 

maintain soil fertility, usually with low inputs, and tropical
 

farming systems need to be designed to. meet socio-economic needs,
 

to-reduce risks of crop failure, tor:epadtvieinan 
so on, all of which may limit the ability to maximize yields per
 

hectare. Nevertheless, it is important to know what the options
 
are for. increasing yields.
 

*This paper is divided into three sections. The first deals
 
with the management of individual plants, and concerns exclu
sively the management of trees for leaves, wood, fruits and nuts.
 

The trees in agroforestry systems are almost bound to demand, or
 

benefit from, individual management, because of their persis

tence, size and dominance, because they may become too large or
 

unfruitful if unpruned, and because various products may be har

vested from them over many years. The second section deals with
 

relevant aspects of the effects of plant population density on
 

crop performance and should be read in conjunction with the
 
second paper (Cannell, this volume) on the responses of differ

ent types of tree and herbaceous crops to density stress in mono

cultures. For many crops this is the best information available
 

on their responses to density stress and so it has to form part
 

of the foundation for speculation on the likely responses of
 
different crops to resource deprivation in the various mixtures
 

contemplated in agroforestry. Also, there may often be some
 
practical and yield advantages in growing particular crops as
 

monocultures, in 'zones', or groves, as part of agroforestry
 
farming systems. The third section consi)'rs the principles of
 

manipulating crop plants in mixtures, and presents some specula

tions on how trees and herbaceous crops may be grown together in
 

different arrangements to influence the yield per unit area of
 

fuel, fodder and food.
 

MANIPULATING INDIVIDUAL TREES
 

Horticultural herbaceous vegetable and flower crops can, in some
 
cases, be profitably manipulated as individuals; for example,
 

tomatoes, cucurbits and chrysanthemums. Experiments have shown
 

also that defoliation, shoot thinning and tipping of cotton,
 

cowpeas and cassava, can divert assimilates to the yield portion
 

(as occurs.in tomatoes and cucurbits), but for most field crops
 

the increased yield is small per unit of labour (e.g. Ezedinma,
 

1973). Trees on the other hand, often need to be managed indi

vidually. The principles and practices involved obviously depend
 

on whether the product is a vegetative part (wood, leaves, resin
 

etc.) or a reproductive part (fruits, nuts, etc.).
 

Vegetative yield
 

Pruning of any sort can alter (a) tree shape, (b) total dry
 

matter production per tree and (c) dry matter distribution within
 

the trce, all according to a general set of principles which need
 

to be underctood before judging the outcome and merits of differ
ent pruning practices.
 

Principles regardzng tree hape (Fig. la). Many woody perennials
 

http:occurs.in
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can be trained and pruned to a variety of shapes and sizes quite
 
unlike those they assume in nature. The author's experience with
 
temperate-zone broadleaved trees, fruit trees, and crops such as
 

tea and coffee, would suggest that the morphological responses
 
of many angiospermous trees conform to a general set of prin
ciples. However, these principles will need t.)be tested on any 

new species used in agroforestry, with due regard to each spe
cies' 'architectural model' as defined by Hall6 et, a . (1978). 

(i) 	Pruning stimulates the outgrowth of dormant buds that are
 
often present at old nodes over the whole shoot system.
 

(ii) 	Distal muds, near the cut ends, are stimulated to grow more 
than basaL buds ('acrotony') and more shoots grow than would 

normally do so (sometimes producing more fruiting points). 
(iii)The 	length to which the new shoots grow depends on their 

position: pruning near ground level produces longer shoots 
than pruning higher up ('topophysis', Molisch, 1916; demon

,
strated on apple, Maggs, 1964; , . , Maggs and! 'aipoZy 

Alexander, 1967; explained by Mullins and Rogers, 1971 and 
Wareing, 1777. Notching the bark on old woody stems stimu
late2s bud outgrowth in the same way as pruning. 

(iv) 	In a sennse, pruning reverses tree ageing: the new shoots 
are 'vigorous', less periodic in grcwth, have fewer short 
shoots and greater apical dominance, all possibly resulting 
from increased supplies of root cytokinins and nutrients 
per shoot (e.g. peach, Chalmers and Va: den Ende, 1975). 

(v) 	There is a tendency for new shoots, derived from resting 
buds, to grow orthotropically, that is vertically, where 
branche s in that position would normally grow plagiotropi
ca 1lv. This is not the case, however, on a few species, 
such as c. Fl:, where the huds on branches are irreversibly 

plagiotre)pic ('propri;eto fixee', Champagnat, 1954) , and 
cutt ing!; rouotsd !rem such brr(:hes produce horizontally 
spreadlig tree;. 

(vi) The highest- upwardly directed orthotropic shoots attain 
dominance, _aspcially in nutrient deficient conditions 
(Wareing, 1')68), .ind left_ alone these shoots will reconsti
tute the tree in its juvenile Form ('r6it6ration, Hall6 Ct 
,! ., 19/8). 

(vii)Bending shoots horizontally checks their elongation and 
stimul ates buds to grow on their upper sides, especially 

those buds at the highest point on the arched shoots nearest 
the root cystfems ( 'gravimorphisi' , Wareing and Nasr, 1961; 
'epit-rophy', Hall e :/. 1978). 

Pv,'s '1[7,,.!, j1" . ' ;',' / r. t/,(',;ooiH/ .',, (Fig. Ib) . Pruning 
usually dthcras(,:; total dry matter production per tree because 
leaves are removed, and root pruning has the same effect because 
new fol iage development is checked. However, the decrease in 
productivity may be Iess than expected because there can be an 
increase in net photosynthesis by the remaining leaves, possibly 
owing to increa. e;' s lnk/!;ource ratios, and because the leaves 
become better illuminated and receivr, a greater share of root
originated imrotaboites (e.g. 1/,'1t .i, Sweet, 1966; fiiodcndron, 
Madgwick, 19/5). Indeed, if only old, shaded foliage is pruned, 
there may he no decrease in dry matter production at all: basal 
branch pruning in closed forest stands has little effect on 
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volume increment CZavitkovski et al., 1974), 75 per cent of the
 
leaves of young Populus can be removed in early summer without
 

any effect on height growth (Bassman and Myers, 1979) and tea 
+~~yields can actually be promoted by removing the older leaves 

(Magambo, pers. comm.). Thus, whenever foliage is to be removed 
from trees for fodder or mulch, there is an advantage in removing 
ony l shoots,_qsecilly rmcoe stands. 

Principles regarding dry matter distribution (Fig. 1c). There 
are t.iree relevant points that should be made with regard to the 
effect of pruning practices on dry matter distribution within 

trees.-

First, the proportion of dry matter devoted to bole wood as
 

opposed to leafy shoots depends on the siz - the bole cambial
 
sink relative to other sinks. If the trees are kept small, and
 
branching is encouraged, a relatively small proportion of the
 

ktotal dry matter increment will be used to produce bole wood, 
whereas if the trees are allowed to grow tall, and branching is 
discouraged (by pruning or competition) a larger proportion of 
the total dry matter increment will be used to produce bole wood. 
Accordingly, the proportion of current dry matter increment going 
to stems in forest trees increases during stand closure (see 
below); the proportion of dry matter going to thick woody stems 
is decreased in tea by pruning and plucking .(Magambo and Cannell, 
1981), and Prosopis cineraria (syn. 8picigera) yields more fodder 

and less wood when completely lopped than when only partly lopped 
(Tejwani, 1979). Thus, by manipulating the height and branchiness
 
of trees, one can alter the proportion of dry matter devoted to 
leafy shoots as opposed to large diametered fuelwood cr timber. 

Second, it should be realized that the relative growth 
rates of the stems of trees are proportional to the relative
 
growth rates of both the roots and crowns; that is, there are
 
strong stem- leaf and stem- root allometric relationships, just
 

as there are strong shoot- root allometric relationships. The
 
cambium is an integral part of the total vegetative structure.
 
This tact has been discovered and rediscovered many times: Maggs
 

(1962) suggested that radial growth was proportionalto extension
 
growth in apple; Dawkins (1963) and many others in forestry have
 

related bole diameters to various crown dimensions; trunk sapwood
 
cross-sectional areas are positively related to total leaf areas
 
per tree (e.g. Grier and Wareing, 1974); the summed cross-sec
tional areas of branches at one level can be linearly related to 
the leaf area above (distal to) that position (the 'pipe model
 

Fig.. 1 (Opposite) Diagrammatic representation of some
 
responses of. trees to pruning.
 
(a) I and 2 illustrate topophysis and acrotony; 3 r4it4ra

tion; 4 dominance and the effect of notching; 5 epitrophy
 
and gravimorphism.
 

(b) This illustrates the partial recovery of open-grolo trees
 
from pruning (see text).
 
(i), (ii), and (iii) illustrate relationships between
 
crown size and stem diameter; (iv) allometric relation
ships with diameter (D) and height (H); (v) effects of
 
root and shoot pruning, and (vi) effects of lopping on
 
height- diameter relationships.
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theory' of Shinozaki at aZ., 1964); and many workers have
 

related root, crown or total tree biomass to some function of
 

stem diameter mnotably diameter squared times height, Ogawa and
 

Kira, 1977). In short, this means that (a) it is not possible
 

to permanently change the growth rate of one part of the vegeta

tive structure without simultaneously changing the growth rates
 

of all other vegetative parts, and (b) the diameter increment
 

and taper of the stems will depend on the size and disposition
 

of the crowns (Figure 2c).
 

Third, and following from the above, neither shoot nor root
 

pruning can permanently alter shoot - cambial - root tzlZomctrivc 

relationships. Shoot pruning temporarily checks root growth, and
 

root pruning temporarily checks shoot growth, in both cases in
 

proportion to the amount of shoot or root removed and for as
 

long as it takes the original shoot- root allometry to be 

restored apple, Maggs, 1965; orange, Alexander and Maggs, 1971; 

peach, Richards and Rowe, 1977). Root pruning never diverts 

assimilates to the shoots, it diverts ther: to the roots. Severe 

lopping increases the proport o of dry matter taken by new leafy 

shoots (Maggs, 1960), it does not alter the allometric relation

ships between roots, cambium and leaves.
 

Prijn4n p i'uo:in. For convenience, pruning practices can be 

divided into four types, three of which are illustrated in
 

Figure 2: (a) operations which spread the trees laterally,
 

namely, bending and coppicing, or multiple-heading, (b) opera

tions which lop off the main stem and encourage branching, (c)
 

operations which limit branching but leave the main stem intact,
 

and (d) root pruning. Of course, there can be many combinations
 

of these four operations.
 
Two tr i.':;pm':adisq opoi'uat.ios are shown in Figure 2a. Both 

bending and coppicing increase the ground cover per tree so that 

fewer need to be planted, or greater use can be made of those 

already growing - an advantage if planting stock is in short 

supply. Also, the vertical shoots can be repeatedly harvested,
 

they are rapidly replaced by new shoots, there is less need to
 

weed than when replanting, and one has all the other advantages
 

of ratoon cropping (Plucknett 2t al., 1970). Regular coppicing
 

will also keep the leafy shoots accessible for harvesting or
 

browsing, and by restricting the development of the boles and
 

woody frames, coppicing will increase the proportion of dry
 

matter going to new leafy shoots. 

However, there is often some difficulty with coppicing sys

tems in promoting the growth of new orthotropic shoots or 

suckers, because the existing shoots shade the suckers and exer

cise apical dominance over them. One solution can be to bend the 

existing shoots horizontally, or to notch them, but if this does
 

not work they will n, d to be cut off altogether. This means 

that new growth has to rely entirely on root reserves, which is 

successful only when the individual stumps and root systems are 

large, implying a minimum tree size and spacing, combined with
 

timely coppicing and a minimum coppice cycle. There are no rules
 

about this: many willows in Europe can be coppiced annually at
 

very close spacings; tea in the tropics can be coppiced every
 

4 to 6 years, while sweet chestnut and aspen in temperate regions
 

yield most on coppice rotations of 10 to 25 years (e.g. Berry and
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Bending Coppicing 

Pollarding Bushing 

(c) 

Basal branch pruning Selective branch pruning 

Fig. 2,. Diagrammatic representation of trees, illustrating 
the effects of (a) pruning operations which spread the tree 
canopies, (b) lopping, and ,J) selective pruning of branches. 

Steill, 1978). By analogy with grasslands, the optimum cutting
 
frequency may be shorter with increased mineral nutrition. Each 
species brought into an agroforestry system for fodder or mulch 
production will need to be tested. 

Two basic !oppb>,"; 't io7:; are shown in Figure 2b. 
Pollarding is no more than elevated coppicing: high pollarding
 

will produce trees with a greater potential for wood production 
and the development of large individual root systems, while low 
level po]]arding and lopping will produce spreading bushes with 
a greater patential for fodder production. The regrowth of new 

shoots will be less vigarous with increas d distance from the 
roots. As with coppicing, the optimum cutting frequency to ensure 
survival and rapid recovory will depend on the species, environ
men t and amaunt of foliage left. h~s)a[ !YSO ,II'lO growing in 
dry areas of India can be killed if lopped for fodder more often 
than every three years (Bhimaya cl. al., 1964). Bearing in mind 
that pollarded trees have more reserve capacity left after 
cutting than coppiced ones, trees which recover poorly after 
coppicing may recover better after pollarding. However, pollard
ing itself may be preferred, for instance, to keep the new 
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foliage out of the reach of animals, and to allow some timber 

and thick fuelwood production.
 
Branch pruning (Figure 2c) may involve simply the removal 

of lower branches, as in intensive forestry (for example, poplars 
for matchwood or Pinus radiata for high quality sawlogs in New 

Zealand), therebyrlessening stem taper and decreasing the number 

............. volume
!cknots-in-ther~bolewod_.withoutgreatlY,,decreasing _bole 
increment. This is a highly desirable operation in forests grown 

for high-value timber, and yields some small diameter brash and 

firewood. Alternatively, branch pruning may be highly selective, 

as in tree fruit culture, restricting height growth, encouraging 

the development of spreading, shallow, well-illuminated canopies,' 

enhancing fruit bud production (see below) and allowing some 

light to reach herbaceous crops beneath. 
Although root pruning checks shoot growth, apparently in
 

direct proportion to the amount of roots removed (Richards and
 

Rowe, 1977), it can have two beneficial effects: (a) enhanced
 

flower bud production, apparently as a direct result of checked
 

shoot growth, and (b) the regrowth of a more fibrous root system,
 

with greater access to immobile soil nutrients, and occasionally,
 

in P deficient soils, temporarily enhanced tree growth. In the
 
case of nursery seedlings, the more fibrous root system produced
 

by undercutting or wrenching helps them to survive after trans
planting.
 

Fruit and nut yield
 

In general, woody perennials present many more problems than
 

herbaceous crops when grown for fruits or seeds, rather than for
 

some vegetative product; a feature related to their life strategy
 

and evolutionary history. On the one hand woody perennials may
 
need to be intensively managed to encourage them to bear fruits.
 
For example, it may be necessary to overcome prolonged vegetative 


juvenile periods, poor floral initiation, poor pollination, poor
 
fruit set and fruit shedding. These are all mechanisms evolved to
 

ensure that the potentially very powerful reproductive sinks do
 
not usurp all assimilates and threaten the survival of the per

ennial vegetative structure. On the other hand, management is
 

needed to limit the fruit load so as to maintain a satisfactory
 
balance between fruit and vegetative growth, and to safeguard
 
future yield.
 

Consequently wherever trees are grown specifically for 
fruits or nuts they will generally benefit from intensive care. 

An enormous amount has been learned about fruit tree culture 
which could be applied to fruit trees in tropical agroforestry 
All that can be attempted here is a summary of the main problems,
 

their causes and possible cures, all of which are elaborated in
 

the following volumes: Ferwerda and Wit, 1969; Williams, 1975;
 

Alvim and Kozlowski, 1977; Tomlinson and Zimmermann, 1978; Brooks
 

et al., 1965; Luckwill and Cutting, 1970; Pereira, 1975; Lands
berg and Cutting, 1977.
 

Juvenile vegetative period. Small, juvenile trees do not flower. 
For instance, few flowers are produced for I to 2 years in open 
grown coffee, 5 to8 years in citrus, and 30 to 40 years in many 
forest conifers, depending on the cultivar. Recommendations to 

shorten the juvenile period may include any combination of the 

.
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following three general management techniques: (i) to promote 
early growth by growing the trees on the most fertile patch of 
soil, applying fertilizers, mulch and irrigation, and removing 
competition; (ii) to graft on to flower-promoting rootstocks, 
as done routinely in apple, mango, orange, walnut and many other 
fruit trees; and (iii) if all else fails, or the trees have been
 

--7:-- -neglected ;-to-partially~girdle -'root-prunei-orbend the -stems
;. !i : horizontally; all measures that could be used on old trees 

before they are destroyed for fuel.
 

FZoral initiation. This is inhibited as much by shading in trees 

as it is in cereals and legumes (Jackson and Palmer, 1977). But, 
whereas herbaceous crops need to be well illumirated at critical 
staages of development,: many tropical perennials need to be well 
illuminated all the time, because they initiate flowers over most 
of the year. The numbers of floral initials produced within the 

canopies of apple, citrus, cashew, grape vine, oil palm and coco
nut have all been related to some measure of solar radiation 
receipt and, in oil palm, shading reduces the proportion of 

female to male flowers. High insolation must occur during the 
periods of potential floral initiation and at the points in the 

trees where the initials form. Some species and cultivars are 
more light-demanding than others: coconut is particularly shade 
intolerant, whereas coffee, naturally an understorey shrub, 

produces some flower buds in deep shade. In fact, for fruit trees
 
like coffe, some shade may be desirable on infertile sites, in
 

order to keep the fruiting load in balance with limited nutrient
 
supplies (Willey, 1975). Also, trees which fruit on young shoots,
 
that is, on the outside of the canopy, like mango, may need less
 

intensive pruning than trees which fruit on old wood. However,
 
for most fruit trees overstorey or mutual shading depresses
 
yield.
 

Consequently trees grown for fruits or seeds are tradition
ally grown in the open, widely and preferably evenly spaced,
 

often trained when young to produce a well-distributed 'scaffold'
 
and regularly pruned and 'handled' to maintain low, accessible,
 

shallow canopies with limited within-tree mutual shading. How
ever, precocious fruiting species,can also be tried in closely
 
spaced, short-duration systems which are renewed either by cut
ting down or replanting before the canopy becomes too dense.
 

The details of pruning for maximum fruit bud production
 
(and adequate fruit size and ripening) differ for different
 

species, but my impression is that many trees used in agro

forestry naturally grow either too tall, too upright (with
 
vigorous vegetative orthotropic shoots), or too densely branched,
 

for efficient fruit production. The contrast between an unmanaged
 

and a managed cherry tree is illustrated in Figure 3.
 

Pollination. With exceptions such as clove and coffee, most 
tropical fruit trees are at least partially self-incompatible or 

self-unfruitful. Poor cross-pollination can be a major cause of 
4i' poor fruit set, for three reasons: (i) the flowers may be poorly 

developed or 'effectively' receptive for only a very short period 
(the 'effective pollination period', Williams, 1970), for 
instance 3 to 4 days in oil palm and mango, 2 days in cashew, 
I day in avocado: (ii) there may be insufficient pollen, 



(a) (b) 

T$. 7.-,ear-o 77ultivated European cherry trees (cv. Morello) (:) completely unpruned, and 

(h pruned to devtou a sp.rea:itg, open crown favouring fru-it production. Taken from Hilkenbuumer (1976) 
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sometimes due to an imbalance between male and female flowers;
 

or (iii) there may be too few general or specific pollen vec

(e.g. midges for cocoa) or hostile weather conditions for
 

pollen transfer, especially heavy rainfall. The obvious answer
 

to these problems is to select self-fertile or parthenocarpic
 

tors 


cultivars, but even these may benefit from measures which enhance
 

cross-pollination. These measures include: growing the trees
 

reasonably close together, interspersing with pollinator trees,
 

withholding insecticides, keeping bees, timely and selective
 

pruning to phase flowering with favourable weather conditions
 

and, in the last resort, supplementary hand pollination.
 

Fruit vJdiug. Having obtained a good fruit set, a large per

centage (up to 80 per cent, or mo~re) of the fruits can be shed
 

before they mature. June drop of apples 
in Europe has counter

parts in cherelle wilt of cacao, abortion of button coconuts,
 

citrus and coffee fruit drop 2 to 
4 months after anthesis, grape 

drop 2 to 3 weeks after anthesis and mango drop throughout the 

period of fruit development. At one stage or rrore, young tree

fruit s .ooem to be weak sinks for nutrients and carbohydrates 

compared with the shoot tips, especially when there are syn

chronous 1oaf flushes or environmental stresses, especially 

droughts. The preventative measures are to alleviate water stress 

and/or inte0rnal compet ition for nutrient!; and carbohydrates by 

irrigating, appl7ing fert ilii ers, rermoving shade, synchronizing 

the sensit ivt, st ages of fruit growth with favourable climatic 

condition , uisually by selective pruning, and by removing shoot 

tips at cr tical st ages when fruit shedding is anticipated (for 

example , grape., cit rus , apple, Coombe, 1962; Quinlan and Preston, 

1971).
 

IT s,!'uI',Il II", . B1iriril or irregular bearing is a feature 

of many wo,)sly ;.ris1.1l plant s, especially as they get older. It 

is a .ei ou; Froblem in isorie cultivars of apple, citrus and mango 

and is ,a clhracterstic of nut tree crops such as pecan, hazelnut, 

walnut and a 1miid. It i; espic:ially conmon in trees with pro

longed peri d f f ruit development, where fruiting overlaps 

with b,t h vegigtat iv growth and floral initiation for the next 

sea sun'!;5:rop. Cashews, with only a three-mbnth period of nut and 

re:op~t acI' deveIopmtrt , usually boar regularly. In nature, 

irregular hoar ingr may have subtle adaptive advantages, for 

instance in combat ing seed predators, and so it should not be 

regarchd as .simply a mchanism to balance fruit arid vegetative 

growth. And in seekrng explanat ions for irregular bearing we 

havo tI look furth r than the well-established fact that the 

fruit f; ut i ye reseryes and divert assimilates from vegetative 

pirt.;, particularly the roots (Maggs, 1963; Rogers and Booth, 

1961 ; Carin 11I, 1971 ; Chalmers and Van den Ende, 1975; Heim at 

(2!. , 1979) . Iii many instance; it seems that the fruits directly 

inhibit fl,)iral init iat ion, perhaps by producing growth regulators 

(appll,, Iuckwil 1, 1970; o range, Moss, 1971). One obvious preven

tat iwye measur is; to pirt ially deblossom or thin the fruitlets, 

o thait e knows how rrmany fruits will be shed,
 

anyway, or lo;t to pests and patliogens. The best solution is to
 

select regularly bearing cultivars. If that is not possible,
 

but ths f;ums,! 

selective pruning can be done to obtain a balance of 'on' and 
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off' trees, or a balance of 'on' and 'off' branches, for 
instance on mango (Scarrone, 1969). Heavily bearing 'on' trees 
may, in fact, use environmental resources efficiently: net 
photosynthetic rates, and possibly root activity, will be 
enhanced by the large sink capacities (see Avery, 1975; Richards 
et at., 1979), the fruits will meet some of their own assimilate
 

'--'demands , and -some-a ss imil te s wi 11--be~- o odd-i osed 
which have lower maintenance respiratory rates than new shoots 
and roots. The ideal may, in fact,.be a half 'on' tree, half 
'off' tree system, where fruits are able to draw assimilates 
from leaves on the other si3e of the tree (at least one metre 
away in apple, Hansen, 1977) but are too far away to inhibit 
floral initiation - a technique developed on some cultivars of
 
apple (Parry, 1974).
 

Other problems. To complete this list, mention should be made 
of i) replant problems possessed, for instance, by peach and
 
citrus, (ii) the need to produce virus-free stock, (iii) the
 
problems of fruit ripening and storage, as well as (iv) nutri
tional, pest and disease problems.
 

Concluding remarks. Many of the management techniques developed
 
for fruit trees and palms for plantation culture could be trans
ferred directly and immediately to fruit trees growing on tropi
cal smallholdings, with no need for further research. This is
 
important because the fruit trees often occupy the best land;
 
also if there were sufficient improvements in yield and quality,
 
many fruits could become cash rather than subsistence crops,
 
given adequate marketing and processing facilities. Some of the
 
1000 or more 'new', potential agroforestry fruit and nut trees
 
(Weaver, 1980) may have immediate appeal but there is need for
 
caution: fruit trees are expensive to grow, tend to be labour
intensive, and are clearly-problem-prone. A lot needs to be
 
learned about each species before it can be introduced to
 
greatest effect with :inimum risk of failure.
 

MANIPULATING SOLE CROP POPULATIONS
 

So far we have considered the management of trees as individuals,
 
essentially by altering the relationships between assimilate
 
sinks within the plant. Another way to alter the shape and yield
 
of crop plants is to alter the plant population, by altering the
 
degree of density stress (or environment resource deprivation)
 
experienced by each individual. Again, there is a vast literature
 
on this subject, and my aim is to select only those concepts and
 
examples that are relevant to tropical agroforestry. The accom
panying paper (Cannell, this volume) provides a background on the
 
main effects of plant population density on the performance of
 
individuals and communities of different crop types. From that
 
paper, and from the literature on population density effects, I
 
shall, first elaborate some relevant general principles and
 
second, draw some specific implications for agroforestry.
 

http:fact,.be
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Ge 'ul prnoipiCO 

Asymtptotfic and paacbo7 c il'io l- dur;7ity m'Y'lationships (Fig. 4a). 

In general, total dry matter production per hectare, and 'vegeta

tive yield' such as storage roots, wood or leaves, increases with
 

increase in planting density to a plateau, which remains constant
 

regardless of further increase in plant population, barring 

lodging, disease, drought stress, or in the of trees,case 

arrested development following severe inter-tree competition 

early in life (see Cannell, this volume, his Figures I and 3). By 

contrast, 'reproductive yields' such as grains or fruits tend to 

be greatest: at specific plant populations, above which yields 

decrease and then level off (see Cannell, this volume, his 

Figures 2 and 4) 

.7 , ' ;', 'b) . Once is inter

plant compttit ion mean rldividu;i plant weight decreases (rela

tive to open-gJrwi p lants) and b-come.s, inversely related to plant 

populatior, oft.ern cusorIming to tht, reciprocal equation 

"I, a', -;9:K;: (Fig. there 

/wt ptr 1lant ; 2, (plants per hectare) ) 

where ; ; onstant. , , either I for plateau-typeind air( and is 

relat.ionship; ind I can than I for parabolic-type relationships. 

In both ci1sc; ' i a a-, roximately the slope of a line relating 

total plant we-ijht to the we i(Iht of the yielded part (that is, 

the alhlietric rol Itmionship, Wi1ley and Heath, 1969; Harper, 

1977) . This relitionship) applies to trues as well as herbaceous 
meanplants (Cannt lI , 198() and, as long as it holds, then the 

weights of individuail plants, or vegetative parts such as storage 

roots and wod,,y atenn;, can be manipulated simply by changing the 

plant populit i, a, without decreasing total dry matter production 

per lict ar,. A]!;,), thl, r,,lat ionship between individual plant 

we ight aid p1 ant inrig ds:;ity, and h ence between yield per hectare 

and planting (,en ;ity, ',in be found using only two or three 
costs.spacirig.;, wit h !libat ant iil styaviriqs ill r-eIaarch 

F'0r :.; (I i J. "1c) . 'hit rrJ';t prof itabhle planting density 

is not necesi r iy nhat (living the greatLest yi.eld. Indeed it is 

almost a Iway; lea;!; t iar t Ie i optimum for yield when either, tile 

planting material i. *xpen;;ye , as with grafted fruit trees, yam 

setts (as opp ,';d to yam vine cuttings) and pulse seeds (see 

Cannell, tlhi; volurme, Iris Figure 4), or there is a premium on 
;; , such as graded potatoes, pineapples forlarge sized prduc 

canning, ind t iil er for aiwlog, (se, Carnell 1, this volume, his 

Figure 

-'v ,;e. 'a :.". 'Iit,'., (Fig. id) . The we ights of indi

vidual p1lait s within populations are not uniform: plant weight 

frequency di;t ribut ions become po!sitively s3kewed with increase 

in donsity !;tr ;,, giving a preponderance of smmal individuals. 

Tree diarmt r - freq immcy di tributions are less skewed and can 

becori' hi;i)dail whiri w-t iered canopies develop (Ford, 1975) 

while Ihe ight - Ireque'mcy di.;trihut ions often renmain or become 

normal inr both t ree t nd herbaceous crop stands (larper, 1977; 

Mohlhr ':!., 1973). 

S,'f, t * r" s ; (Fig. 4u). When competition becomes intense, the 
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smallest individuals or ramets die, often following the relation

ship between mean individual plant weight and plant population
 

shovn in Figure 4e. Although this so-called -3/2 power law of
 

self-thinning may not hold the value of exactly -3/2 in all
 

environments, for plant parts, or for ramets of clonal perennial
 

herbs (Westoby, 1977; Mohler et at., 1978; Hutchings, 1979) it
 

is of some practical value. It defines the maximum number of
 

plants that can possibly exist of a given mean size, so it can
 

be used as a point of reference to determine the degree of
 

stocking and the stocking density at which plants are likely to
 

die because of competitive stress rather than other causes (Drew
 

and Flewelling, 1977; the concepts of limiti*ig tree basal area,
 

Dawkins, 1959; and stand density index, Reineke, 1933).
 

Rectangularity (Fig. 4f). Per hectare yields can be substantially
 
greater, and occur at higher plant populations, with uniform
 

square or hexagonal planting rather than with rectangular, row or
 

'hill' planting (Berry, 1967; Willey and Heath, 1969) (see
 

Figure 4f). Competition is a spatial process and will of itself
 

tend to give rise to an even dispersion ot large and small plants
 

(Ford, 1975). However, the depressive effect of spatially uneven
 

planting may be small in crops which can spread by profuse
 

tillering or branching, especially in wet, fertile conditions
 

(for example, potatoes and vining legumes). And in many crops,
 

like potatoes, groundnuts and cereals, row planting offers con

siderable advantages for ease of planting, fertilizer placement,
 

weeding and harvesting, although these advantages will be less
 

with hand cultivation on tropical smallholdings. Finally, where
 

rows are used there can be a benefit in ncrth- south r'entation,
 

even in the tropics (Donald, 1963).
 

Plant onv[ronm, nt and habit (Fig. 4g). The optimum plant popula
tion is often lower in conditions of nutrient or water shortage 
than in wet, fertile conditions, and the optimum is lower and
 

less critical for spreading and profusely tillering genotypes as
 

opposed to single stem, determinate or erect genotypes. There
 

can, for instance, be 100-fold differences in the optimum den

sities for different legume cultivars (for example3, cowpea,
 

Erskine and Khan, 1976), and marked genotype- environment inter

actions, which call for large numbers of local spacing trials.
 

Plasticity of plant oharactera (Fig. 4h). Not all plant charac

ters are affected equally by competitive stress, and some effects
 

tend to be species and environment specific. However, some
 

general points can be made, illustrated by Cannell (this volume)
 

as effects on yield components.
 

Fig. 4 (Opposite) Some principles regarding the effects of
 

planting density on the growth and yields of crop plants.
 

(a) to (a) 0, a, b and c are constants; p is population den

sity in numbers of plants per hectare; (f) apple data are 

for years 5 to 8 after planting in western Australia, from 

Cripps ?t al. (1975), where 1 = square planting; 2 = spaced 

x by 2x; and 3 = x by 3x. Pea data are for dried peas in
 

England, from Willey and Heath (1969) where 8, 16, and 24
 

refer to row widths in inches.
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(i) 	Lateral spread by branching and/or tillering (suckering,
 

sprouting, etc.) is always suppressed by density stress, be
 

it in cereals, potatoes, legumes, bananas or trees. Conse
quently, all the components of yield associated with lateral 
spread such as numbers of branch nodes per plant, ears per 
plant and branch-borne fruits or po,s per plant, are all
 

decreased (see Cannell, this volume). But conversely, a 
greater proportion of the total dry matter is devoted to 
stalks and stems, and as discussed above, in trees there is 
an increase in the proportion of the total increment devoted 

to bolewood.
 

(ii) 	Mutual shading further decreases the number of fruits which 

form on the sterns and branches which do develop. The degree 
to which fruiting paints are shaded depends on where the 
fruits are borne: it is obviously less on wheat than on 
maize, and less on palms tha; -itrus. Also, the fruitinq 
points most likely to be shaded art! those which develop in 
the axils of old node; during the lateur stage-s of plant 

development, for instLance ol indetetrm inate le(gumes, or trees 
which fruit c:,y on old' wood. 

'iii)Density 	 stress has rlatively I ittle effect on the heights 
of trees a nd hierbaceous crops - they nmay increase or 
decreast - but it always greatly decrases the diameter 
growth of tre's I a1cor(da1ce ith the abov(-rimtltionedin L 
decreast in brsis'h bg, .rown 1-i', irad allomic-t ric re lition

sh i ps) . 
(iv) 	The wtghts 01 individui] fruits, f]i*shy roots or tubers 

are decreaed by d(ensity str,;s (Carirl 1, this volume, his 

Figurues -, aIi 3) but inldividual seeo'd wlight; (for example, 
nuts, grisll-; p l t'.s; 1r( charsctc i st icl I ly relatively 

Iitt It l ft 'd ( anne1t'l I , this; vol lnt his Fgures 2, 3 and 

41; So I Isbirt , 19 12; 1t,r p(-r , . , 1970) , aIt Ilo gh (xcep
t ions (,aIn be, tfUIi1, not ably sunflowe r (?]lC iIts . I 1., 
1929) . 

(v) 	There is .iomo c vides;:+, t hat t h rot syi;tLeis; of closely
planted forest <ind fruit t ies,-; t end to Iw denser per unit 

volume of soil aind grow deeuper thi,, tho f widely-planted 
trees (Adams;, 1)2P; Atkinson, 19/3). ltowe,,vr, shoot/root 
biomass rat io.; may chliige relatively I itt I( (R(<.inie, 1974) 

Imp!) 	 lo'<t- '00 .' (l; ' , .2 5., 001 

,a-0[ 1' n'.5' 1 ''+7 ,"''!: It :lould be statred oxplicitly that, 

for muost crops, th( gjreates.t yield per hectare i.sobtlind when 
each individual is un(hr !seine, '[it ira, lev.] of 'density stress', 
that is, d(epr ived o f s i ight wit tr iiit rient ; by s Ie igh-I( , or it 

bours . In a rqofortst y, whe re cr0)0 wi 1 l be 1)l,1t.e; ,Itdifferent 
times in compleox iixtur-;, it will be alimc;t it i .s;sible to ensure 
that. each inrdividial off each crop spe tC-; experonc:c ; it-!; olt.iiutli 

level of d(ni;ity s;tr !;.;t.hroughout- it-; de+ve lopnent. F'()r su1(1e 

clops the sactiI i ins itld nay be, s;ialI , r may b Coiipensated 
by other con;side'rat io)n!;, !;l(cl aU; !;0i I pro)tect ion alld wueid control, 

but for othtr crop!; t hisi lrily ilo, lbe- t hi ca;e, and tliese Crops 

might be better grown as )le cirops it the i r opt i riui densi it ies 

I would speculat e that thi!; could be ,;o for () t-ree,;; (Irown for 

wood and U ) somei herhceetv; crops grown "or reproduct ive; yield. 
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Fig. [. Increase in the proportion of the annual dry matter
 

increment taken by the stems in temperate forest plantations
 

during canopy closure.
 

O - Pinnc '/.tP n in England (from Ovington, 1957); 
A - Cryo tomozA. ,zaponioc.in Japan (Ando et al.., 1968); 

e and X - P[ui i a in New Zealand and AustraliayH'aata (Madgwick 
t al ., 1977; Forrest and Ovington, 1970, rc;pectively). 

Most produce- more aad more 
wood (steznm; plus branches; Adams, V128) per unit leaf area, and 
per unit of intercepted light, when 'density stressed', that is 
in forests or greves, rather than when grown as widely-spaced 
individual,;. The proportion of the total annual dry matter in
crement per hectare taken by the main stems of trees increases 
from aio)ut 30 per cent to 60 per cent during the periods of 
stand closure (Fig. 5). This is partly because the trees get 
taller, partly because branching is suppressed, and in some in
stances because, mutual shading suppresses fruiting: as a result 

the size of the stem cambial sinks is increased relative to the 
size of the other sinks (!hoot- apices, fruits and roots). Conse
quently, if the objective is to produce wood, especially large
diametered wood for a;]cw burning (because the ignition time of 
wood vari(s inversely with its surface-to-volume ratio), or fe' 
building materials, stakes, too]s, etc., then the most efficient 
way to produce it is to plant the trees in groves or plantations. 

Tt should be added that where the objective is to produce 
Iargf-diamet er( d sawlogs, the trees need to be widely spaced and 
regularly thinnel, the ,ehv losing some of the benefits of density 
stress (increased stemwood production per enit leaf area, branch 
suppression, weed suppression and reduced knot size). 'Taungya' 
systems of agroforestry offer some obvious advantages here, 

because many of the above benefits can be provided by the farmer 
if he cultivates the land between the trees and prunes the 2ower 

Mu t ree. stemwood, possibly total 
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branches for fuel and improved light penetration. Obviously
 
these systems have thrived because both the forester and farmer
 
have benefitted.
 

(a) (b) (c) 

Yield 
per
 

hectare 

Plant population or density 

Fig. 6. The optimum plant populat',,n (or degree of density
 
strc'.-) for mixtures of (a) two crops with reproductive yield
 
hav4.nu parabolic yield-density relationships; (c) two crops
 
w-,:.h ve,-ietative yield having asymptotic yield -density rela
tionshipt. and (b) a mixture of the two. The downward pointing
 
arrows ;..ark the optimum populatin'n for each mixture.
 

(b) The problem of obtaining the ct.ical level of density stress 
needed for ;na,:imum yield efficiency is likely to be greatest when 
grow.-.a two or more crops together, each of which has a very 
difFerent specific optimum population density as a sole crop. 
This is most likely to occur (i when growing mixtures of herba
ceous crops with reproductive yield, such as grain legumes and 
maize, (ii) when the crops are planted and harvested at the same 
time, (iii) when the crops differ in stature and habit, and (iv) 
when one or more of the crops has a compact habit, and so is 
unable to spread by tillering or branching, perhaps because it 
has been selected for high density, sole cropping (for example, 
some maize and sorghum cultivars) . In such cases, it may be 
impossible to manipulate the total plant population, and the
 
proportions of each crop, so that the overall yield of the mix
ture on a given land area is a- great as the sum of the yields
 
of pure stands of each component, each at its optimum spacing
 
(Fig. 6; Donald 1963; Willey and Osiru, 1972). In such cases it
 
might be betLer to grow each component crop in monoculture, if
 
yield were the only objective, as was suggested by Huxley and
 
Maingu (1978) for maize and cowpea in Tanzania. 

The problems of maximizing yield will be less for mixtures
 
which include crops with vegetative yield, such as storage root
 
crops, and perhaps also for some cultivars of cereals and legumes
 

which can spread oy tillering and branching. This is because
 
these crops have less critical optimum population densities.
 
Indeed, as mentioned above, storage root crops will require only
 
some minimal level of density stress for maximum yield per ground
 
area (Fig. 6). Consequently, there may be less yield penalty in
 
growing, for instance, maize and sweet potatoes together rather
 
than maize and grain legumes.
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Leaf yielding crops Non.legumes, fruit trees, 

Storage root 	crops many herbaceous crops 

Yield Coff
 
per Legues Legumes, many
 

er eumste species 
Palms Fruit-yieldinghectare, 

trees and herbaceous 
crops 

Increasing shade Decreasing soil fertility 

Fig. 7. 	Diagrammatic representation of general crop differ

ences in response to shading and soil fertility.
 

Different arop oOponse5 to tr(sotiue depiiation (Fig. 7) . The 

responses of different crop types to density stress give some 

idea about how they may respond to interference from neighbours 

in mixtures; although their exact responses will be different, 

depending on the timing and kind of interference that occurs. 

For instance, wheat and rice are tolerant of density stress as
 

sole crops, but they are very intolerant of shading during the
 

initiation and grain filling. Nevertheless, the
periods of ear 

following inferences may be drawn from the literature on sole 

crop population density effects. 

First, most ruit-yielding trees and palms are very shade
 

The pruning and management of
intolera:,t (for fruit yield). 


fruit trees will often be made more complicated by close spacing
 

and, as mentioned above, dense shade will markedly decrease the
 

number of fruits, decrease the size of the fleshy parts, hamper 

ripening, and probably exacerbate pest and disease problems. 

Also, anything that hampers individual tree growth will delay 

the onset of fruiting. This is also the 
case for 	bananas under
 

(Tai, 1977) and density stressed oil palms. Like many
coconuts 

only when their vegetativeplants, oil palms produce fruits 

(Cannell, this volume,
 

his Figure 2), and any form of interference, including pruning,
 

that decreases individual palm growth tends to occur at the
 

expense of fruit production rather than of vegetative growth.
 

Second, it should be restated that fruit and seed yielding
 

structures have reached a minimum size 


and should, whereherbaceous crops are also shade intolerant 
be able to grow to the top of
possible, occupy open spaces, or 


the canopy in a mixture. Tall or climbing legumes might be better 
of peas (Pionumin mixtures than prostrate ones; the ancestors 

.ati.vum) 	 were climbers, quite unlike the short statured cultivars 

selected for rwynoculture.
 

the crops that will. suffer least from competitive
Third, 
shading beneath trees, will be those that yieldinterference, or 


some vegetative parts. The most shade tolerant crops will
 

probably be 
 Chose yielding leaves, includ'ng trees grown for 

fodder or mulch, and crops like tea, tobacco, forage grasses and 

Shading will decrease total dry matter production butlegumes. 
this will be partially compensated by an increase it leaf area
 

ratio and shoot- root ratio, ignoring for the moment the soils
 

aspects and other effects of shading (Willey, 1975). Silvo
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pastoral systems are evidently successful in many parts of the
 
world (Tejwani, 1979). It is also worth noting that most trees,
 
especially late successional ones, are very shade tolerant during
 
their juvenile stages and will make efficient use of low inten
sity radiation (Jarvis et a., 1976) and so will grow satis
factorily beneath tall herbaceous crops such as maize. Coffee
 
seedlings grow better in shade than in full sunlight (Huxley,
 
1967). Storage root crops are also reasonably tolerant of mutual
 
shading at high population densities and the shading of taller
 
plants. The bulking rates and yields of sweet potatoes, cassava
 

and cocoyams, like: those of European potatoes, are regulated
 
principally by the size of the storage sinks, and yields can be
 
unaffected by up to 50 per cent shade in the tropics, provided
 
the conditions during storage root initiation are satisfactory
 
(that is, there are short or cool days, and N fertilizers are
 
withheld; sweet potato, Hahn, 1977; cassava, Wholey and Cock,
 
1975). Consequently, there may be little yield penalty in growing
 
climbing cocoyams under trees, and sweet potatoes and cassava
 
among fruit or multipurpose trees.
 

Fourth, crops differ in their responses to poor nutrition,
 
and the harmful effect of competition for light and water may be
 
either diminished or amplified by a shortage of mineral nutrients.
 
As mentioned above, the optimum degree of density stress may be
 
lower under low nutrient conditions. On the other hand, crops
 
which already yield little because of poor mineral nutrition may
 
not suffer much loss in yield as a result of overstorey shade
 
(for example, coffee and cacao, Willey, 1975). And obviously,
 
legumes and other crops that form dinitrogen-fixing symbiotic
 
associations, tend to be more tolerant of N-deficient soils than
 
non-N-fixing crops provided there is adequate P and K, although
 
their capacity to fix nitrogen may be seriously impaired by light
 
deprivation.
 

MANIPULATING CROP MIXTURES
 

So far we have considered some of the ways in which trees can be
 
managed as individuals; how different crop types respond to com
petitive stress; and how competitive stress can be exploited to
 
maximize the yield per unit area of ground. In practice, however,
 
a subsistence farmer may be better able to maximize yields by
 
avoidinq competitive stress rather than by exploiting it. To do
 
that he needs to alter the relationships between crops in the
 
horizontal, verti-] and temporal dimensions so that the differ
ent crops share environment,,l resources of light, water and 
nutrients (that is, there is arnidation, Trenbath, 1976) in a 
way that minimizes mutual interference and maximizes resource 
sharing (commensalism, Bunting, 1976). In this section, I shall 
consider some of the principles governing this form of crop
 
management, that is, the management of crop mixtures, followed
 
by some speculations on ways in which tree crops might be mixed 
with herbaceous crops to meet some of the objectives of agro
forestry.
 

De Wit (1960), Donald (1963) and others (see Harper, 1977)
 
developed models to evaluate two-species herbaceous crop mixtures
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Fig. 8 Differences in spatial and vertical arrangements of 

three crops. (a) Three spatial arrangements with a 5-fold 

difference in area of interface between different crops
 

(marked with lines). (b) Three ways of managing mixtures so
 

that each matures at the top of the canopy (i, ii, and iii as 

described in the Lext). 

which describe the effects of changing the proportions and popu

lations of thfe two comnqonents. In these models, indices such as 
'relative yield totals' or 'land equivalent ratios' that are 

greater than one indicate that mixtures yield more than their 

component.'; would as sole crops on the same area of land. These 

concepts have been helpful in discussions on mixed cropping 

restricted to tw) specief. of herbaceous crops, but only Donald's 

mode] copes with the problem of differential. optimum populations 

discussed above (luxley and Maingu, 1978), and none of the models 

cope with the complex three-dimensional situation in agroforestry. 

Consequently, this di;cussion will be limited to the general con

cepts and principles of resource sharing in three dimensions, 

without- going into det-ils on inappropriate two-species models. 

19,',. ', , e. ': p./ dtrn,'n.1;o, (Fig. 8a). Environ

mental resources of liight, water and nutrients can be shared in 

the horizontal dimen:;ion by altering the spatial dispersion of 

different c op' in i a mixt ure and by altering the proportions of 

each cro,. Hayinig decided what. crop; are to be grown ill an agro

fore>; t, and whetre they are to be grown (depending on soil ferti

1ity, ilopt,, obje cti ,es, etc.) one need; to focus on the areas 

of land occupied by each type of herbaceous crop- tree boundaroy 
or fn t,,, ind to determine how the yield of each component is 

aItered along each inter face (Trenbath, 1976; Hiuxley, 1981). 

Appropriate steps could then he taken to maximize the desired 

yield of th(, diffftrent component s b altering their spatial dis

pcrsion. ; and )roportion!; asa much as possible in such a way as to 

maximize the area of profitable crop -tree interfaces and mini

mize the unprofitable one,. Let us consider this further. 

'h. minimum areas of interface between herbaceous and tree 
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crops will occur when each is grown in monoculture in 'zones'
 
and when fewest different types of crop are grown (Huxley, 1980).
 
The maximum area of interface will occur when there are many
 
crops and each is evenly dispersed in a hexagonal arrangement.
 
Between these two extremes there will be clumped, multiple row,
 
random, single row, rectangular and square planting arrangements
 
giving progressively smaller areas of interface. In this way the
 
area of herbaceous crop- tree interfaces could be changed 3- to
 

5-fold (Figure 8a; Trenbath, 1976).
 
The changes in yield of the trees, and of the herbaceous
 

crops growing beneath them, need to be explored, perhaps using
 

the designs suggested by Huxley (1979). Not only will some crops
 

be more shade tolerant than others, but some may benefit more 
than others from the nutrients in tree litter, any changes in 

soil pH, water relations, shelter from wind and rain, and so on. 
In some instances there may be no effects on either herbaceous or 
tree crop yields, for instance where forage legumes are grown 

beneath trees on fertile soils. In other instances, herbaceous 
crop yields may be depressed by allelopathic toxins produced by 
the trees, or tree yields may be depressed by competition for 

nutrients, poor mycorrhizal development, or because the trees 
a' ag the interface are not subjected to competition by other 
trees. In each study one would need to determine the yield of the 

herbaceous and tree crops along the interface compared with their 
yield within similar roas of monoculture (within the stable 
agr~forest system) preferably with some auxillary information so 
that one could explain the results in terms of annidation, 
allelopathy or mutual interference f7or given environmental 
resources. 

Then, by altering the ares of each type of herbaceous crop
trca int erface it, will be posibl,? to alter not only the total 
yield, but iis) the balan:ce of yield obtained from the two compo
nents. Th, qreatolr t.he are-i of interface, the more opxortunity 
there will Le for the, dominant cOM!ponetit to benefit and the 

weaker cornponont .) hs suppressed. Consequent ly, the proportions 
of yield taken fr,-mithe cl fferent components will diverge iore 

and more froim th, prupor ion 'expected' on the basis of the 
land area allocted to it (Hiuxley and Ms ingu, 1978). Thus, with 
increase in interface area, mo)re land has to be devoted to the 
weaker conponent ii; order tco obtain the proportions o' herbaceous 

and tree crop yield expected. 
This approach could, ()f course , be appl ied to tree - tree and 

crop - crop mixt urea, but for the lttor it is usually too diffi
cult: to quantify interface and non-interface areas, and de Wit 

typo model;; :;ti 11 serve ;;m purpo;, it the crops share the same 
land over the, same t. iima period. Al;o), thr optimum des ign of 

horbacoou.; cro) mixtunre}; i;; difficult to predict because the 
relat iva domi mince of th,- componint ;peciea; is often itself 
dependent on the plant- popul at ion4 Mnd proportions iti the mixture 
(Osiru and Willey, l9i7'; Harper, 1977). 

Last ly, I ah;;mld repat that the spat ial configuration of 

trees ind cro))!; in t r,)f:ir(,sts will be iafluoncod by many factors 
othe.r thain those 'ne;idatd here . Ve-y likely the soil will be 
heterogesaniou;s, ;;on, t rae!; rid crops; may thrive only in certain 
areas, soni may need ta be neair hoe!steads or boundaries, and so 

on .
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Resource sharing in the vertical dimension (Fig. 8b). If light
 

is the main limiting environmental resource, then leaves become
 

organs of aggression, and the dominant crop will be that which
 

is tallest. One of the most potent ways of resource sharing is
 

to plant crops so that they each become tallest in turn. Five
 

ways of doing this spring to mind (Figure 8b): (i) by planting
 

crops together which attain similar heights but with different
 

life cycles, (ii) by planting crops together which attain differ

ent heights such that the shorter ones mature before tile taller 

ones; (iii) by planting crops at different times; (iv) by plant

ing crops which can climb up the stalks of crops that mature 

before them, and (v) by minimizing the shade cast by the tall 

crops, by using erect-leaved crops (for example, maize), by 

pruning trees or by planting deciduous trees. Baker (1979) 

describes examples is the tropics where cereals have been mixed 

so that each spends t-he latter pirt of its life At the top of 

the canopy, and in most inst ances there is a substantial increase 

in total yield . By contra.,t, when ceret ls with similar staturc 

have be. ii p1l]anted and. ..irvested simultaneously, the yields in the 

majority of studioni ha<v beue.. -_o:reater than the yield of the 

highe st y(Ming cereal ti monoculture tlrenbath, 1974). 

If we regard the. soil as part of the vertical dimension, 

then we car tinlude: hiere, t.he sharing of soil nutrients and water 
some 

ro.lat iv,ly ba llowly rooted crops like millet, 
by planting jeep-rott d 'nut rient pumping' trees like 

/ I ", with 
sorghum and :esmr. And t-o complete the list we should include 

the mixing of leguries wit-li nari-lequines as a means of sharing 
1979).a tmospher i and sol nitrogen (see Mongi and Huxley, 

A >; . , .7':i1'. ; , 1 ;uir'I . If no one crop fully utilizes environ

rental ten tes avalliabl e throughout the year, then yiel-as will 

growth cycles of differentbe incre-asej by ,;kiI full y phasing the 

crops. 'jho( !:kill i! required in (i) chosing the species and 

cultivat;; icccrdin gto t their phienology, stature, habit, product, 

(ii) t,,qg ,r .,g planting or sowing, relay planting,etc., and 

etc., so that :(-,il wat,,r resource. are fully utilized, the soil 

is protected f rot nrin, weeds are suppressed, erosion is pre

vented, crops with reproductive yield are not overshadowed after 

the onset if floral iritiat ion, and so on (Andrews, 1972, 1974; 

Baker, 197H3, 1979; Fisher, 1977, 1979). Subsis.nce farmers are 

apparently very nkillid in this way, and much could probably be 

learned fram t-hemi (Bunt ing, 1980; Ok igbo, 1980). No More needs 

to be adhed he ie Ii ianse thi ; subject is created elsewhere in 

this volu , (seeo Huxley, p.501). 

ind herbaceousBefot eculi im )I i;te way;; inr which treer 

croq; miilit b, tiaiaqe d t) idviritage in agrcloi,:stiry systems, it 

the, manyIpossible objectives of agrofor15 i1ttrtit to renl 

estry j,-;i,j, t -it if ixiITii;inq yield. First, in order to con

;erv thi,!;,it in-ir it.; ftert i ity it may be, imperative to have a 

pr;, deep]y rooted ones or dinitrogenmiinimu nui t t perhaps 

fixing tie:;, !oi a cant i nh -,(piound cover. Second, to spread 

risk!, It may b, nccciry to grow low-yielding hardy crops (for 

exanipll e, ;arqlimrIi in!;t.(,ad I I ; - , or drought-deciduous trees) 

and alIsots re()rde,i one's ideal priorities on how much land isto 
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devoted to food, fuel, fodder and cash crops. Third, to control
 

weeds it may be desirable to grow crops which establish large
 

leaf areas quickly, such as cucurbits and pioneer tree species.
 

Fourth, to further ease the workload, it may be important to
 

stagger planting and harvesting, to grow low yielding but prob

lem free fruit trees, or root crops (which have a high yield per 

unit of labour), to minimize transport dist:anses and the use of 

ladders, and to provide shade for animals or to make field work 

agreeable. Fifth, to control pes1;ts and diseases; il may be profer

able to plant crop mixtures, (ven if sale crop)s yielde~d mre,, to 

mix crops with differing heights, smell , colour and suscept ibil

ity, and to provide shade (for tixam}i]l, to 1es; binana leaf 

spot or cac-ao capsid damage). And to thi s, rit ianaI object ivyes 

may he added the 'irritional' ono> )f tridit ion, culture, reli

gion, division of labour within farrlnI ifs and so on. Clearly, 

with so many factor,; to con PIt(lr,,t would bo fo,)lish to offer 

general management pre;cri:pt 1 )nt;. A.; I hav si d alet, a 1 that 

can be_ use ful 1y doleo herec, , dri s')o of t he optitoris 

with respect to y itd pr isnit .a1.I. 

Let, us srlpjoupos tIh1t I I. ; wi tr)WT inI ar frtt ly systemls 

as multipurpo; tre, o rt iri,,, fo)dedr, is plated ft]llows, 

for fuel, fruit or sbIt or 'or a h iff,tIhto pFrpr)s; how could 

the tree,; )-, ianrr id to irivalltag, ai1d whait hr ,tiic-orolls cr10; 

might he- groiwn; wit h thtem, Pear i irs in sri nd tilt' fore,going disc'u!1

slon en t ret , fct )f i and sliairing inprunlnri t-1 ; ig ap re!sotrce 

mixtures;? 

]l' 1";:; ,, ?,-' (Fig. 'Jo) . Mult ipurpo;s, tri,;;, and all the 

other kind!; listeid P-low, should b estib llshed by underplanting 

beneath lirbicour-oi' crop; such cas Prtiain atnd maize. As the trees 

grow ta er and ca:;t rerf shadeh ti - hoc;t compiranion crops might
t-t, 'weget it IV(' :ra))!; ru;1 asn cii:i ad forage crops;, cA imbers. 

such as yams, or tall 'reprocluct ivo' crops such as bananas. 

Where pess iP1 a1l t r-ti,in(i hirri;; crop; that h:tve. repro

duct:iye' yi ]tl !;hoil t 1,' r14 't '.,ly uis:rhrld d or at tilt,top of 

tiltagreforest canopy. 

Mult inur!e t;ret-;;-eilld he i iwna.; widely spa-icod individ-

Ult.;, illS11aI qr l!; )r raw:;, Pu! h,)uld not ho, it; c la ed stands 

if they ar4, repji i d t,) yield fru ':;,rnd 1,rn)whi ;.; we-ll Is wood. 

'Mult ipurpos;e' .tight 'mu] 'nt ; somi t re.- beitien t:iritnagem 
, might 

pruned for friuit!;, at hers lipp d fir irows,,, otherr; allowed to 

for itd !-or differentgrow toll lridfe Iriit revar; 0--; fr pur-

Poses .il ht plar ' Iii d t:or i(thr.; ) ;;oil; fruit treesIt- ,, nlt pt 

might be(ol.' ii ria' it I',) rly trr-iiged; .;o;ato t roes mnight 

be culled ftr fuel '111dt('itil euly r,-l] i'id; and old trios; might 

be girdli.d to itIa t lis;t of ifore Thea ()Ip trunt!; tfelling. 

lltniiag-rllti t T htJ iii;.
lit) lairl5;; iri 

T'ra ,, 5 .! (Fig. )hb). A!; dis;cu!;ssed r arlier, the forestry 

entrlpr iso tri;t ;: iti]Otil, with t r)licaIl subsistence farming is 

high valu, !,,wloiu ;,t hrii:t iolt. Wilt- n atid11;;,l t-he pruning of 

basll hr,lli:hlrt-; best- Iit tilt. rt,; i by imtptoving tihe timber 

qual ity and ;h rt-rnin tlt- t |ino Io max iulln tnean in iulIincrement 

(see Cainn- I , t hi!; vili uir), and rI'ovidf thle farmer with fuel or 

mulch and open gerouild 1 tjrziciult ur,. Obvi,)u;ly a wide range of 

crops can be ;growr; in th (lr -rl' yenatri including ;: ro lls arid 
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Pruned, lopped and thinned 

(a) Multi-purpose 0 0 Q 

(b) Sawlog timber Clearfelled 0 0 

(c)!Fdetrs Lopped or 0 o 0 0
 
Fodder trees coppiced 00 O
 

(d) Fallow trees 

(e) F e l i
 

oodrees Clearfelled 

.pruned, fruit harvested -* 

(fi) Fruit trees 00 0 0 0 

Palms Replant 0 0 0 

~ ~ ~ ~ Sata 00____________(fii)Key ZI Height c 8ragmnt 
Time 

f. d. l)igr.iuriat i c repre;entation of the suggested manage

merit of trel-s grown for different- purposes in agroforestry. 

For each tree type a dilgram is given of the change in height 

of the t ree; wi Lh t ime, and their spatial dispersion at 

maturity (soe text). 
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legumes, provided the growth of the trees is not severely
 

checked and their leaders are not damaged. In temperate regions,
 

where wheat and barley have been grown among widely spaced pop

lars, and soybeans among walnuts, tree growth has been checked
 

where crops were grown within about one metre of the trees after
 

the first year. But shallow-rooted crops may be less harmful to 

the trees than deeply rooted ones; for instance, Loa spp. check 

apple tree growth less than Lo lum spp. The tree canopy can be 
kept open by thinning, or by growing seasonally deciduous spe

cies, but in most cases the choices open to the farmers will 

become restricted to vegetative crops and eventually to the
 

grazing of animals.
 

Fodd?' ,, (Fig. 9c) . Trees grown for browse, fodder or mulch 

should be coppiced, or if animals are grazed beneath them, 

pollarded. They will recover from coppicing best, and yield most, 

if widely spaced or ini rows or small groups, possibly alongside 

paths or roads, so that the fodder can be accessed, or the mulch 

easily carried o nearby fields. Coppicireg and lopping could he 

phased to cotincide wit h the interpl ant ing of field crops such as 

maize and caisavoa, In t._he same way that ratooned sugar cane can 

be intercropped (Pillay and Mamet , 1978) . Short-sLtatured coppice 

mightlbe grown permanently with bananas or small shrubs and, 
being a ve'get aL ive crop, coppice could be grown with overstorey 

shade from I ru1t Imu I t 1 purpo:;e tres. 

I/LO t ,*, , !,' .!, (Fig. 9 1). The species suitable for short 

forest fallowi; in shift ing agriculture should obviously be highly 

compotitiye pi oetr:, able to grow in nutrient deficient soils, 

le dinitr<,ge i fixers and -oil imp rovers which will quickly cover 

the )JiCnutd ainid o)st weed!; such as [ ;' ,,g : gr'l-;s. They should 

ideally have low .;preaa9ing canopies, low density worJd, large 

I elve;; and c()nt nIlous atjer lod lc shoot growth, such as the natural 

pioneer.; .,;, spj. in Wf.:;t Africa and Mo. 'i ,:!>t spp. in south

east Asia . They should also produce large quantit:iies of seeds 

ald ,,e tasy to gerrminale oa roplgat( . Apart fro-)m tht ir role as 

restorers of s;oil fet, i lit. ,v could be: sources of fodder and 

mulch, antd of edible ;eeds, u.. their low density wood would not 

be ideal tar fue]. 

,:, ,./ !',,j , (Fig. 9e). Arguments were presented above for 

growing 11ueIwood t.lee:; as sole crops, in groves or large clumps, 

where the tr e; would be allowed to grow tall and there would be 

inter-tr.0, co)mipet:ition. There would be little opportunity to 

grow aiythirsi other- than herba cirop:!; with them, except during 

tle eafly y'll:;, !;o (everigree(n fre lwood :;pci could be used, 

ald tile grovi.s C:ould occupy tie op rer lrl:d with Iimit.ed animal 

Z .Ii a andgirirg. 'h wood :;hil d rave high ;pclfic gravity, the 

tr e:; ,;hauld he' spoattod to produLcO :;ters arnd branichfs of tire 

de!;irel rd d , ; in the ;hort I,-;t t inte. 'I'1(,1 unter edges of the 
' 

grove!; mii t', be pl lrf d wit 11 fodd.'r-prsdl:ing tree: , or coppices, 

which world 7ield !;,It rfi1, ct'ir ly in tie shade at the taller fuel-

Wasd t1(!75; aid waniould 1!;C prolvide ;()li, competit. ion for the outer 

fi'lw lodtree!';. 'llii ; wouldI)(h he-tor thlan p1srit ing the groves 

alongside p, ils )I I 01 II:; )Y- Irerbaceous c7rops , or using the edge 

fuelwoodl t .hre t-.erm e Ios for biow,,.. 
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Fruit trees and palms (Fig. 9f i and ii). As mentioned above,
 

fruit trees should be widely spaced, yet be with.n reach of
 

pollinators. Palms, which are circular, benefit from lateral
 

illumination on all sides, whereas angiospermous fruit trees
 

could be grown in rows. The trees should occupy the most fertile
 

land, perhaps near homestead refuse or a source of animal manure,
 

and should be subjected to little competition of any sort. The
 

trees need to be regularly visited for pruning (except palm5),
 

harvesting and probably pest and disease control, so there needs 

to be access, which might be given by planting alongside paths, 

within ani-mal pastures, homestead gardens or field boundaries. 

The fruit trees should be small, without overstorey shade (except 

perhaps unfertilized coffee, cacao and a few shade tolerant spe

cies) and should have open canopies, enabling legumes, cereals 

and bananas to he grown close to them and perhaps climbing plants 

to be grown on them. Otho.r polnts regirding fruit tree management 

were covered ahov. 

Sh'. it 'A':!!;;. Where there ar, stirong winds or t here is strong 
advection or wind erosion, sho ltorhoIt s increase crop yield, 

especially Of vegetables and legunes. Work on strip intercropping, 

summarized by Radkt, ind 1iagstrom (1976), has shrwn that the 

sheIterhoIts should he por)ix.diculat to t ho prevailing wind, 

spaced at interv,iaIs 10 to) 15 t imnotitheir heights and should be 

wind jx)r,aus . Cr010; she It ertd in thiis way often grow taller than 

they otherwise would, producO ira,-te dry maitter and larger fruit 

and vegetif iv yields., most ]y hocause of improved water relations. 
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DISCUSSION
 

KOZLOWSKI - When trees are widely spaced they produce conical
 

stems. They should, therefore, be closely spaced, so that they
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produce cylindrical stems, then thinned.
 

CANNELL - Wide spacing and basal pruning have proved beneficial
 
in agroforestry situations where other products are also
 
required.
 

BUDOWSKI - Studies in South Africa have shown wide spacing and
 
intensive pruning to be preferable to thinning, but the decision
 

depends on the labour available.
 

LOOMIS - Dr Cannell's presentation is a most elegant demonstra
tion of a systems type analysis for cause and effect.
 

CONNOR - Dr Cannell previously asked how systems analysis could
 
handle situations where there was a range of objectives. Systems
 
analysis is the only way in which all the objectives can be met,
 
but for any particular system the objectives must be specified
 
clearly. For example, to maximize the yield of one particular
 
component, with the constraint of no soil erosion and some
 
element of aesthetic function.
 

BRUNIG - If you take the information of Figure 5 of your paper
 
to infer in Figure 9(b) that options are narrower, you disregard
 
the interactions between the various compartments of the stand
 
as an ecosystem. For example, if you keep your tree density in
 
the early phases as low as possible with respect to your objec
tive functions, you will change the structure and functions of
 
the trees. At the same time, you will change the understorey,
 

and the nutrient, water and ene-gy regimes. There are means
 
available to describe and predict these reactions of the system
 
in ecological and economic terms which would also be useful to
 
agroforestry. An example is the model hierarchy which I
 

described in my paper.
 

HUXLEY - It is necessary to consider the ortimum populations of
 
mixtures separately from optimum populatiuns of sole crops. The
 
optimum population of a mixture is not necessarily the mean of
 
its two components.
 

RAINTREE - Linear programming is another good tool for handling
 
situations with multiple constraints and rultiple variables.
 

NAIR - The cultivars used in agroforestry are often not those
 

applicable to marginal areas. Experience with high input culti
vars has to be used in the agroforestry context because there
 
is as yet no other experience available. This could, however,
 
easily lead to wrong conclusions.
 

ALVIM - There is now a tendency to use wide spacings, for exam
ple box planting in Malaysia. Economic species are not currently
 
used for the box, but this could be done. Planting patterns of
 
this type are necessary for crops which do not withstand much
 
wind, such as cacao.
 

CANNELL - There are many constraints on spatial arrangements of
 
trees other than those which I mentioned, as you rightly point
 

out.
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TREE AND HERBACEOUS CROPS
 

M.G R. CANNELL
 
Institute of Terrestrial Ecology, Bush Estate, Penicuik,
 

Midlothian, Scotland.
 

ABSTRACT. A review is given of the effects of plant popu

lation in monoculture on the biomass production, yield,
 
and components of yield in a range of crop types used in
 
tropical agroforestry systems. These include timber trees,
 
fuelwood trees, fruit trees, palms, bananas, various root
 
crops, grain legumes and cereals.
 

INTRODUCTION
 

Information on the effects of plant population on the perfor
mance of diffetent tree and herbaceous crops is widely scattered
 
in the literature on forestry, horticulture and agriculture.
 
Reviews such as those by Willey and Heath (1969) and Harper
 
(1977) explain the principles concerned, but they do not bring
 
together data on the diverse range of tropical crops that are
 
grown together in agroforestry systems. An attempt has there
fore been made to summarize such data for (a) forest trees,
 
(b) fruit trees and palms, (c) storage rcot crops, (d) grain
 
legumes, and (e) cereals. For each crop, the effects of plant
 
population are described in the figures and/or text on (i) bio
mass production (or leaf area index) per unit area of land,
 
(ii) yield per hectare and per plant and (iii) the components
 
of yield. The sources of information are quoted mainly in the
 

figure legends.
 

TREE CROPS
 

Forest trees (Fig. 1)
 

Per hectare yields of trees have to be averaged over the years
 
since planting, giving the mean annual increment (MAI), which,
 

like the current annual increment (CAI), increases after plant
ing as the stand leaf area index increases, but decreases when
 

the trees age. MAI is greatest at the age when it equals CAI,
 
by which time there is often competition-driven mortality. The
 
plant population ('stocking density') and age giving maximum
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M. A. 1. 

Total 
woody 
biomass 0 

Planting density 
2000 "'200OOO stems/ha 

M.A. 1. 

MerchantableJ 

timber I 

Planting density
 
500 5000 trees/ha
 

Fig. 1. Effect of planting density on the mean annual incre

ment (MAI) of trees grown for woody biomass (branches and
 

stems of any diameter) and merchantable timber (stems above 
a
 

given diameter) . Note that there is an optimum density for 

woody biomass as well as timber production, and Lhat thinning 

will move the population in the direction A to F. Rcm-mber 

be small in diameter, but notthat closely spaced trees will 

necessarily height, and that, in unthinned stands, the number
 

of trees at harvest will be less than at planting owing to
 

self-thinning.
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MAI depend on the environmental resources, species and product
 

(Assman, 1970; Hamilton and Christie, 1974, Baskerville, 1965;
 
Cannell and Smith, 1980).
 

Ii the product is woody biemass of branches and stems,
 

without regard to individual tree diameter, then MAI maximizes
 
('culminates') at a younger age with increase in plant popula
tion, but the greatest MAI is achieved at a partio'iZar density
 
and age (density D in Figure la). This is because, at very wide
 

spacings the trees age physiologically and so produce less total
 

dry matter per hectare, before they reach maximum MAI, whereas 
at very close spacings maximum MAI occurs before the stand has
 
developed its full height, cambial surface and canopy depth,
 

and the stand 'stagnates'. Thus in pulpwood plantations the
 

asymptotic yield- density relationship does not hold over a
 

wide range of densities, although it does hold approximately
 
over the range of densities included in most studies (Cannell,
 

1979).
 
If the product is boles above a given diameter, that is
 

merchantable timber, or fuelwood with a certain minimum volume/
 

surface ratio, then stands at widc spacings become productive
 
soonest because they produce large individuals quickly. Stands 

at close spacings will have small diameter stems to begin with, 

but after considerable thinning or self-thinning these closely
spaced stands may eventually reach maximum MAI values (including 

only large diametered stems) similar to those of stands initially 

planted at wider spacings. In Figure lb thinning the trees moves 

the population from lines B to C to D to E and is desirable 

because it fsy fwr Ad t'ithe time of maximum MAI and also 
salvages the smaller individuals that would otherwise die and 

rot. Foresters normally prefer this policy - close initial 

planting and successive thinning (even 'precommercial' thin

nings) - because density stress suppresses branching (and weeds) 

and encourages self-pruning, which in turn increases the propor

tion of above-ground dry matter going to the boles, decreases
 
knot number and size, and decreases stem taper. Because of these
 
effects, the small tree crowns of density-stressed trees (at
 

desirable spacings) are efficient producers of merchantable bole
 

wood per unit of foliage and ground area (Assman, 1970).
 
In short, the forester's aim is to keep the degree of
 

density stress at a desirable level, balancing the benefits of
 
density stress on weed and branch suppression against its
 

undesirable effect on decreasing mean bole diameter (arid even

tually inducing mortality) and a delay in reaching maximum MAI.
 

And at the same time the forester recovers saleable thinnings as
 

soon as he can.
 

[ruit t 2and palr:m (Fig. 2) 

Tree populations giving maximum fruit yields per hectare are
 

much lower than those producing maximum dry matter per hectare,
 
whether the yield is fleshy fruits, seeds, or palm fruits. This
 

is because there is a precipitate decrease in numbers of fruits
 

per tree with increase in mutual shading resulting, at a criti

cal plant population, in decreased yield per hectare above, for
 

instance, leaf area indices of I to 2 in shade intolerant apple
 

in England, and above leaf area indices of 3 to 4 in shade
 

tolerant coffee in Kenya. Also, shaded fruits may not ripen
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properly and may be small, but there may not be much decrease
 
in the mean weights of individual seeds or shelled nuts.
 

The effects of plant population on dry matter distribution
 
in fruit trees depend on the species. In apple, very widely
 
spaced trees may produce few fruit because cross-pollination is
 
hampered. The optimum proportion of the total dry matter is
 
devoted to apple fruits at an intermediate plant population
 
which decreases as the trees get bigger (Cripps et aZ. , 1975).
 
In self-pollinated Arabica coffee a very large proportion of the
 
total dry matter is apportioned to seeds when the trees are
 
widely spaced and welJ.-illuminated, indeed so much so on young
 
trees that they can 'overbear' (for reasons given by Cannell,
 
1975). So, for coffee too, the optimum iies at some intermediate
 
population, depending on how the trees are pruned.
 

Oil palm is quite different; the proportion of dry matter
 
devoted to fruits increases as the palms get bigger, will
 
decrease if some leaves are pruned off, and will diminish with
 
an increase in plant population because the amount of dry matter
 
produced per palm will be smaller. However, the absolute dry
 
weight of the vegetative narts per palm is surprisingly constant
 
over a wide range of derisities, showing that the size of indi
vidual palms and their individual dry matter productivities have
 
to exceed a certain minimum before they will produce large 
amounts of fruits (Corley, 1973). Consequently palms need to be
 
grown at relatively wide spacings and plantations often have
 
only about 200 plants per hectare, as compared with over 400 for
 
apple and well over 1000 for coffee.
 

HERBACEOUS CROPS
 

banana.;
 

Bananas seem to be quite tolerant of increases in density stress,
 
largely because they produce suckers. Unreported 'fan' trials in
 
Jamaica have shown that tetraploid clones will yield similar
 
amounts per hectare over the range 1077 to 2389 plants per hec
tare. At close spacings the individuals produced fewer suckers,
 
fewer branches, fewer fruits per branch, but similari'. sized
 
bananas, and only marginally greater yields per hectare (pers.
 
comm. K. Shepherd, Banana Company of Jamaica). However, at very
 
close spacings ratoon yields could decline.
 

Fig. 2 (Oppo-itc) Effects of planting density on the bio
mass* and yield of tree crops. Apple!: from Verheij (1968,
 
quoted by Harper, 1977, his Fig. 7/17); values for 11th to
 
13th year after planting in Hungary. Stem base cross-sec
tional areas are linearly related to above-ground biomass
 
(Westwood and Roberts, 1970). The trees were pruned to bush
 
and spindle shapes. Coffoi : from Browning and Fisher (1976),
 
Kuguru (?Ia. (1977) and Cannell (1972); values for 4-year
old Cofj'e 2 a2abi_!a L. in Kenya. Bean (=seed) yields differed 
greatly between sites, but the trends with planting density
 
were similar. Oil palm: from Corley (1973); values for 7-year
old Elaci:; guinencnos Jacq. in southern Malaya.
 
*Biomass values refer to the dry weight above ground,
 
omitting roots and fallen leaves.
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Storage root crops (Fig. 3)
 

The per hectare yields of storage root crops usually increase to
 
a plateau with increase in plant, or rather stem, population
 
(cassava, Enyi, 1973b; potato, Ifenkwe and Allan, 1978a, b),
 
following a similar trend to the increase in total dry matter
 
per hectare. Although there are instances, such as in some tall
 
cassavas, 
where total dry matter and harvest indices decline at
 
high plant populations, this is 
not the rule. Increasing cassava
 
plant populations only slightly decreased the 
harvest index,
 
from 58 to 56 per cent in Tanzania (Enyi, 1973b), had no effect
 
in Malaya (harvest index 55 per cent; Williams, 1972), and in
creased it 
from 44 to 58 per cent in Sierra Leone (Godfrey Sam-

Aggrey, 1978). In tap root crops 
(beets, turnips, etc.) there is 
only a small decrease in storage root/top ratio, or no change at 
all. (Bleasdale, 1966; Currah and Barnes, 1979) . The most impor
tant factors affecting harvest indices in root crops are: (a) 
genotype: those varieties which divert a large proportion of
 
their dry matter to storage roots tend, unfortunately, to in
crease their foliage canopies, and hence total dry weights, 
rather slowly (for example, cassava, Cock, 1976; Cock ifIt, ., 
1977) ; and (b) size-gradinj, because in all root crops increas
ing popular iton densiLiy decreases the size of individual roots 
(or tubers, etc.). Thus relatively high plant populations will 
be desired for single-stmmed root crops, for an early harvest, 
or small roots, whereas lower populations would be better for 
multistemmed branching or trailing types, a delayed harvest, or 
large roots.
 

(F i (J. 4) 

The examples givezn in Figure 4 are not necessarily typical of 
the t roe spec es represented; they show only a part of the 
vari t iun in re{spons, to plant population within this diverse 
group of crop. Neate that the greatest yields per hectare typi
cally occur at populations much below those giving greatest 
total dry mat t.!r, but not always (see bush type cowpeas). Also 
the. economic opt imum populations are typically less than those 
giving greatest yield (because the seed is expensive), but not 
invariably. Plant habit is all important. The optimum population 

FIio. I-' ();o. [;) Effect of planting density on the growth and 
yie]d* of s<torAu(i root crops. Potato (<'01aan tube2,o<w71) ftom 
Ifenkwe and Allen (197Fi a, h) taking means for cvs D6sir~e aind 
Marns Piper main crops grown in west Wales at varying within
row spacings, averaged for rows 66 andcm 132 cm apart. Cassa
va (0t'Zn 12, , . .. Crantz) from Cock ,I al. (1977) for cvs M 
Co] 1080 (tall) and M Col 22 (short) growing in Colombia. Tap 
root crops: (a) r,uiot (Bleasda e, 1967; Currah and Barnes,
 
1979; Salter ,I :i., 1979); ,)tr;' (Bleasdale and Thompson,
 
1966); radjf'h (B easddale, 1967); too's ;[p (11ozumi and Ueno,
 
1954); and onio?.t (Frappel, 1973). (b) Size-graded yield of 
most root crops (including potatoes and cassava). (c) Red beet 
(Bleasdale, 1966); (17ob.,' hbt (see Willey and Heath, 1969). 
*Similar scales 
are used in the graphs of total biomass (total
 
above ground plus storage root) and storage root weights so
 
that trends in the harvest indices can be judged. 
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for soya ;bean,_by far the most studied species, varies from 
~70,0 per hectare, for profusely branched types in Tanzania 
Enyi, 1973a' to.almost a million per hectare from determinate, 
poorly branched types in the USA (Wiggans,' 1939) . 'Similarly', the 
~optimum p'pulation'for,'rundnuts in'East Africa varies fr'm 
about 90,000for prostrate, alternately branched types,'to over 

100 erect, sequentially-branched types (Laurence, 1974; 

Enyi, 1977).~
 

The mai reasonhifor this variation in response lies in the 
fact that.legumes which are indeterminate and spreading, yield 
by the continued production of branches and flowers over a long 
time period, whereas determinate types do not. The indeterminate 
types suffer a profligate loss of flowers if there is substantial 
mutual shading. Density stress does not necessarily hasten or 
synchronize flowering (cowpea, Erskine and Khan, 1976; ground

m
nuts, Gopalaswar , et al., 1979); so if indeterminate types are
 
planted at high densities they develop few fruiting nodes
 
(because they develop few branches) and, because self-shading
 
occurs early in their development, they develop few flowers per
 
node.' Relatively few of these may survive, or develop filled
 
pods, because mutual self-shading increases as the crop grows.
 
Determinate, erect types suffer less of these adverse effects.
 
In both cases mean grain weights remain relatively unaffected.
 

Cereals and maize (Fig. 5) 
Cereals such as wheat, barley, and especially rice (Yoshida, 
1972) give similar yields over 2- to 10-fold ranges in planting 
density, mainly because they can produce variable numbers of 
tillers to fill the space available. The plant population at 
which total dry matter production begins to plateau is usually 
also the population giving within 5 per cent of the. greatest 
grain yield (Donald, 1963; Fischer et al. , 1976). For wheat, 
this plantpopulation is lower for profusely tillering, or dwarf 
Norin 10 derivatives, grown with large fertilizer inputs in the ' 

tropics, than for poorly tillering or tall varieties grown with 
small application of fertilizer in temperate regions (see Figure 
5). The greatest yield seems to occur when the crop growth rate
 
peaks just before spike dry matter accumulation (Fischer et al.,
 
1976). At higher plant populations yields decrease, at least
 
slightly, because mutual shading leads to (i)'wasteful tiller
 
self-thinning; (ii)' fewer ears being produced per tiller; (iii)
 
leaf senescence; and (iv) a smaller number of grains being
 
produced per ear and per hectare (Puckridge and Donald, 1967;
 
Willey and Holliday, 1971). The harvest index decreases gradu
ally as plant population increases (Donald and Hamblin, 1976)
 

Fig. 4 (Opposite) Effect of 'planting density on the growth and
 
yield of grain legumes. Soya bean' (Glycine max L.) from Enyi 
(1973a) for a cultivar which produced most of its pods on side
 
branches, grown in Tanzania. Cowpea (Vigna unguicuZata L.)
 
from Erskine and Khan (1976); the, means of two bush type
 
cultivars grown in Papua New Guinea. Groundnut (Arachis 
hypogaea L.) fromGopaaswamyetal. (1979); a bunch Spanish
 
type cultivar grown on rainfed lands at Tamil Nadu, India.
 
Arrows mark the economic optimum planting density' in each case
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and at high plant populations net total dry matte;. production
 

may decrease (Willey and Holliday, 1971).
 

Sorghum behaves similarly, except that in long-season types
 

the greatest grain yield is obtained at much lower populations
 

than those giving maximum dry matter per hectare.
 

Maize is somewhat different, because it produces few
 

tillers, and because its inflorescences are hold low down on the
 

plant where they are easily shaded. Consequently, maize generally
 

exhibits a more distinct optimum population for yield than other
 

cereals. Mutual shading decreases both the number and size of 

ears, and the optimum population is lower in countries with high 
solar radiation receipts than in noLthwmsturn Europe (compare 

USA and England, Figure 5). The search for high yielding hybrid
 

maLze varieties has largely been for types which maintain a high 

harvest index at high plant populations (Bonaparte and Brown,
 

1975; Donald and Hamblin, 1976).
 

REFERENCES
 

Allessi, J. and Power, J.F. (1974). Eftects of plant population,
 

row spacing, and relative maturity on dryland corn in the
 

northern plains. I. Corn forage and grain yield. Agron. J. 
66, 316-319.
 

Assman, E. (1970). "The Principles of I'orest Yield Study". 
Pergamon Press, Oxford, New York, Toronto and Sydney. 

Baskerville, G.L. (1965). Dry matter production in immature 
balsam fir stands. L"'. .a. srpjh No.9. 41 pp. 

Bleasdale, J.K.A. (1966). Plant growth and crop yield. Ann. 
(" ). hut. 57, 173-182. 

Bleasdale, J.K.A. (1967) . The relat ionship between the weight of 

a plant part and total weight as affected by plant density. 
,!. ;, " . .; 42, 51-F,8]. 

Fig. .5 (Oppocit') Effects of planting density on the growth 

and yield of cereal crops. Wh'at: short (that is, dwarf and
 

semi-dwarf cultivars derived from Norin 10) spring cultivars
 

growing in Mexico, from Fisher ot al. (1976, their experiment
 
8), and a winter cultivar ('Gaines') growing in England, from
 

Thorne and Blacklock (1971, their Table 4); tall cultivars
 

growing in South Australia from Puckridge and Donald (1967)
 

and England from Holliday (1,60). 1 kg seed ha -1 - 2 plants
 
- 2
 m . Yield component data from Puckridge and Donald (1967). 

Alaioc: data from Illinois for an old cultivar from Morrow 
and Hunt (1891, quoted by Donald and Hamblin, 1976) ; Indiana 

cv. PAGSX29 (Fery and Janick, 1971); Virginia early maturing
 

cv. Va4 (Bryant and Blazer, 1968); England mean of three
 

early maturing hybrids (Milbourn t u.., 1978). The yield com

ponent data are from North Dakota for early maturing hybrids
 

(Alessi and Power, 1974). Ue 'jhum: Nigeria data are for a 

local long-season cv. Farfara and for the American short

season hybrid NK300 (Goldsworthy and Taylor, 1970). The 

Israeli data are averages for 2 years and 2 row spacings, for 

cv. RS610 grown on soil water reserves (Karachi and Rudich,
 

1966). The Sudanese data refer to unirrigated dwarf cvs 'Wad
 

Akr 51/3' and 'Plainsman' (Gerakis and Tsangarakis, 1969).
 



500 M.G.R. CANNELL
 

Bleasdale, J..(.A. and Thompson, R. (1966). The effects of plant
 
density and pattern of arrangement on the yield of parsnips.
 
J. 	hort. Sci. 41, 371-370.
 

Bonaparte, E.E.N.;.. and Brown, R.I. (1975) The effect of intra
specific competition or the phenotypic plasticity of morpho
logical a:.d agronomic characters of four maize hybrids. Ann. 
Bot. 39, 863-869. 

Browning, C. and Fisher, N.M. (1976). High density coffee: yield 
results for the first cycle from systematic plant spacing 
designs. K,:nya Coffee 41, 209-217. 

Bryant, I.T. and Blaser, R.E. (1968). Plant constituents of an
 
early and a late corn hybrid as affected by row spacings and
 
plant population. Agi'on. J. 60, 557-530.
 

Cannell, M.G.R. (1972). Primary production, fruit production and
 
assimilate partition in Arabica coffee: a review. Ann. Rcup. 
Coff'. Hoi;. Dtc, Ea ;,:. A,>:c , pp.6-24. 

Cannell, M.C.R. (1975). Crop physiological aspects of coffee 
bean yield: a review. J/.C)*fIj', , . 5, 7-20. 

Cannell, M.G.R. (1979). Improving per hectare forest productiv
ity. [Is "Proceedings of 5th North American Forest Biology 

1 2 0 16 8
 Workshop" (C.A. Hollis and A.E. Squillace, eds) pp. - .
 
University of Florida, Gainsville, USA.
 

Cannell, M.G.R. and Smith, R.I. (180). Yields of mini-rotation 
closely spaced hardwocds in temperate regions: review and 
appraisal. Fo) . iN'I. 26, 415-428. 

Cock, J.!. (1976). Characteristic.s of high yielding cassava 
varieties. LPl Ai3'>'. 12, 135-143. 

Cock, J.H., Wholey, D. and Gutierrez de las Cassas, 0. (1977). 
Effects of spacing on cassava. bixpi Ap'.. 13, 289-299. 

Corley, R.H.V. (1973). Effects of plant density on growth and
 
yield of oil palm. 1K:>'! Aprj-. 9, 169-180. 

Cripps, J.E.L., Melville, F. and Nicol, H.I. (1975). The rela
tionship of Granny Smith appletree growth and early cropping 
to 	planting density and rectangularity..1. o . .oC. 50, 
291-299.
 

Currah, I.E. and Barnes, A. (1979). Vegetative plant part rela
tionships. I. Effect of time and population density on the 
shont and storage root weights of carrot (1i]wwi(; Orota L.). 

,itin. ht. 43, 475-486. 
Donald, C.M. (1963). Competition among crop and pasture plants.
 

Aik,. Aqs :. 15, 1-118. 
Donald, C.M. and Hlam)lin, J. (1976). The biological yield and 

harvest index of cereals as agronomic and plant breeding
criteria. AO ]7",i2 , 361-405. 

Enyi, B.A.C. (1973a). Effect of plan population on growth and 
yield of soya bean. ,7. ons). .0'i. Cm(r. 81, 131-138. 

Enyi, B.A.C. (1973b) . Growth rates of three cassava varieties 
, Crantz) 


,]. OJ ' . :'' (Tusk. 81 , 15-28.
 

(in htot. 1:8('aLa under varying population densities. 

Enyi, B.A.C. (1977). Physiology of grain yield in groundnuts
 
(A),ohl : inpo7,a) . Ary! A g1 ,'. 13, 101-110. 

Erskine, W. and Khan, T.N. (1976). Effects of spacing on c',.:j.,ea 
genotypes in Papua New Guinea. Expl. Apr!'. 12, 401-410. 

Fery, 	 R.L. and Janick, J. (1971). Response of corn (Z rrny/s- L.) 
to population pressure. 1. 220-224.Cirop l1, 

Fischer, R.A., I. Aqui(ar, M., R. Maurer, 0. and S. Rivar, A. 



501 PLANT POPULATION AND YIELD 


(1976). Density and row spacing effects on irrigated short
 

wheats at low latitude. J. agrio. Sci. Camb. 87, 137-147.
 
Frappell, B.D. (1973). Plant spacing of onions. J. ho4t. Sci.
 

48, 19-28.
 

Gerakis, P.A. and Tsangarakis, C.Z. (1969). Response of sorghum,
 
sesame, and groundnuts to plant population density in the
 
Central Sudan. Ayiro. J. 61, 872-875.
 

Godfrey Sam-Aggrey, W. (1978). Effects of plant population on
 
sole-crop cassava in Sierra Leone. Exrp? AgTiic. 14, 239-244.
 

Goldsworthy, P.R. and Taylor, R.S. (1970). The effect of plant
 
spacing on grain yield of tall and short sorghum in Nigeria.
 
,J.agi,-,c,. ,Ed . CombL . 74, 1-10. 

Gopalaswamy, N., Elangovan, R. and Rajah, C. (1979). Agronomic
 
and economic optimum plant densities for rainfed groundnut.
 
Indoc J. ,'. 17-21.1ar. 49, 

Hafiilton, G.J. and Christie, J.M. (1974). Influence of spacing 
on crop characteristics and yield. ['or. CorTn. Bull. 52. HMSO, 
UK.
 

Harper, J.L. (1977). "Population Biology of Plants". Academic 
Press, London, New York and San Francisco.
 

Holliday, R. (1960). Plant population and crop yield: part I.
 
Fi,:, C'o',, Ab, oo,'.: 13, 159-167. 

Hozumi, K. and Ueno, Y. (1954). Spacing experiments on the growth 
of root vegetables. I m: (.C .. >. Kyoio Vn zi. 10 (Bpt. 
,;, 2'. No. 3), pp. 1-20. 

Ifenkwe, O.P. and Allen, E.J. (1978a). Effects of row width and 
planting density on growth and yield of two maincrop potato 
varieties. 1. Plant morphology and dry matter accumulation. 
:. ',: :. .':. <'a . 91, 265-278. 

Ifenkwe, O.P. and Allon, E.J. (1978b) . Effects of row width and 
plant ing dens ty on growth and yield of two maincrop potato 
variet ies. i1. Number of tubers, total and graded yield and 
their relat ionships with above-ground stem densities. J. 

:U?'<.,.; 'n7: . 91, 279-289. 

Karachi, Z. and Rudich, Y. (1966). Effects of row width and 
seedling spacing on yield and its components in grain sorghum 

dryland dovo.grown under conditions. 0. 58, 602-604. 
Kuguru, F.M., Fisher, N.M. , Browning, (. and Mitchell, H.W. 

(1977). The effect of tree density on yield and some yield 
components of Arabica coffee in Kenya. ('oj'j'.i li'U5.Stn,

[,I¢, Mimepo.' }' ,z/i. 

Laurence, R.C.N. (1971). Population and spacing studies with
 
Malawian groundrut cultivars. A.pl Ag: . 10, 1/7-184.
 

Milbourn, G.M., Tiley, G.E.D. and Carr, M.K.V. (1978). Plant
 
density for grain maize in southeast England. E'pl Agrie. 14, 
261-268.
 

Morrow, C.E. and Hunt, '.F. (1891). Effect of plant population 
on the corn yields. 1I. A !'. '.'tt. 1Bull. No.13. 

Puckridge, D.W. and Donald, C.M. (1967). Competition among wheat 
plants sown at a wide range of densities. Au4;1.. W. aOC]'ic. 
16!r!. 18, 193-211. 

Salter, P.J., Currah, I.E. and Fellows, J.R. (1979). The effects 
of plant density, spatial arrangement and time of harvest on 
yield and root size in carrots. J. agric. Sc'i. Camb. 93, 
431-440.
 

Thorne, G.N. and Blacklock, J.C. (1971). Effects of plant density
 



502 M.G.R. CANNELL
 

and nitrogen fertilizer on growth and yield of short
 
varieties of wheat derived from Norin i0. Ann. appl. Biol.
 

.78, 93-111.
 
Verheij, E.W.M. (1968). Yield- density relationships in apple:
 

results of a planting system experiment in Hungary. Inst.
 
voor Tuinbouwtechniek, Wageningen 37, 1-31.
 

Westwood, M.N. and Roberts, A.N. (1970). The relationship
 
between trunk cross-sectional area and weight of appletrees.
 

J. Am. Soc. hort. Sci. 95, 28-30.
 
Wiggans, R.G. (1939). The influence of space and arrangement on
 

the production of soyabean plants. J. Amer. Soc. Agron. 31,
 
314-321.
 

Willey, R.W. and Heath, S.B. (1969). The quantitative relation
ships between plant population and crop yield. Adv. Agron.
 
21, 281-321.
 

Willey, R.W. and Holliday, R. (1971). Plant population, shading,
 
and thinning studies in wheat. J. agric. Sci. Camb. 77,
 
453-461.
 

Williams, C.N. (1972). Growth and productivity of tapioca
 
(Manihot utiliasima). III. Crop ratio, spacing and yield.
 
Expi Agric. 8, 15-23.
 

Yoshida, S. (1972). Physiological aspects of grain yield. Ann.
 
Rev. Plant PhysioZ. 23, 437-464.
 

See previous paper for DISCUSSION.
 



31
 

PHENOLOGY OF TROPICAL WOODY PEPENNIALS
 

AND SEASONAL CROP PLANTS WITH REFERENCE TO
 

THEIR MANAGEMENT IN AGROFORESTRY SYSTEMS
 

P.A. HUXLEY
 
International Council for Research in Agroforestry,
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ABSTRACT. Adapted plant species should be 'matched' in
 
agroforestry so that they complement one another in their
 
time dependence for environmental and management resource
 
sharing. A knowledge of phenological mechanisms and
 
responEes has, therefore, considerable practical value.
 
With tropical woody species the onset of rest may be
 

decided, primarily, by the ageing of leaves. It will thus
 
be regulated by any environmental or endogenous stresses
 
that hasten leaf senescence: for example by drought or by
 
fruiting. With such a system renewed vegetative growth can
 
then be centred on times when the environment best suits
 
it, and a generalized growth regulating mechanism of this
 
type is well adapted to the vagaries of tropical climates.
 
It does not preclude additional specific regulation
 
through, for example, photoperiodic control. Tropical her
baceous crop species, or cultivars, need to be selected
 
for particular growing seasons and with special reference
 
to the water budget and to day and night temperatues.
 
Cotton, maize and cowpea are given as examples. Matching
 
the woody and herbaceous components is the final stage of
 
finding effective plant combinations.
 
Recording plant phenophases in relation to environmental
 

change in the natural, indigenous state is easily accom
plished; it provides information about adaptability, as
 
well as possible phenological complementarity. Once geno
types are chosen the next most important concern is plant
 
manipulation and how this modifies phenology. For woody
 
perennials manipulations are limited to relatively few pro
cesses; removal of plant parts at appropriate times in
 
order to entrain subsequent phases of growth and flowering
 
is likely to he the most effective. For herbaceous annuals
 
time-of-sowing is the most influential time-related pro
cedure. rhe need for more information about juvenility
maturity- ageing sequences, and about 'below-ground' pheno
logy for the wide range of multipurpose tree species being
 
used in agroforestry is noted. All agroforestry field re
search should include simple plant phenological studies
 
wherever possible.
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INTRODUCTION
 

Phenology is the descriptive study of the behavioural character
istics of organisms in relation to their environment. Phenometry
 
being the quantitative measure of life cycles or specific pheno
phases. Their value with regard to ecosystems analysis lies par
ticularly in the understanding they provide of plant responses
 
to climate (Lieth, 1970, 1974).
 

Stone Age man was a good practising phenolonist - he had 
to be in order to gather plant products effectively, and to know 
where and when the animals he hunted would be feeding. For more 
modern land users a knowledge of phenoloqical relationships also 
affords the opportunity to select plant clenotypes and manaqement 
practices in a way which will optimize p1lant productivity, and/ 
or obtain particular products from the land at the time of sea
son at which they are required. 

When plants of different kinds irow toerether the effective 
sharing of environmental resourc. s depends on Loth their spatial 
and tempoiaI patterns of distribution and actitivy. 'lhe! spatial 
re1ationships have been dealt witLh in d(,tail by Cannel] (see 
p. 489, thic volume) . My contriilut . deal : with temporal rela
tionships, hut it i.snot intended as an in-depth review of 
tropical pilant phenoloqy as such (for exanple, see, extensive 
references in Alvim, I1904; luxley and Van Eck, 1174; Lieth, 
1974; Whitmore, 197,; Borchert, 1176; Alvim and Alvim, 1978; 
Hallti, c I'71; 1'71)). i.s, a summaryI., Put;rr, It rather, of 
some relevint aspects which ar,, brie fly related to the design 
and management of agroforestry land use systems in the tropics 
and subt ropics. 

''IlEBACKGROUND 

Diff rtnt plnt ; evolved a wide rangeitpeci- have of behavioural 
stratorqioje to e'nah],d them to occupy various ecolo( ical niches in 
all kinds of cl imat,,s. hlow(,ver, in ovr 200 years of continuing 
invest igat ions on cl imat,rand plant productivity it is only 
recently that our knowldo , of th- ,'ffcts of individual climatic 
factors tn )articular plant joctese s has taken a sienificant 

step forward (for ixamp] a -s .'., L 1'72; Evans, 1975; 
Monteit-h, 1175; Cariri, l iand I,ast., l')7(.;; A]vim arid Kozlowski, 
1977; Goodal l : ., l171)). Much roms to lie learnt, however, 
esp-ciallly cor, ire in teractar cliiatic factors (seeth, trs of 
also Kozlowski and lhlxl' y, this volllll'fe, and the' effects of c.i

mat ic 'noise'. 'INhl'y 1: <is, t dcsarth (of s),cific information 
for hundred:; of us! ui I ee t i, inc ldie rirlriy )f the miltipur
pos . tree:; whir :r-an h. va1llabil ill tdr,/for's?.r'j systelms. 

'I'h,'trap ics; tnd subt:opics iri, x(cit irn; plac in which to 
study phe noloqcy h-lcause of the vei-/ wiil' rari(?, of climiaritic zones 
which exist , ilrivalvisl(l a soara l, wet troics toahi(Ilhly-seasona , 
senmiarid ald Itid l-e(1iolls, with oith, r winter (or summer rainfall 

and a variety of t ,.rnietr ore r- ( ili's. '1lt -Se provide( a col)lex 
climatic Iiatirix within which to in'e;tiate the. behaviour of 
vegetat-ion; or of- part..ictllar colnipolient- speci-s. Climat ic Cotmplex
ity is increasod further by the Iar i<- ;ea-son-to-season variations 
which oft't-in exis-;t, 'Is well as tho widbe ranep- of tpoclinlatic 

changes which ilmay occur within a comijarat iveyy short distance in 

broken or undulatinur land (Huxley and Badle, 1964). 
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Against this background it is not surprising that a number
 

of different hypotheses have arisen to account for the recorded
 

behavioural responses of tropical vegetation to changes in par

ticular climatic variables - especially with regard to tropical
 
trees. In the next section I want first to summarize these.
 

TROPICAL TREES AND SHRUBS: PHENOLOGICAL TACTICS FOR ENVIRON-
MENTAL STRATEGIES
 

Exogc. UO0cSi~6 oont5Q5i~o S 

Some degree of veaetative urowth regulation is a feature of many
 
ligneous tropical species. The initiation of growth has been
 

attributed to the occurrence of rain (Richards, 1952; Holttum,
 
1953), an increase in air temperature (Murray, 1961; Sale, 1970) 
or an increase in the level of incoming solar radiation (Alvim, 
1964), a decrease in air temperature followed by a rise (Jeffers 
and Boaler, 1966), and to fire (Hopkins, 1970b). As well as to 

combinations of these factors which, in any case, are sometimes 
confounded. The onset of rest has been attributed also. to numer
ous climatic factors. For example, to seasonal drought (Koriba, 
195R; Alvim, 196,4; Hopkins, 1970a, b) , low atmospheric humidity 
(Wright, 1905) , photopriod (Njoku, 1964; Longman, 1969; Hopkins, 
1970a, b) arnd th(ropriodism - more particularly low night 
temperatures Longrrin, 190)) . 

Many (early workers, in addition to evoking exogenous 'cues' 
for particular girowth and dovelopment phenomena, pointed to the 
apparent ,,xi ste.nce of eridogenous rhythms in tropical woody per
ennial speci (Richards, 1952) . A premise which we know, from 
experiment I w,)rk in un i form unvi ronmenta] conditions, to be 
val id (fr ,xamp (l,, Gr(-,ithouse, c ct. , 1971, with cacao). Models 
of plant orowt-h htv since h,,en proposed (Thorniey, 1972a, b; 
Borch(rt_, 1'73) which would result in such rhythms, based on 
feedback mrc<h.aniiso between shoots and roots. Finally, the 
dependence of moany species on photoperiod to promite flowering, 
even within the relatively siall daylength changes which occur 
in tropical reiiono, is very well documented (for example, Vince-
Prue, 1975). 

What we have been outlining up to now are the tactics which 

plants adopt to achieve Farticular adaptive life strategies, 
that is patttrns of orowth and development which enable them to 
survive, a;i] to reta in their share of resources in association 
with other plant sp(ci ,s. To b succssful in many tropical re
gions wit h year-to-yoar cliimatic variations, these strategies 
may best delmnd on alt(,rnat ive sets of tactics . Or at least not 
be too infltxi bl, if the timing of growth and flowering is to be 
optimal ly idjusted to tropical climatic vagaries. Huxley and Van 
Eck (1974) suggested that such a scheme is fulfilled if there is 
a general underlying conLol of vegetative growth which is regu
lated by the physioloical ageing of the leaf canopy as influ
enced by utsy environm(ntal stress factor, as well as by endogen
ous factors. Effectively this will regulate the activity of 
shoot apices by controlling the balance of growth promoting and 
growth rctarding hormones (Borchert, 1978). After the onset of 
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rest, renewed growth may depend, at least for some species, on
 
no more than the occurrence of the next set of favourable cli
matic circumstances. This sequence will tend to centre periods
 
of maximum vegetative growth on times when the environment best
 
suits it, either for individual species (see details in Huxley
 
and Van Eck, 1974) or for the woody vegetation as a whole
 
(Fig. 1).
 

1.3r- Vegetativ 
e 

1.2- growth /--

1.0 

*E Leaf fall
3 0.9 

0.8S0.6r 
0'6 Flowering................ 
0.4_ 
0.5 Fruiting 

I I I I I I I I I I I
 

J F M A M J J A S O N D
 

Fig. 1. Overall seasonal trends in vegetative arowth, leaf
 
fall, flowering and fruiting of woody perennial species near
 
Kampala, Uganda. Mean values of all recorded specimens from
 
Huxley and Van Eck (1974). The phenology of individual spe
cies varied considerably even to the extent of different
 
specimens being out of phase with one another (see original
 
paper for details).
 

Such a generalized scheme in no way precludes further regu
lation by additional mechanisms involving specific environ
mental requirements. For example, daylength (IllZdcqardia 
baitorzi, Njoku, 1964) or relief of high plant water potentials 
(Coffei oa'>[,(, Browning, 1973). 

Many tropical and subtropical species of trues and shrubs
 
flower on current season's wood, and subsequent fruit develop
merit is, therefore, supported by a relatively fresh canopy of
 
photosynthetically active leaves. The exhaustion of the plant's
 
carbohydrate and nutrient reserves during fruit maturation will
 
itself tnen bring on leaf senescence; a sequence which 'entrains'
 
the subsequent cycles of vegetative growth and fruiting (for
 
example, in coffee, Cannel I , 1971 ). 

Manipulating woody plants in tropical climates so as to 
optimize production through 'entrainment' is one of the most 
demanding of management techniques, and one which is very rel
evant to the proper use of trees and shrubs in agroforestry sys
tems. 
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Evergreen/deciduous habits 

What has been said above helps us to relate the behaviour of
 
widely distributed woody species which, according to the climatic
 
stress imposed, may appear evergreen in one ecozone but semi
deciduous, or fully deciduous, in another. The 
same applies to
 
individuals of species situated in the same ecozone but at dif
ferent sites, and, in some cases, for example mango, even to
 
parts of the same tree.
 

The coincidence in any particular zone of species which
 
adopt 
an evergreen strategy, and others which are deciduous, is
 
commonplace (Ellenburg, 1979) and, where it does occur, must be
 
the evolutionary outcome of many physiological factors. For
 
example, in Mediterranean-type climates both drought deciduous
 
and sclerophyllous evergreen species coexist, depending in part,
 
it has been suggested, on the net carbon economy for individual
 
species of either shedding and egrowing a leafy canopy, as 
com
pared with sustaining the respiratory load through the unfavour
able season (Mooney and Dunn, 1970).
 

If we are going to introduce new woody agroforestry spe
cies it will clearly pay to study their phenology in their
 
natural habitats and compare this with what happens in 
new ones. 
This takes a little time but it will well repay the effort. 
There is now, for example, growing literature on jojoba pheno
logy (,,Z. v:i, ",+'".f) (Humphrey, 1975; Haase, 1976; Brooks, 
1978a, b; Forti, 197H; Hogan, 1979) which can help provide guid
ance in choosing suitable zones for this interesting new crop
 
species.
 

HIERBACEOUS SEASONAIL PLANTS 

Entrainitifnt of rowth and development so as to take advantage of 
favuerabhl clil:it is periods is much simpler with herbaceous sea
sonal plants. Ill tht natural state this is often resolved ini
tially by some form of growth regulation imposed through the 
seed (P1b9rte, I)72). As this creates difficulties for the farmer 
such .; ed dormancy mechori isins have, it the main, been eliminated 
by p ant bredors for the major anricultural crops; although 
for sters often still have to contend with them 

Ill order to maximize productivity at any particular level 
of input:s, in] ill any chosen placo,, appropriate cultivars of any 
crop spfif .e;must h, Sclted so as to match closel', the environ
mntal ri!s;i'rc-s ivailill a throughout the growing Thusseason. 

the, ov,. .il] and ;pecific chairactristics of the climate must fit
 
the plata' tiai rint s for nirmiatiani, early seedling growth, 
br'aichin) ad da volomrnst of nmaiin vegiat, ive structures, flower
i 111 an;d fI tl gl h and maturation. Of course, this applies to 
tre; ! ani ;hrub,; also, but, a key differs nce is the greater 
manme. t. flxihil it.y for hierhaceous crops which manipulation 
of ti m of sawitg , la(,w:;. Changii the plant population is also 
,d pow,rful Iiatieqseit tol which is more flexibly and cheaply 
appl i(, to ,'rbacoas crop;, but this is dealt with by Cannell 
els'whr ill t, volumt, (se p.. ') 

Thti,. is orily room here to ;elect three examples from the 
consid r.ibl,, wurk whici has been done on tropical crops. Cotton 
is chosoll t, i l lustra to a) relative!ly limited but useful approach 
to climati c fit.; maize, hecause there has been a particular 
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- problem to, resolve (late planting yield l o s s) ; 'and cowpea to 
note'the very detailed, studies of the climatic factors aft&Iting 

stago f growth and Idevelopment,which need to be investi-I 

gatdbthrough both field and controlled environment studies, if 
a-thorough understanding of the effects of climate are to be ' 

iachieved. 

~ Cotton an ae availability 

The classical work done at Namulonge, Uganda, during the 1950s 
to rclate cotton growth and development with water use and 
availabil'ty is a well-known example of matching a crop 's needs 
to a major.climatic factor (water), using a stochastic approach 
(Rijks, 1967). 

Rijks defined the optimum sowing date, or period, as the 
time during which a crop must be sown in order to be likely to 
experience 'the most favourable combination of factors that are 
relevant in obtaining maximum yield. In agroforestry the complex 
of factors involved must of course also include the interactions 
-- biological and managemental -with one or more woody peren

nials and, perhaps,, with other crop species. In fact, no single
 
environmental factor decides yield and even if the rainfall/eva
poration regime is seen as a major influence, there are others
 
of considerable significance. For example, with cotton, the in
cidence of pests and diseases and the effect of climate on these
 
is always a crucial issue; and solar radiation and the tempera
ture regime are clearly important, even though they have been
 
less well studied.
 

Figure 2 shows, from some of the earlier work, how yield . 
and, the water regime were related at two specific sites; present-" 
ing the data in such a way that the probability of receiving 

I 	 rainfall at these sites is clearly brought out. The result of 

this work, by the then Empire Cotton Growing Corporation, en
abled cotton breeders and agronomists to select cultivars for 
particular climatic areas with much more precision and under
standing then would otherwise have been the case. 

Maize and heat units 
Maize provides another good example of a. crop species .where 
yield is highly dependent on timely sowing, as numerous field 
studies have shown (Cooper, 1975). Indeed, this restraint is 
commonly found with many long-season tropical crops grown under 
summer rainfall regimes. With maize, at least, this is partly 
due to the plants' needs for continuous, relatively high, am
bient air temperatures, and partly due to the adverse effects of 
cool soil' temperatures, especially in the seedling stage
 
(Cooper, 1979).
 

Fig. 2 	 (Oppoaite) Change in yield with change in sowing date 
and rainfall pattern at a station with unreliable (Kawanda) 
and reliable (Bulindi) second rains. A - yield and sowing 
date forKawanda. B - 1:1,confidence limits of rainfall at 
Kawanda during the cotton season and estimated crop water 
requirement (broken line). C - as A, for Bulindi. D - as B,
for Bulindi. After Manning, unpublished. From Rijks (1967).
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Growth, development and maturation of maize have been found 
to be broadly correlated, for any particular cultivar, with the 
number of 'heat units' received. In view of the complex rela
tionships bctwepn climaticr factors and plant growth and develop
ment which detailed investigations invariably uncover (see cow
pea, below), it seems remarkable that the relatively simple 
integration with time of mean temperature above a base can pro
vide a means for predicting th duration of various stages of 
plant development and the time to final maturation. Even more so 
when it is clear that in tropical areas the heat balance is very 
variably correlated with incoming solar radiation, because this 
relationship depends on the weather in the previous period and 
factors affecting net radiation and its partition into sensible 
heat and evapotranspiration (Huxley, 1373) . Nevertheless, for 
maize and other crops, oariculturists do find the heat unit con
cept a useful albeit somewhat: crude tool, and it has been the 
subject of much evaluat ion (Arnold, 1959; Wang, 1960; Allison, 
1963; Brown, 1963, 1969; Dijkhuis, 1971; Caprio, 1974; Carr,
 
1977).
 

MeasurIng th.i inttqr ition of temprature with time can be 
both cheap and efficient , for example by using the sucrose in
version technique (Be rthet, 1960; Lee, 1969; Jonec 1972) with, 
perhaps, ;i 'rovinre' stat istical sampl ing as suggested by Wilm 
(Rieley ,I . , 196)) . 'Thr, is muchIto be soid for such a prag

to I prel,]ictive wematic approach Iin(s'r,m ,t s in plinology and 
need to simplify ti'niques md dapt thon to bo less costly. 

In asrufor :ot ry th(. offect of the tles or shrubs on the 
environment ,f Ii, , ss, cted f iric IturaI crop species can be 
highly relevant . Chars(',s in soiI te,mperature bei ng a case in 
point. llow,, , ach !;it isat ion he:i; to h(e considered carefully. 
For exampl , l hasiT 1ow so i I ttilp(ratures cll he det- riment a1 
to the arl'. rowt , !;1 of na t, 'oya and at hor grain(s with 
legumes': unduly hi(II :;Oi 1 t;(ml, raturec it germination are to be 
avoided (Sin, , 1( )7 . hI , sit uat ion -. any auroforestry system 
will be coajl)ll .X, ted it r qsi .; detailed s tudy in relation to 
time of S.aoSar and th SI, o1 ' irowth of accompanying crops, 
using al 1 lie .v.ilaibl' in format ion that: can be gleaned from the 
literature. 

Cow':1,'1 cU. 9:* rs 

Extensive studi(,; both in the field and in controlled environ
ments have ciiit r iliutd:d to our knowledge of phenological respon
ses to climatic fatar!. for this; species. It provides a good 
example of the vsilie, Oif comibinrins tb's, two experilienta1 
approaches (!;i Kozl owskl and lluxIcy, tit vo1111e'). Yield poten
t-ial inl cswpea, as wil i th r qtaini lt(UiltS, i. critically 
affected ltOth by thi dvl topli'nt of itb pljit'; veg(tative 
structure ilnd thi' initioit-ion, girowth ini llaturaitior, at the 
appropriate t ime:;, ind for the optimumtliriat-ion, of tie repro
ductivo ,lemit. 'lse ]r~ct'stcs are llarkrdly affected by day-

Ill ni I (Iluxl( ylengt:h, (day t oliltn'ic I i n htI 'llietit tire and 
Summerfield, 1)7(i) (;ee F'iqur ) 3). 

Dayl engths blhiw tit, critiitl will !;lortestei the vegetative 
phase of the plaint a ffect ing adver;i. Iy thl(, potential number of 
fruiting pointo; whi (cain d(ive 1,ip; warllday temperatures can 
increase vooietaLiv' growt:i in tlie period up t:o flower initiation 
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Fig. 3. Effects of treatments on dry atter production (g 
plant -1 ) of cowpea cv. K 2809 at various stages of growth.
 

(a) and (1)) - Pre-flowering 11 and 25 days after sowing. 
(?) - Early/mid podfill .17 days after sowing. (d) - Final 
harvest 77 to 105 days after sowing. In these interaction 
diagrams the solid thick lines represent the effect of rais
ing the night- temperat are (- ) and dashes that of raising 
the day tomprature (---) in the 13 h 20 daylenath. Equiva
lent thin ]ines reprosent these effects in the 11 h 40 day
length, thus the relatiw positions of t-he various day- night 
temperature comhinations, ('C) are donottd hy (1) for 27-19, 
(2) for 31-19, (3) for :7-24 and (1) for 33-24, as indicated 
in (b). From Iluxl(y and Sunmnerf ieh] (1976) . This was one of 
the early, significant results of a programme initiated by 
P.A. Huxley and t-he, later A.P. liihes in 1971 at the Plant
 
Environment lahora tory (H,) , Unive:rsity of Reading, UK,
 
(funded hy th(. Br it ish Overs',as; Developmnent Ministry) , which 
has subsuqutnt:ly ,xpan(,d to cover invstiga tions on the cli
matic rosponses and th( nitrge',n nut rition of several grain 
legume species. Readers interested should write direct to 
the PEL. 

but also shorten t hf l, riod of seed maturation; warm night tem
perat-ure!; can reduce the pr'rod to flower initiation. Further 
work (for exampl,, Steowart i't i/ ., I 90) has helped to explain 
the detailed effects of- climate on flower and fruit development. 
Warm days can reduce the numher of nodes at which peduncles are 
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formed, they increase the number of peduncles aborting or growing
 
poorly, as well as the number of flowers and pods which abscise.
 

Cool nights following warm days increase flower abscission, but
 
cool days followed by cool nights enhance flower retention.
 

Resolving the climatic needs for all the complex stas;es of 
growth and development of plants as complicated as the grain 
legumes, in which nitrogen supply is additionally dependent on a 
symbiotic association and interaction with rhizohium may seem a 
hopeless task. But the results of a combined approach of labora
tory, controlled environment and field work has now enabled us 
to determine the pattern of programlming and response for this 
group of plants to a point where it. is feasible to fit the spe
cies and cultivars so far investigated to specific enivironments 
and production systems. Or, conversely, to arrive at reasoned 
explanations for their climate-rela ted success or fii lore on any 
one site, or in any one s,-ison (ISumurfiel d and Buntin ' , 19H). 
This type of netailod knowl,,do will clfarly not be available 
for all but a few of tile spec of interest, but who.-ever such 
information can hij obtained it will1h1 lI ) to make the disiqn of 
agroforestry sy stems inifinitely mor(e precise, their management 
more rational, and th, oeutcome, more predictable. 

These three. exai '1a - co ton, maize , and cowpea - illustrate, 
in increasing dotil, h,w comple2x the many stages of growth and 
development at,, and, in io siiai meusure, the reason why in the 
field it I,; often f- I flomn eas' to e'xplain the grass effects of 
weathtr. FUritli[me,, the '' at which environmental changes 

are imposed is, in many cads(.;, critical in roelation to particular 
development phass of th, piant. Thus the complex environmental 
intorrelatiorn:;Ili v ,ftc ig ttha tphenol ogy of the' woody and 
herbaceous specis in on air,.fo astry mllixtur wi ll net- a1 ways be 
easy to idein tfy or t') (1iant: fy. Nowrthe loss, as our knewi edge 
of the influencr of n ae(Ioforf-stry plalit collponent on another 
builds up, tLirousli t to,/c'op Irtur-I ce studi, s , a useful level 

of prediction is likely. 
One other point. M..'/iOf Our IIKOSt SUCceSs isl1 crop plant 

selections aro not just tlies,.- we ll ad,aptod to grow, flower and 
fruit vigorously in any pirticulia cimat e but probably, also, 
those less likely to sufffor from rinvironmonta] stress. For ex
ample, with cowpea gr'wth cabinet studiet have shown that, in 
tLori,,S of overall s,,d yield, sone- cowpea cultivars are ins rlsi-
Live to daylenIgth climuigs, or t'o night tiIllperattures , o to both 
(tluxley end Sununlrl-ia ld, 1 Surimier fiold and Wien, Cul-P)-16; 1979). 
tivars of herbaceous cropp il:; whi,:hita high yielding but 

have a suiall jenotypt, x rtvirorimtunt intcration (G x E) could, 
perhiaps, be the s ;oot cn:1i ,icefor agrofor(te-try systelns, particu
larly where marked tiemiporal inicroenviroimental changes are 
likely to be impo.e;ld on the lower st oreys. 

TilE VALUE OF STUDIYING NNIUhIAL PItN:1O,1O GICAI. STATES 

Plant phenolog iceal :tludio; can be of this simplest kind, involv
ing only a stris of ob {irvaton; of thme plant accompanied by 
meteorological and soil data (soil water status and soil tempera
tures, if possible). Obviously more sophisticated measurements 
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can be made to help elucidate specific plant responses. For ex
ample, one might wish to check plant water potentials, or bud
 
temperatures, and so 
on. For the current level of agroforestry

research a weekly or fortnightly record of the state of vegeta
tive growth (Shoot growth occurring or not), leaf fall, flower
ing, the presence of fruit and whether or not 
root extension is
 
occurring in the topsoil, may well be sufficient. Table 1 gives
 
a more complete list of phenophases and it serves also to remind
 
us of th2 complex and parallel series of steps which have all 
to 
be completed for any plant to achieve maturity. 

There is a very extensive literature relating types of 
tropical vegetation to particular climates (e.g. Ellenburg and 
Mueller.-Dombois, 1967; Walter, 1973, 1977) and , apart from hot, 
wet, aseasonal climates, a rather important -jvision needs to be 
made between climates with rain during the cool season, and those 
receiving mono- or bimodal rainfall in the I )ttest part of the 
year; either as a consequence of a true monsoon-type air circula
tion, or through the north-south transition of a convergence zone 
(winter or summer rainfall climates). This is because a consider
able body of el'idence suggests that perennial woody species, and 
grasses from -aese two types of climate may often possess some
what different growth regulation syndromes. 

Woody species adapted to winter rainfall regions have often 
developed a veget:ative growth regulation mechanism which is 
broken, naturally, by a greater or lesser amount of winrer chill
ing. Chemical means (for example, using di-nitro ortho-cresol), 
or end-of-season defoliation can sometimes achieve 
the same
 
effect (see Ruck, 1975 for fruit trees). Moving such species to
 
summer rainfall areas may, obviously, bring problems. Some of
 
our promising species of multipurpose trees (for example, Cora
ton Z"a .iiqu1, n aI?*line,a,'?a:;t.,,t0m)originate in winter rainfall
 
areas and this should be taken into account when including them
 
in trials 
 in summer rainfall climates. Some simple comparative
 
phendloqy should quickly indicate whether there are 
 any diffi
culties.
 

The reverse process of moving summer rainfall species co
 
winter rainfall areas involves less problem of growth regulaa 
ting mechanisms than of achieving optimum temperatures for car
bon fixation, distribution and utilization during the time of
 
available water supply.
 

Some tree species useful in acroforestry appear to be very
 
widely adapted. For example, species of Acacie such as A. 
tor til'li:!, see Kazmi (1979), or A. albi*daz, see Halevy (1971); 
Filcu.en bin:jambrz , /o' Gi: [ l ; iz'?ibtu;,,, andam: . , some
 
Eucaly)tza species, see Food 
 and Agriculture Organization (1976), 
to name but a few. Foresters are well versed in 'provenance 
testing' but appropriate selection procedures for multipurpose 
species to be used in agroforestry should be carefully borne 
in
 
mind, and some evaluation of the genetic fitness or flexibility
 
of different species needs to be undertaken. The separation of 
genetically and environmentally induced phenological responses 
is critical (Flint, 1974), 
but work on potential agroforestry
 
tree components is not well 
advanced and only fragments of in
formation are available (for example, Peacock and McMillan (1965)
 
for American Pr'Oenopi, and .''aia, and Halevy (1971) for Acacia 
albidi in Is.ael). 

http:Filcu.en
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In such investigations not all woody species will show
 
obvious indications of non-adaptability in the form of an out
of-sequence vegetative dormancy or growth flush, but their
 
phenological behaviour may still provide some evidence of un
suitability. For example, an increase in frequency of growth
 
flushes (for cacao, Sale, 1970) is just such an indicator. As
 
may be early leaf senescence/leaf fall, early or intermittent
 
flowering/fruiting, and either premature or unduly delayed fruit
 
maturation. All that is needed 
to obtain such data is a carefully
 
conducted set of field observations and some meteorological data.
 
If the phen, logy of a woody species is carefully studied in rela
tion to the climate in its area of natural distribution some use
ful pointers immediately become available as to its management in
 
other, supposedly suitable climatic zones.
 

PHENOLOGY AND PLANT MANAGEMENT IN AGROFORESTRY SYSTEMS 

Pee.to to; ice'1 ,,ers/,'?: t t. " . 

Much of what has been said so far has emphasized the importance 
of the hehaviour of the woody component in an agroforestry sys
tem. Because at maturity these are, almost invariably, the domi
nant partners in an intercropping situation with herbaceous
 
crops the soeiect ion of appropriate genotypes is a crucial one. 
This choice, with an eye both to possible resource sharing capa
bilities as well as the potential for microsite enrichment and 
environmental aine]ioration is, clearly, the first management 
consideration once production outputs have been decided upon. 

The choice of an agricultural crop is, in practice, likely 
to be limitied to that which the local population, or established 
markets, rquir,. But within these limitations, phenological 
compatibility can be sought. The important variables being the
 
length of the growing season, the time of sowing in relation to 
the environmental resources likely to be available, and ti.e 
natural phenophases and/or potential management treatments (such
 
as lopping) of the trees and shrubs. The various kinds of tempo
ral relationships which can occur (crop sequences) are set out
 
in Figure 2 of the paper 'Comments on agreforestry classifica
tion: with special reference to plant aspects' (see p.161, this 
volume). 

Seie tr e species, for example ,lcaca alb/id, produce a 
leafy canopy m.o to tO onset of rains and lose these leaves 
durinq the early part oi the rainy season (Felker, 1978). This 
enables crops such as millet and groundnuts to be grown around 
or even beneath the trees, where they can derive benefit from 
top s()il aicroenricl--nt, but environmental resource sharing is 
otherwise separated in time. This alimost complete temporal sepa
ration of arowt-h periods is an ideaL one, but there are probably 
only limited opportunities to modify the atural phenology of 
nmst woody species to any extent through management practices in 
order to simulate this. 

Optimum yield of v(egtative parts will be obtained if flow
ering and fruitingl ar( avoided. For example, the usable yield of
Ii:zctau [(':e',{', Ii{, (fodder, fue wood) could, perhaps, be in
creased by some'20 to 30 -r cent if sterile or scantily-fruiting
 
cultivars could be found. However, to maximize total yield, in
cluding fruits and seeds, it is necessary to optimize early 
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vegetative growth and synchronize the time at which adequate
 

numbers of relevant sinks are created (that is for carbon, nu

trients and hormones) in relation to the development of the
 

appropriate sources. This can be done only within the limits of 
genetic control, and by a limited number of management practices. 
The first requirement is an appraisal of the 'natural' phenology 

of the various plant components in the system, the second a sto
chastic analysis of the extent of between-season climatic vari

ability, the third is an understanding of the degree to which 

various management practices can affect particular phenophases 
in the species concerned, and the fourth a knowiedae of species 
interaction. At this stage trying to optimize source/sink rela
tionships in the individual species in agroforestry mixtures, by 
simple deflowering/defruiting, or by lopping vegetative parts at 
carefully chosen times, is probably all that can be done. 

A major feature of management in agroforestry must be to 
maintain the appropriate balance between output of products from 
the woody and herbaceous components. To do this the population 
and arrangement of woody plants has to be chosen with the future 
management of the trees/shrubs firmly in mind. The capacity of 
the chosen woody species to tolerate pruningi, lopping, pollard
ing and browsing, or some other forlm of removal o leafy twigs 
or ]eaves, is fundamental to this. Here the question is not only 
what to remove, and how much, hut ':' Rumoval of apical luds 
from deciduous tr esi:-hrub which show some form of growth regu
lation will interrupt Iatural growth phases least if it is done 
just prior to a growth extension phase. And the same applies to 
evergreen species. Such removal of apical dominance during a 
rest plhase can, depending on the species and the timing, bring 
about renew,,d growth, ilthough shoot rtmovi in a severely dry 
season can sometimes result in brtich diehack. Species will dif
for colnsi derably in tle ir response to this; t-reatrnent depending 
on the 'y ivronment It hey ar' in, and simple but extensive field 

tests are necessary. Cultivtor,; -f our major tropical woody 
perennial fruit and heverag', crops are we lI aware of the optimum 

season for pruning, , ordinn to tin ir particular climatic ex
pectations, but this has .n ojptimiz ed only after a good deal 
of research (for example for tea, Carr, 1)172; coffee, Maestri 
and Santas Bares, 1)77). 

Removal of leafy shoots or l,,ves (particularly old ones, 
Browning, 1973) durino a naturi voqetative qrowth period may 
sometimes he]lp extend tis period d(urin(i whi-chi a tree or shrub 
maintains shoot xti usion and bon:' a qreator proportion of 
activoly photosynth oo zino cnopy. Alleviating stioss by irri
gating ind/or applyino feirtim crc, pti-icul.irly nitrogen, can 
also do this. 

All theso inanagoemefnt proceduri ; d*mind incrt asecd inputs, 
however. IEithe r in torms of skills, em mate rJals. And results 
depend very much on the timeoliness of application. Woody plants 
can sormletimts he grown successful I'ycoop1 eteI ly outside t heir 
normal climatic range providi in ;ufficintly skilled management 
is applied. A good exalnmip of thi s is the vine. Cultivars differ 
but in its natural habitat iln Europe or America it is subjec ed 
to wintt r rairifall and winter chilling, and the dormancy of the 
apical bud i each bud s;o ries is broken by a period of cold. 
Fruiting then occurs on the lateral ]eaiy shoots arising from 
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these apical buds. In summer rainfall tropical regions fruiting
 
can be brocght about on the shoots arising from lateral buds in
 
the axillary series, if apical dominance is removed by pinching
 
out shoot tips (Shalitin, 1973). Such complex management pro
cedures are unlikely to be of much use 
in handling multipurpose
 
trees in low input aqroforestry systems, however.
 

The changes which occur in woody plants over the longer term 
have also to be considered. That is, 
the changes from juvenility
 
to maturity and, finally, to various stages of ageing. Borchert
 
(1976) points out that the various aspects of physiological
 
ageing 
 can best be understood by considering them as consequences 
of the increasing complexity which arises when viewing the tree 
as a growinq system. 

Although the onset of flowering in herbaceous plants is 
related to early growth rate (number cf leaves) , the extent of 
the jUVtrnil phase in woody perennials can, in practice, be 
unduly delayed by uch practices as early pruning or an excessive 
supply of nitrot. Some degree of environmental stress is there
fore likely to promote early flowering. Che process of ageing in 
plants in (en(eril (Wareinq and Seth, 1967; Carr and Pate, 1972;
 
voolhouse, I1)7.) and its morphological expression in trees in
 
particular (see Warinv, 19WH) is now fairly 
well appreciated.
 
In agroforestry systoms it is th juvenile phase of the woody
 
component(s) which is most likely to be dominated by associated
 
aciricultura ] crops and, during 
 this period, special care is
 
needed to eniure phenoloqica compatibility, as well as spatial
 
reulation, if the slees, or are to
t shrubs vines be properly
 
establishe-d. "'l'aonoya pr. ctices take 
 these facts into account
 
(for exampl, u)ci,,l,1 and (on , 11I ) . In some circumstances, an
 
opt imum so lut i i ht by the
may reachod adjusting geometry of the
 
systern with t iri.. For oxampl e,, by is ijuen tial whole-plant thin
ning, or t het incrcc ;inq r(imnval of stems and branches from the
 
woody species in an oriiinsl Iy thickly planted stand.
 

BELOW-GROUNI) PHENOLOGY 

Root systems and root nrowth and activity in relation to agro
forestry are discussed by hick (elsewhere in this volume) , and 
in seworal -ecentt ( ent-ra] reviews (Lyr and Hoffman, 1967; 
Sutton, 1909; Cooper, 1'73; Drew, 1979, 1980). Some emphasis 
does noed to heo qiv lt, how,ver, to the t i'mi at which different 
activities, occur. 

A con seurnoct of a cons;tant allowe tric relationship between 
roots and shoots would ho an alternation of root and shoot 
growth (S ,e t i, voluome), although, practice,(|d this in a measure 
of ov('rlap in tim, is to he expected. However, the mechanisms 
which inititt o, phase, of root elongation in tropical woody per
enni. ]s art' not clear) y ,stablicJhod. And whether a root elonga
tion pits' p iced's , leaf flsh,, and is cut short by this, or 
whotho r 1.t occurs ,;ubsoqUont to leaf 11lushinq, may depend on the 
spi'ci es cin/cortod. Certainly, present field evidence is incon
clusiv (Iluxl,,y and Turk, 1976). IL is a matter of considerable 
practi cal relevance in anroforestry mixed cropping because in 
ordor ooundersttand, and optimize, such management practices as 
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cultivation, fertilizer application and pruning, lopping and
 
browsing, an appreciation of the state of activity of the roots
 
of the woody components is essential.
 

Another feature of below-ground phenology should be men
tioned. Many of the most promisinq multipurpose trees are legumes
 
(National Academy of Sciences, 1980) and effective nodulation and
 
dinitrogen fixation is important if they are to play their full
 
role in a productive and sustainable agroforestry system. The
 
various factors which can help to optimize dinitrogen fixation 
in herbaceous legumes are well established (Roughley, 1980), but 
much less detail is known about the woody species of the family. 
In particular the extent, time and duration of nodulation and
 
fixation phases in trees. In this respect we have to consider,
 
also, the possible symbiosis with mycorrhizas (Redhead, 1979),
 
the presence of which have been shown to enhance the dinitrogen
 
fixation activizy of rhizobium (Daft and El-Giahmi, 1976). Also 
the possibilities of free-living dinitrogen fixers associated
 
with the rhizosphere (Dobereiner , tz -z., 1972a, b) may be of some 
considerable significance.
 

In seasonally arid regions where tree/shrub species are 
showing distinct growth phenophases, the activity of associated 
micro-organisms is also likely to be a periodic phenomenon, per
haps occurrinj within relatively short time scales. As with the 
state of activity of roots, we need to be aware of at least the
 
broad outline of not only what is happening but when, if we are 
to make the most of compatible plant associations in agroforestry
 
systems.
 

SOME CONCLUSIONS 

The choice of appropriate plant genotypes which fit not only the 
climatic limitations of the site but also match one another's 
resource demands is a critical factor in optimizing both produc
tivity and environmental benefits in agroforestry systems. This
 
applies to all plant components, but it is especially important
 
for the woody ones which are not easily changed. Unfortunately,
 
many of the woody species we are now interested in are compara
tively little studied. Phenological complementarity should be a 
major objective in the design and management of agroforestry 
land use systems. Once the genotypes have been chosen with this 
in view then herbaceous species can be regulated to some extent 
through manipulation of time-of-sowing and woody perennials
 
through the removal of parts. 

Phenological studies, including the collection of meteoro
logical data, are indispensible and should accompany all agro
forestry field investigmations. These should be of two complemen
tary kinds in any particular environmental situation. First, 
observations of the free-standing, untouched plant. Second, ex
periments involving various types of simple management treat
ments. The indiscriminate collection of data is merely time 
wasting, but careful observations of plant behaviour will un
doubtedly help to explain bot-h th, level of environmental adap
tability of the plant species concerned, as well as the oppor
tunities they may offer for temporal resource sharing in any 
agroforestry system.
 

More detailed approaches to phe nology/phenometry are 
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likely to have a place once preliminary plant component selec
tion has been done. For example, treatments designed to test the
 
capacity for changing the entrainment sequences of a woody spe
cies (or cultivars/selections) and to modify times of flowering/
 

fruiting, timing of plant part removal in order to optimize off
take or, combined with herbaceous crops, time-of-sowing experi
ments. Such trials are all relatively simple to design and carry
 
out. Table 1 reminds us that they may not be so easy to inter
pret, however, because of the complexity of plant growth and
 
development. The phases of these are not only highly interdepen
dent, of course, but may proceed along different real-time
 

sequences. The objectives of phonological study must be clearly
 
defined and, in the case of agroforestry, will usually be lim
ited by practical goals rather than a desire to undeistand the
 
plant's whole set of relationships with the environment.
 

We should always remember, too, that an appreciation of the 
levels of phenological adaptability to the environment, and com
plementarity in an agroforestry system, is but one part of the 
understanding required to evaluate that system holistically. The 
short- and long-term time dependent factors involved must include 
those related to management and socioeconomic considerations. 

A PLATE illustrating this paper is elsewhere in this volume.
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DISCUSSION
 

CANNELL - Opportunity exists for increasing yield by avoiding
 
competition in time. I would suggest that the emphasis is on
 
yield as opposed to growth in agroforestry systems.
 

HUXLEY - Resource sharing in time is essential but with trees
 
the first management choice is the genotype. In agricultural
 
crops resource sharing in time is equally vital, but the addi
tional management option of 'time-of-sowing' can help optimize
 
this. Yield or growth, or both, may be affected by time-depen
dent stresses; it will depend on circumstances. Many trees seem
 
to have conservative growth strategies. In nature, they flush or
 
flower sooner or later than we would wish when they are culti
vated. Optimum strategies for yield in cultivation may not be
 
the same as for survival and reproduction in nature.
 

LEYTON - While discussing the time of flower production to what
 
extent can you relate this to insect problems, particularly
 
poll inat ion?
 

HUXLEY - There is a need to look into when exactly the tree
 
starts to initiate flowers and the character of the wood on
 
which this happens before actually relating these to insect
 
problems (pollination or pests). In coffee, for example, bud
 
dormancy is regulated by temperature and water stress.
 

LAMPREY - In dry regions the great majority of the trees and
 



525 PHENOLOGY AND AGROFORESTRY 


shrubs are insect pollinated. This is true for the herbaceous
 

plants, except grasses and palm trees which are wind pollinated.
 

Wind pollirated plants flower first and then the insect polli

nated ones. Grasses also come into flower at different times and
 

grow very quickly. Root growth is genetically programmed. It
 

goes through stages which are related to the above-ground parts.
 

BRUNIG - The phenology of seemingly uniform plants is affected
 

by fertility and climatic factors; for example by water avail

ability. Do you consider stress to be an important factor?
 

HUXLEY - Individual plants have basic endogenous rhythms, but 
there will be a definite response to a particular stress depend

ing on what it is, to what part of the plant it is applied, and 

when. 

BRUNIG - Timing of events in plants is conservative and based on
 

survival mechanisms.
 

HUXLEY - It is certainly important to record the phenology of 

untouched, free-standing plants in their natural environment 

before any manipulations are carried out. 

BUDOWSKI - It would be useful if we could obtain a better under
standing of the environmental or management triggering mecha

nisms which promote particular phenophases. Classification of 
plants on triggering effects would greatly assist in management. 

CANNELL - In my view there are many more opportunities to in
crease yield by phasing crops so that they share environmental 

resources in time rather than by manipulating them in space. It 
is important to fill the year not just with growth but with 
yielding activities. To do this effectively, particularly criti

cal stages of crop development may need to coincide with speci

fic conditions. For example, high light intensities will be 

needed by most herbaceous and tree crops at the time of floral 

initiation in order to establish sinks for potential yield. And 

these critical periods of floral initiation and fruit setting 

will be shorter in determinate crops than in indeterminate ones. 
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ABSTRACT. Agrofcrestry involves species mixtures of 
widely disparate kinds of plants one of which, at least, 
is a woody perennial. If such associations are to be 
selected and opd and if we are to fullym,'.ge oFtlimally, 
underst:nd thteucee.;; of oxisting agroforestry plant 
associations, thon what is happning below ground cannot 

be ignored. FilndiiCng t1he bes t ways to man i pulate how below
groun(' res)ur'e; ire to be share!d requires a much more 

detailtld knowl,edq( of root behrviour than we have hitherto 

attemipt ed for lolnocu ltures. 

This; pitper parse n Va brief summa ry of general informa

tion about ro a ;,and illustrate:; how they can be studied 
in a rhizostron. 'The possibi] it ies of using existing infor
mation about within-plant growt:h r(gulat ion so as to model 
root- growth i ; ment ilned. In mixed cropping some form of 

complem(nitirity below ground i!; desirable, aad this can 

be achiewved in spLce and/er t ilme. Sonri of the situations 
in which compe: it ion for water and nutrients can be 

av ided, or obviat.(d, -re mn :lotind and an und(orstanding 

of these( nrovideis a way out of the 'trial-and-error' 

approach to t ( evaIuat ionl of the below-ground state which 
is the only otLhor al!ernat.iwV way of invest igating it. 

Some chirast r ,;ti::pirobl iw; of root growth in soils in 

arid zones.t, acid savannal; and upland rigions are mentioned 

and the nod to ensour-ge plant br(e(eders to select for 

rooting characteri.it ic; for different lites is noted as a 

low cost way of overcoiiring someo f thi, problems which 

will aris , in agroforestry. 

INTRODUCTION
 

Whether we aro conl:iorned with agriculture, forestry or agrofor

estry, usually, after preparing the soil for sowing and planting 

we know littl of what is happening below ground. It becomes 

even more vital to know about roots and root systems where, as 

http:characteri.it
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in many agroforestry land use systems, mixtures of widely dif
 

ferent kinds of species are grown together. Especially if we
 

hope to be able to optimize the sustained production from such
 

systems by the provision of logical design and skilled manage
-rather chance.or.-guesswork..iLItherefore.make:no
rthan-by4 


excuse for spending a short time briefly summarizing some facts
 

~about
ruots and r6t systems before, later in the paper, discus

sing mixed cropping and agroforestry situations.
 
Plant growth depends upon the availability of a continuous
 

supply of water and minerals in sufficient quantity to meet the
 
needs of the crop. In addition to forming the link by which
 
above-groumd organs obtain these essential nutrients from the
 

soil, root systems provide support for the erect growth of the
 
stem and have a metabolic role in hormonal regulation of overall
 
plant growth processes as well. The mechanical stability result
ing from an extensive network of embedded roots helps reduce
 
soil erosion and facilitates percolation of rainwater. Both live
 
and decaying root systems supply energy to meet the metabolic
 

requirements of microbial populations whose activities aid the
 
recycling of minerals between successive generations of flora
 
and fauna.
 

ANATOMICAL / MORPHOLOGICAL EXAMINATION OF ROOT GROWTH
 

To obtain water and mineral nutrients from the soil in suffi
cient quantities to meet the requirements of a growing plant,
 
root systems have evolved with very large surface:mass ratios
 
(Epstein, 1973). The relatively small amount of stored water per
 

unit volume of soil, and the difficulty with which water and
 
dissolved ions are able to be moved through a drying soil matrix
 
toward a stationary root segment, are such that the growth rate
 
of an expanding root system often exceeds the rate of unsaturated 
soil water flow (Taylor et at., 1972). Roots may grow toward 
stored water faster than water can move toward the root system. 
The amount of carbon required to build a finely divided network 
of roots is frequently less than that required to meet its 
respiratory requirement for more than a few days, so the useful
 
life of small feeder roots is extremely brief. Extension of new
 

roots into new soil regions, and their ageing and subsequent
 
decay, are significant factors in assessing the spatial distri
bution of living root systems at any given time.
 

Because a real understanding of the interactions between a
 
root system and its surroundings requires an appreciation of the
 
dynamic aspects of growth, death, population shifts, and move
ment of water and dissolved ions in three-dimensional space, a
 
number of specialized root observation laboratories have been
 
constructed in recent years which permit repeated measurement
 
upon the same plant. By comparing data from successive measure
ments, a much better understanding of the dynamic nature of the
 
plant/soil interactions can be obtained than from individual,
 
isolated observations or from experiments with excised plant
 

tissue. The first such laboratory to be extensively described in
 

published documentation was the East Malling (UK) facility
 
(Rogers and Head, 1963; Rogers, 1968). A similar facility was
 
constructed at Auburn, Alabama (USA) which was described by
 
Taylor (1969) with details of a particular experiment reported
 

4 :, -4') .: .,< ' .> : i,.: ;: " : >:. : . i ' : " • ':= - ' . 4:~ -' 4">:
 

http:chance.or


529 ROOT SYSTEMS 


by Browning ot al.. (1975). One such root laboratory, constructed
 

in the tropics to study arabica coffee, has also been reported
 

(Huxley and Turk, 1967).
 

The interior of the Auburn, Alabama facility and a magni

fied view of roots are shown in Plates elsewhere in this book.
 

An alternative means of root observation using attenuation of
 

thermal neutrons instead of visible light c..eray is described by 

Willatt ,:t4. (1978), and a number of other alternative measure

ment techniques have been described in recent years. 

V/.;i';.1 C ,U 1' ,' V, ': .:.C ;2 ''2 0* lZioU ee t tijfp 

The biological mechanismss controlling the advance of a single 

root tip have been extensively reviewed elsewhere (Hluck, 1977; 

Russel 1, 1977) . 'The photograph of a young branch rootlet in a 

Plate elsewhere in this book (after Huck, 1977) will serve to 

illustrat-e the various regions into which an expanding rootlet 

is usually classified (Esau, 1972). This young branch rootlet 

has recent 1y emere(ed from a-n older segrnent of the cotton root 

along tli right-hand edge of the photograph. Its conical tip, 

marked A, is designated the 'root- cap'. Cells from the root cap 

are gradually sioughed by abrasive action of the soil particles 

as the root puC;hes it:; way into new soil regions, with losses 

replon i:;h-d fr(,ri tn, reogion of cell division immediately behind. 

This ineristet-nmatic rgion, marked D, also produces cells which 

expand in t1w oppofs;it diroct-ion forming the region of cell 

e Ionclatiol ma.kd C. The thin walled cells in this region under

go rapid vacuo l.ir ex pinsion, providing the nece!ssary mechanical 

force to push the: r,v)t tip into new rogions of unexplored soil. 

The conical s oap t he root tip as wedge,off serves a increasing 

the ni:1 ,itdvhi, t,iq of ossmotic forces generated in the root 

tip whichi salt eu.' V: me thi soil physical resistance to defor

mat jot. 
Final ly, wIse -,xp-in;;ion growt h is completed, the cell walls 

begin t , t i, lk.n aeld tie form; of mature xylem elements can be 

distillgui;Id ill tll. r-egion of in ituration marlked D. Here, too, 

tip! b,ginning 'f j'id-rsial protule rances can first be seen. Root 

hair deve]umInpnt o,ccuis about 24 tin 28 hours later. Uptake of 

water arid iS t rals at a 1-IXiMaxum in this region (Kawata and 

Lai, 1968; Fetrgus-;on and Clarkson, 1971). 

Rootlets g(nral ly show si gns of sen il ity after a period of 

several days, or at must a wek or two, the actual duration 

varying with sp (cies, soil temperature, and water regime. Root 

hairs are lost , and cortical tissue discolours and sloughs away. 

When i root ,(Jilmtll is part of a contiguous conduction system 

leading from t:li shoot to an actively growing tip or cluster of 
tips, it is ]ikoly to remain in place and continue functioning 

a:; a pa tiiway for long-di!;;tance transport. If the tip is not in a 

favourable micro-elvironment the connecting root tissue is, in 

most slci .. , Iikel; to die back. The plant's growth control 

system somrtehow t.cnds to favour root tips growing in more favour

able soil regions. 
As root diameter inc(reases due to secondary cambial growth, 

the pathway for radial movement of water from soil into mature 
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xylem element increases also, so that the role of active absorp
tion of water and minerals must gradually be relegated to younger 
rootlets growing 	 from the mecistematic tissue, or to root tips 
well beyond the older tissue segment. It. this way, new ,oil re
gions will be explored, and the plant will have continuous 
access to fresh suppieos of water and nutrients, which generally 
move through the soi] much inore slowly than an artive, root tip 
can grow toward them. 

The instantaneun;; popuIat ion of roots n.-en when excavating 
a soil on a particular day, or when l ooking at the arrangement 
of living roots viiblio at: Oile glass observation panel in a 
rhizotron exporimiint , reproinents the sum of root growth less 
root deatl. Becau.n til, nia]lent root](,let ie only a few dravs, 
the number so'en at, an'.' jivon ti(., i ; only a sma] percentage of 
the tota] prodluc.d by thl p lalit nt il that t ill('. Quanti tat ive 

accoulnting for t ll oro t -llriiocvtrin theiplant - t Bruitig, 
thin volulm,) wil I I)( .;itnificntly ill rro)r unlec-.','' th rapid 
turnoveir )f I iving r ;t _, i.i kt tt il 11iid at A ttines. When tie 
aoittillil f C,rboii rt, pir d 1t olint,iii1 t iTe rotpir t r requirement 
of a give o t ]t.t i c ,n ar'' ,witli tih, qu,itit ,.t'i " carbon 
relqu ired t , , - g tI ?it I T i- (, t let fot- t, !;,-Iill', it Wi I] 

be t i,,ti t Ilit t I)tIl w i ',It f a ro it i I 'lllii)( I by 

reSpirl in i' o 	 ly ,iA -ew toc'I. 'Thu.n ' tIIl, iiini iro' feder 
root ; ,-irt i, Ill I i 11"' (,V .F .X t .116t'd] t), -r i d] , 1; w I , t.e rll l 	 i il(,, l Ia 

al; aI nd ;iii1 f, 'r - a:; ar.l,el t I ] I I by no i1 I rit 	 ,r t-ll1-d I 

Corld It ioI:; ill tatl h lk- i,)l o! !;o il ti by root in; u -i-, 71 .1;y l':,In. 

th,-, -l l r -' ,xpor iO, <,. w i th -r ll(' rc*),-)t!.; ofI
;; tlt,|7') 

gr-asl;!: ; raIl',' il ldI] t) I iv, I iiiigt'i tiitlt hul of- lto,'lji inilou; 

crops. 'II I,' lI 'II diffttt' li', il 'litI l'k 'it1d dt,citly rat e.; iiay be 
duc, to a difftrll(,It ill i:: ',ii ili] it, |to itlicrl)ial! attack, to 

difl~r nc it) i lth, rl.lt iv,.,k <'l . :y.:,m' wit'll n ilo root s t~henm

;{'Iv, , r t , , it . I ,I:, in ('"I-] wI l 1;tt -1 llit'ur,. Whi ]( tilie 
. il ;( ; . 1it ulllkrit 'n,, t ! ,l(.it 1 ' i i t i0tit ; ill I if" ex pe :t il cy 

of individli ] ,, t, tl!; i )I tfql boe t , .il it hal l o;lii;t:,itt
tia l inltloll(.'' li1[,,, il, (Ill' t it, (. -I,- rl roqtlirod t~o sus-t, ill 

, (I ijVt'; ionil I it t'ta* rot lt t ;. O t(.i-vat ions an the rla
tjo; of root growthI ti Al i;h t rtlwt r iscu:;eil by Iediq (.;' 
t lIi ' l I .v' i .) 

PLANT FACTORS AFFE'CTING POOT GROW'l1 AND BIOMASS PARTITIONING 

'lb growth of all aiggrgatet .;nytIll (i root tip: lnay . e1 to 
rttembl t ' eI growth it' I pillat ikoultf in1do"0ltp niint urijan i site.W 

AI l ovit i wit-li in |h ,' u r)il. Ill IthI, t:al,, ild sitt,ou-	 -,f ind,,, 

hiolo)gico l , ,, i 	 :m : r ) t i!; (pni.r,il l'y , a ,'l . i;,.d lky ill 
(,xp)o Illo ll ]) il(l -, ,I:;illrj c.' I.V' it l I l ;{ - il 1 , Ill.I l i M 11111 

(- w lh ) ; , (ll lily1]' w he l1l :] fioll , i : l ll ,i . I { Ii[ c I l I Itl l l ( ( l, 

1 ilit inqg ; : ,, , , 	 1())(t, 11 111t to ing t1!i,,l l l, . 1:a1iv idua l
 
1i 1 lri li iI 'al)n f witfli t i it: s
(a,1 11ii rowt h 1 i l-i n ii ' , ' it 

iy l l lii - It tl ito1iii tIltr., , ltw'vs '' i, I ll' it llI)t' ill roits 
()11 Il I'I'llit ' I1-:; 1 [ r l I [ (] ' h ll{ 1,l li ! i{,,t n r{',lill iIn q 

Illoch1,ill i!.ll wh i h p'.1rlni|!; |hlh: 1o, iiint| i- n ,i; ,ll intf.grah,,d W ¢ . 
Furtho-orl,)Y,o, tlol 	 i.l i!; 1 h'l,j ,lll(:(. 1w, vow*l h), cit u d ro()t qro~wtho, 

mrairitalilwd: (,v(,Il ullidf~r ti)i;,f o:ld :;' l 'pr-Uninq, )r" othe-r 

(,rivir ill( tntal : ,q ( ro~uw( l and d(. wit, ,/ .Hir, 	 1' 
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Details of these controlmechaniss at the organism level. 
~~are still not well known, and their .elucidation represents an 

:.area 'inwhich a great deal of additional research is required 

see Ledig, this~volume). Plant growth regulators have been
 
--.


>'~(but 


studied -for.many-years,--and.-a-number-of-active-compounds hbave
been'isolated, identified, and characterized: auxins, gibberel
 
lins, cytokinins, ethylene and abscisic acid, and other growth
 
retardants. The literature with regard to their effects on roots
 
and rooting is extensive but our knowledge of the way that hor
mones interact to control the activities and functions of an
 
established, intact root system is still incomplete. As are the
 
interactions within the plant as a whole. For example, cytokinins
 
represent a class of compounds known to be excreted with the
 
xylem exudate from decapitated root systems, which have a strong
 
effect upon protein stability and biosynthesis in the leaves of
 
most plants. Many benzylamino purine compounds have been shown
 
to alter m-RNA biosynthesis and the subsequent metabolic activity
 
of leaves.
 

Although all the biochemical details have not yet been
 
worked out, it is possible to write sets of general rules, for
mulated as mathematical expressions, which permit large computers
 
to simulate the growth and functions of higher plants in terms of
 
their different organs. From such computer simulation work, and
 
from direct observations of the relevant physical processes, it
 
is possible to draw some conclusions about what must be happen
ing as plants grow and develop, utilizing resources obtained
 
from soil storage by their root systems. Such systems can be
 
aggregated at the organism level to consider competition between
 
various species occupying the same space, perhaps separated in
 
time, and from this approach one can begin a rational study of
 
intercropping systems. The multivariant regression analysis
 
reported by Taylor et at. (1972) or Huck (1975) described the
 
effects of soil physical and chemical factors on the growth rate
 
of elongating cotton radicles. By assuming similar relationships
 
between soil chemical and physical factors and the elongation of
 
all root tips beneath a population of cotton plants, a simula
tion model can be constructed which fairly accurately describes
 
cotton root system behaviour (Baker et al., 1976; Lambert et al.,
 
1976).
 

COMPETITION AND SCHEMES FOR AVOIDING IT IN MIXED CROPPING
 

SYSTEMS
 

Comp lementaPity at the root level
 

In recent years an increasing number of reports descr.i.bing work 
with mixed cropping systems has begun to appear. Total produc
tivity is often higher on a per unit of land basis, averaged 
over the year, than in monocultural cropping systems. The de
tailed explanations, when any are available, usually invoke the 
argument that solar radiation falling upon bare soil is wasted, 
and that by having more than one cro.' occupy the land it is 
often possible to arrange matters in such a way that each crop 

... species fills a niche in space, or time, which is non-competitive 
with the others. Competition between species, and even between 
,individuals in a monoculture, is not however limited to the 
above-ground portions of the plants. If water or mineral 
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nutrients are scarce the temporal and spatial distribution of
 

root activity may be as important for survival as the temporal
 

and spatial distribution of the canopy. A key to successful
 

mixed cropping is selicction of spciea With eomplcmrefntary root 

system behaviouP pattern3 as"wl. as compr)1mentay s'hoot growth 
habits.
 

Some crops, such as winter cereals, have shallow root sys

tems. Development of the crop is generally completed during the
 

cooler months of the year when evaporative demand is minimal and
 

soil moisture reserves are high. Other crops, such as those
 

adapted to summer growth under drier conditions, have large,
 

deep root systems. They exploit water reserves not accessible to
 

winter cereals. In southeastern USA such crops as cotton, soya
 

beans, or perennial warm season forage grasses can be grown in
 

rotation with winter cereals to obtain water from deeper soil 

layers. Because summer annuals do not grow at all during the
 

cooler parts of the year, they are a good complement for winter
 

cereal crops, permitting two or more crops to be ha-vested from
 

the same land area each year. In tropical regions a wide range
 

of species incorporated into different forms of agroforestry
 

offers a rich choice of well-integrated plant systems that are
 

highly complementary both above and below ground.
 

The essential feature of avoiding root competition is ana

logous to that required for avoiding shoot competition: the
 

plants must exploit a different region either in space or in 

time. Of the two, .,tparation in time is easier to manage with 

the large-scale machinery used in commercial agriculture in the 

USA; where profile recharge is slow, exploitation of different
 

spatial regions is useful also.
 

Roots must have room to grow and seek the water and miner

als required by the shoot systems they support. If the shoot 

water requiremerts of interplanted crops are separated in time, 

tne roots' ability to meet that need will be similarly separated. 

Separation in space may be as effective with root systems of
 

trees and herbaceous crops grown in combination, but experimen

tal details are generally lacking. Harris (1967) has made a
 

detailed study of the mechanism of root competition in range
 

grass species, and Willey and Rau (1981) have recently presented 

results of an intercropping experiment with annual crops. Com

parably detailed studies of inte'c-ninirc' trce, wit h h~rhnceou: 

species are wanting.
 

The distribution of a root system through space and time is 

influenced by both the genetic character of the crop and by 

localized soil conditions. Although an extensive data base is 

generally not available at present, it can be obtained locally 

for crops of interest in that region by simply excavating root 

systems from time to time and recording the extent of their pro

liferation throughout the soil. The principal requirement for 

such studies is the labour to excavate the roots and to record
 

and summarize the findings. Even simple glass window observation
 

pits such as that described by Pearson and Lund (1968) can be
 

con,;tructed at relatively low cost using local labour which is
 

generally available in developing countries.
 

Separation in space and time is not the only element which
 

must be considered in planning a root system strategy for multi

cropping agroforestry systems. One must also consider how the
 



533 ROOT SYSTEMS 

roots interact with above-ground parts of the plant. A plant 
grown outdoors in the field may have the same number of roots as 
a comparably sized plant grown in the glasshouse, but its roots
 
may extend through much greater distances in an unconfined soil.
 
The separation distances between individual roots may be much
 
greater, and the root system efficiency for obtaining water and
 
minerals thereby enhanced, in the field grown plant but the bio
mass of the root system, and hence the requirement for respira
tory substrate, and production of regulatory hormones, may be
 
the same. In trickle irrigation experiments, or where plants are
 
growing in very rocky soil with only a few cracks for root pene
tration, root distribution can be very asymmetric. Yet if the
 
metabolic needs of the shoot are met, the plant will grow well.
 

Competing for water and nutrients 

The main functional problem for competing root systems is com
petition for scarce water and nutrients. Nitrate, for example,
 
is taken up by most plants far in excess of the immediate growth
 
requirements when it is freely available in the soil solution.
 
The plant simply reduces the excess nitrate to the level of NH3
 
and stores it in the form of free amino acids until these are
 
required for growth. If a plant's roots were programmed to take
 
up only enough NO3 to meet the immediate requirements for
-

growth, much of the available nitrogen would be lost through
 
denitrification and leaching. Moreover, competing plants in the
 
same vicinity which took up NO3 in excess of their immediate
 
needs would have an advantage over a plant taking up N03- in
 
moderation because the internal reserves of nitrogen may be
 
required for later season growth when the soil reserves are
 
depleted. The plant attempting to depend upon externally stored
 
nitrogen, taking up only enough to meet its immediate require
ment for growth, will ultimately lose competitively because its
 
neigh Jurs will have accumulated extra nitrogen during the time
 
it was freely available in the soil and can continue growth
 
during periods of shortfall in the pool of nitrogen in the soil
 
solution. When such factors as leaching and denitrification can
 
interrupt the constant flow of nutrients, the optimal survival
 
strategy is to take up as much NO3 as might be available and
-


hold it internally, beyond the reach of competitors, until it is
 
required for growth.
 

Because phosphorus and potassium are stored in the soil in
 
large, buffered pools, their availability in the soil solution
 
is much more constant than that of the soil nitrogen supply.
 
Plants therefore have less of a reward for hoarding large
 
amounts of these elements internally, and so have evolved mecha
nisms for taking up these cations only in amounts ru]at.ed to
 
their immediate needs. If large quantities of NO3 anions are
-

being absorbed by the root system, then comparable amounts of
 
cations such as K+ or Ca++ must be absorbed in order to maintain
 
electrical neutrality.
 

At present we have scarcely begun to consider these issues
 
in agroforestry although, clearly, they greatly affect the way
 
in which disparate mixtures of species will get along together.
 

http:ru]at.ed
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Roots and otc2 acpects of spioicr; a250ocwzation and ;schuctian 

Beyond the problem of competition for space and scarce resources, 
some plants may excrete phytotoxic compounds around their roots. 
Such plants, of course, are not good candidates for mixed crop
ping systpms. They can generally be identified in field studies 
because or the absence of competing plants in the vicinity of a 
well-established individual. The identity of phytotoxic com
pounds excreted by root systems is not generally known, but most 
are probably species (or even cultivar) specific, and of low 
molecular weight for ease of diffusion within the soil (see 
Brunig and Sander, this volume). 

Population studies at high planting rates ire, in effect 
competition studies. Hfere, plants are directly competing with 
others of the same sp,_cios, age, and ba:ckground. Genetic differ
ences between indlividuals, or a snamll aclvalt-tjt outained for any 
reason, will enable somle compot.itars to crowd out the others. In 
nature, the reward in such comTpeLit iom trialla is gjivtl to the 
survivors: that is to those pi11t.; which are ibl( to 1.iye long 
enough to produce st.ed. tUndt-r agriculturai u(:dit ions, howe-ver, 
it is frequently not survival, but pruduction ()f some particular 
plant component ouch as cotton fibre, sugar in storaa (, organs, 
or flavour of t fruit which d teri ln :;tilt imate survival and the 
ability of -in in ivi iu ll to ropr Iucot,. 

Man s(.]cts individual ants ich grow in such I way that 
his needs are met , a' h ient(,orVll(; t asoure the survival of 
those selectod individtual;s. Over lon1g priods of tim-, donmesti

cated crops adapted to the! eeds of mn,111have, e-volved(I illthis 
way (see Pickersgill, thi.; voulne). Poot y;yst em prformance, 
however, has gen(eral Iy lees,v looked or at lei;t llot expl icitly 
characterized in tilt, pa.;t, but , in ing frfslet lixed crop)ping 
including agroifor'st ry 5;';tt,. calse iou; i'ot is reqtuired 
to take this ilit.> , jiiunt . Otllervi'-Wa thi.,' b si .; of )ur selection 

of plant!; fo,: ,,itlicilair <iifor't ry d ;iir ;, and tho ar rarige
ient and tfl;ingoli'tit ,f thhtlt , will -',sai ily be iscamp] ete. 

ROOTING CIIAPACTI:P ItTICS AlI) PROBLEMS ElIPARIICUILAR ECOZONES 

The gross norpla gy, bi achemist ry and licro-anatomy of roots of 
xerophytic p1 nt ar- (t mai-rkedl y .i ffoeset from those of 
plants adapted to (other rg ion.-. Tlho pr incipal adaiptat!ion of 
xerophyties invol vi,!; t h' rat, ic, (f ro>t;; t, in t-at,(l ically act ive 
shouts, and thi ;t it oi'; which th ,plait ,evolve;'; in order to 
reduce t rl ;pi 11 i Ions I :;e;1;. 'h ' ' iti t,''qy siti t ral led 
icon oflrv ta iii , r )l' ' t liov l)iti I V ',' 1,rg. ro)t ;ys,.'om 
with rosi's; t t() t il'alnt ic ipjit., ;hi. , t iuld its waltercia, ';lut 

requirement . In tlii ; way, sulvivil )f thet pl,int is , r likely, 
although total bi0i11hia;; ,r,)diuct ion in ib0jv(--ur)unld orqans may be 
sub ;tant iit ly ls;'; t li in plirt,;; shltod to )e favourable 
wa-Iter r f-!Ji 
ill(! !;. 

AIii in, aiit il s ;;i, .!ii';; l;, o!n;'; lIrqg' tlld (r roun d 
u:tnl iil
storagle or(jaln, iiln fiienint f, a r'l; 'ci-iV,; and oiri

stimat ic t is;siit in i , ;ill'what shelt (,rcd isvi inloent, and these 
insure an abilit 7 it, make rapid regrowt i whien rainfall. does 
occur. Meanwhil , ;;iicha plant is able, t, ;irvivo ]ng periods of 
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wait'ing between sporadic rainfall events, or rainy seasons. 
areOther strategies involving the root systems 

other stable under
also observed. If a permanent water table or 

-ground-water supply.-can,-be located,species which develop roots 

capable of reaching this will be able to continue growth through 

periods of dry weather at a time when surrounding herbaceous 

plants with roots confined to the surface soil are dormant. Tree 

crops, having several years to extend roots deeply into the 
then be
soil, are particularly useful for this purpose. They 	can 

intercropped with short-lived herbaceous crops, which grow from
 

seed, tubers, or rhizomes, during seasons when rainfall is suf

ficient to support the growth of these.
 

Timing, or the phenology of root growth (see also Huxley,
 
7
p.51	 , this volume) is especially important in arid regions.
 

to insure
Plants must establish their root systems early so as 


that water is available for completion of their life cycles. If
 

the water supply is extremely transient, as is the case in desert
 

areas, a 'bloom' of plants will appear briefly after each rain.
 

this growth habit will have very limited root
Plants adapted to 

systems. Shoot growth will proceed rapidly to the next phase
 

which may be seed maturity, or a return to some intermediate
 

dormant form which insures survival until the next rainfall
 

event. Such plants are particularly susceptible to overgrazing
 

during dry periols.
 
Many soils in the drier regions of the world have a high
 

salt content. This provides an additional handicap for plants
 

growing in these areas because of the greater amount of meta

bolic energy which must be expended in accumulating the high
 

internal salt levels needed to maintain turgor against a strong
 

osmotic gradient. The low water content, and therefore low heat
 

capacity, of desert soils combined with generally clear night

time skies, produce much larger fluctuations in soil 	temperature
 

than those found in humid regions. Temperature extremes in the
 

surface soil place an additional stress on root systems, which
 

adapted species have to overcome.
 

Savanna.,; 

Areas on the American, Asian, and'African continents 	designated
 
as 'savannas' are characterized by infertile, acid soils. Tempe

rature 
is generally favourable for plant growth throughout much
 

of the year, and water is seldom limiting. But the presence of
 

copious water supplies over geologic time has resulted .in severe
 
is
weathering of the clay minerals in these soils. Often there 


of highly developed acid orsubstantial leaching and formation 

compacted subsoil layers which effectively inhibit root penetra

tion to deeper layers of the soil profile. These soils are
 

so that erosion is not a major problem, although
generally level, 

some sheet and wind erosion may occur, and flooding can be a
 

problem in certain instances. 	 . 

In advanced stages of weathering, clay minerals break down
 

to form kaolinite and other 1:1 lattice clays. With these clays
 

there nisnsignificant shrinkage or swelling as the 	soil goes
 

through successive wetting and drying cycles. The absence of
 

shrinkage permits formation of a stable soil physical structure,
 

so that the clay forms a kind of 'glue', cementing larger sand
 

Even though mechanical
particles into a rigid, stable mass. 
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analysis may show only a few per cent clay (perhaps 5 to 10 per 
centin these highly weathered soils), this amount of kaolinitic 
clay can cement a sandy soil matrix into a body with very high
mechanicalstrength, which -res ists-root-penetrat-ion,..-There 7may"-----,---
be some plasticity when water content is high, serving as a 
lubricant for movement of the soil particles past one another; 
as these'soils dry, however, they become extremely hard (Taylor 
and Ratliff,.1969; Taylor et at., 1972). The problem is further 
compounded by mechanical tillage operations and by compression 
from vehicle or animal traffic on the soil surface. 

Beyond the problems of high soil strength reducing root
 
penetration, advanced weathering under warm, high moisture con
ditions produces a highly leached, acidic soil. At pH values
 
below 5.0, trivalent Al++ ions from the native mineral compo
nents of the soil matrix become soluble in concentrations which
 
can be toxic to growing roots. Typical symptoms of aluminium
 
toxicity include multi-nucleated cells and retarded cell divi
sion. Gross tissue examination shows a yellowing and dying of
 
the growing tips (Huck, 1972). Matsumoto and Morimura (1980)
 
have shown that aluminium ion alters the physical properties of
 
DNA, which probably accounts for the difficulty in cell division.
 
Toxicity from other commonly occurring multivalent, ions has also
 
been observed at low soil pH.
 

Correction of the soil acidity problem can be remedied on
 
temperate soils by incorporating limestone, which both raises
 
soil pH and increases the availability of Ca++ in the soil solu
tion (Adams and Lund, 1966; Lund, 1970). This remedy is not so
 
suitable for many tropical soils, however, apart from the cost.
 

alternative approach to preventing root growth problems is to
 
change the plant itself so that its roots are able to grow in the
 
unmodified soil. Foy et al., (1980) have demonstrated possibil
ities for genetic adaptation to soils with low pH and high Al ...


1
 
concentration.
 

Although the time requirement for development of new vari
eties is significant, and there may be a sizeable expenditure
 
for labour, this approach offers a long-term solution to the
 
problem at a much lower cost than chemical amendment of the soil
 
itself. Especially for low input agroforestry land use systems.
 
However, progeny testing must involve evaluation of root growth;
 
a practice seldom seen in conventional plant breeding programmes.
 

Low cost solutions to the problem of high soil strength
 
encountered on soils with highly weathered clay minerals have
 
also been demonstrated. Deep tillage, or mechanical disruption
 
of compacted soil layers generally produces good root growth for
 
a few weeks or'months until subsidence or additional machinery .
 
traffic have recompacted the soil to its original condition.
 
Because the mechanical strength of compacted soils is a function
 
of water content (as well as bulk density, particle size, and
 
other factors) it is often possible to get rapidly growing tap
roots or strongly penetrating grass roots through a compacted
 
soil horizon before the water has been removed and mechanical
 

., 	And see the current programme at CIAT for-breeding leucaena
 
cultivars tolerant of acid soils (Hutton, E.M., ICRAF News
letter No.6, December 1981). (Ed.)
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resistance to root penetration established. Once roots have
 
penetrated the soil, the same kaolinitic clays which tend to
 
cement lateritic soils into a solid mass will now tend to retain
 
thelarge:porestructure-established bythe'pioneerig -'roots S
later roots attempt to explore the drying soil, they are able to 
follow old root channels which have now become a part of the 
soil matrix. In agroforestry we should, therefore, try to use
 
mixtures of species with appropriate root growth characteristics.
 
Minimum tillage and the use of woody mulch also offer a possible
 
solution. However, in both cases a great deal more research is
 
needed.
 

In some cases, compaction can restrict oxygen diffusion 
through the air-filled pore spaces of the soil. This situation,
 
most often encountered on dense, level soils with poor internal
 
drainage, is likely to cause damage at high temperatures when
 
the biological oxygen demand is at its highest. When soil oxygen
 
is limiting, root growth and the metabolic salt uptake processes
 
are severely curtailed. On tropical, hydromorphic soils drying
 
out, is often accompanied by severe cracking and soil displace
ment. Many species of trees and shrubs are adversely affected by 
the consequent disturbance or actual fracturing of the roots.
 
Drainage, and the selection of species which will tolerate such
 
conditions are potential solutions to this problem.
 

Tropical uplands
 

In many tropical upland soils rapid weathering, and high levels
 
of leaching and runoff result in very limited storage of mineral
 
nutrients in the soil. The predominant phase of the nutrient
 
cycling is storage in above-ground biomass, with new growth
 
being dependent upon a continual release, or mineralization,
 
from the death and decay of organic remains on the soil surface.
 
While this system works well under climax forest vegetation, it
 
is upset by attempts to clear the land and grow annual or herba
ceous crops in monoculture. Unless a continuing renewal of
 
mineral nutrients can be supplied from artificial fertilizers, it
 
is almost imperative that some form of multicropping or mixed
 
species cultivation such as agroforestry be employed to insure
 
continuous ground cover. This will help ensure a release of nu
trients to growing root systems and counter serious soil erosion 
problems which are usually also a part of tropical upland land 
use. 

Viere previous erosion has reduced available topsoil, the 
surface of the land may be little more than steep slopes covered 
by a very thin soil layer, and with large numbers of stones near 
the surface that make cultivation difficult. Both cover crops 
and trees or shrubs can play a part in building up biomass and 
re-establish a more fertile topsoil zone. There can be difficul 

ties in establishing tree seedlings, however, in these circum
stances. Once again this calls for a knowledge of species that 
are not only well adapted to the aerial environment but, also, 
have rooting characteristics that will maximize their chances of 
survival. 

CONCLUSIONS 

Because of the obvious difficulties involved, our knowledge of
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the behaviour of roots lags far behind that of other plant
 
organs. Where the species we are concerned with are to be grown 
in monoculture, the result of such lack of information is a 
serious impediment: to a critical choice of cultivar and to its 
most ef fect ive management. Where species :',. are involvedit 
particularly in agroforest ry where the c ar, of species of 
widely differing habit and phf no Iogy - our lack of knowledge 
about roots and root behivior blcomels much more serious. With
out some knowledge of rcwot adapt-ive characteris t iuc-;for part-i

cular sites of pass i]I root comp t-Ilcn, tarity or col)Atct itive 

attributes either in space or t ime,, and )f the, behaviour of root 
systems in relat ion ti) that ()f the ,1riaiart;, effctive crop 
mixtures can only11s's1be aI d Iv t r ia I and rror and test ed on 
an .": basis. 

One lipe; that , it th, ,rce;t t ime, arid with our rapidly 
growing ability to miwl crcr, .;itu it ion ww, cin do bettler th,,n 

this. If it i; to be !;o, however, it will neo.sitt e a concerted 
effort to t,:;tahl 1:h, however crudoly in the first place, a sini
mum love] (I in forma t ion about thef roots anld rot be2haviour of 
the species w, it ,n to use in any particular aqroforostry 

situat ioll. 

PLATES ill ust rat irig this paper can be found elsewhere illthe 
book. 
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DISCUSSION
 

LOOMIS - In crop modelling it is not sufficient to know only
 
root length. We also need to know how carbon is partitioned and
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we need a measure of root activity, in terms of both water and
 
nutrient uptake.
 

HUCK - I agree that root length is not the only measurement
 

required to describe the activity of a root system, particularly
 

in crop modelling situations when one must account for the par

titioning of carbon into dry matter of specific organs. If you
 

make realistic assumptions about root diameter, tissue water
 

content, and chemical composition of root tissue in each cate

gory of roots considered by your model, however, you can gener

ate an estimate of total root length which can be verified
 
experimentally.
 
From a functional viewpoint, I believe that root length is the
 

most important consideration, because at the elementary level,
 
flows of water and minerals can be represented in polar co-ordi

nates moving toward a line-sink of variable length. The critical
 

factor is the distance through the soil.
 
If you measure root weight, you get an enormous contribution
 

from the major connecting tissues, and the roots engaged in
 

active absorption weigh very little in proportion to their
 

activity. Besides, they are often lost in excavation of the
 

soil, although they can be estimated in root observation labora

tories with glass windows such as those described. Root surface
 

area would be an even better measurement than root length, but
 

is even more difficult to measure experimentally, as both length
 

and diameter must be known, and root hairs are generally
 
neglected.
 

LOOMIS - What regulates root nitrogen uptake activity? Is it
 
simply the rate of suberization?
 

HUCK - I do not know what regulates the rate of suberization,
 
but Clarkson at the Letcombe Laboratory (UK) has some elegant
 

experimental data on root uptake of specific ions by solution

grown roots as a function of distance from the tip.
 

KOZLOWSKI - Kramer showed that 90 per cent of the water could be
 
taken up by the suberized roots of trees.
 

a
 

surprising amount of water, and some nutrients.
 
JACKSON - Old, suberized fruit tree roots certainly do take up 


OLDEMAN - Is not the soil environment behind a glass plate very
 
unlike the normal environment?
 

HUCK - This is a very common question. It is like the 'normal'
 

root environment in some cases, but not in others. In Alabama
 

we generally use a sandy soil with kaolinitic clays to reduce
 

shrinkage and subsequent breakage of the glass. If the soil you
 

wish to study has a tendency to shrink and swell with changes in
 

moisture content (Montmorillonitic or 2:1 lattice clays) you
 

will either have glass breakage or the clay will form a crack
 

next to the glass. When this happens, the roots will prefer to
 

grow in the cracks rather than Yhrough a resistive soil medium,
 
and the results will be distorted. Some people have substituted
 
Perspex or Plexiglass for glass so that it will bend as the clay
 

changes shape with wetting and drying. Because of its oily, non

wetting surface, however, there is also a plane of weakness
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along the plastic- soil interface and, again, the appearance is
 

somewhat unlike the 'normal' environment. We have done a number
 

of comparisons between the length and number of roots estimated
 

at the glass window, and those found by excavating core samples
 

from the soil volume behind it. With our sandy soils the results
 

have almost always been within the statistical error estimates
 

predicted by counts at the window. You must remember that the
 

glass surface .s a relatively small sample of the total soil
 

volume and the:efore the confidence limits improve at higher
 

rooting density because the number of observations will be
 

larger.
 

KOZLOWSKI - A previous paper of yours showed diurnal root shrink
age of about 50 per cent. Does this occur on all roots? Does it
 

leave vapour gaps which could interfere with water transport?
 

IIUCK - While shrinkage may occur on all roots, it is most 
noticeable on young, unsuberized roots where the cell walls have 

not accumulated the mechanical rigidity to counter large changes 

in internal water potential. By optical measurements, which is 
t
he only method we have used in the soil, we can detect changes 
of 2 to 5 per cclit or more, and thus only the smallest roots 

with thin cell walls are seen to shrink. With mechanical 
L.V.I).T.s on stems of varying age, and electronic amplification, 
we have been able to detect diameter changes as small as one 
part in 10" on stem;, and thus know that even the main stems on 
woody plants, like cotton and trees, shrink under water stress. 

Succulent tissues of the shoot have a much larger shrinkage co

efficient than woody tissues, and I imagine the same is true of 
roots -- but we do not have a way to measure root shrinkage with 
the same precision as that used for stem and leaf tissues. 

'rime lapse cinematography under high magnification clearly 
shows vapour gaps during periods of high water stress, but it 

probably does not occur on all roots at the same time. Liquid 

films between soil and root are retained much longer if the soil 

is relaLtiveIy wet, SO roots in !L moist soil are more effective 
during critical periods than those in dry soil where hydraulic 
conductivity can be limiting. At Aberystwyth (UK) it was shown 
that, vibrat ing ots would restore tirgor after plants had wilted. 
This is further evidence of the existence of a vapour gap which 
was restored by compacting the soil around the fine roots. 

HUXLEY - Working with arabica coffee we observed shrinkage in a 
root laboraktory in Kenya. This was catastro)hic for root hairs. 
Presumably, after shrinkage water valpour transfer could occur, 
but no nitrient tLansfer'. We also Found that the coffee roots 

grew illloca! paLches at any one time,. 

HUCK - We also observed that root gl'owth was apalrently concen

trate ll in ((r'train rejigi s of the soil profile at any particular 
time. With eachi succe;sive wetting and drying cycle the condi

tions favoluring o)timal root growth change and the system is 

very (lynamic and takes advantage of this. 

KOZLOWSKI - Are ther'e diffee(nces in root longevity between 

grasses, herbs andIt 'ees? 

IIUCK - Yes. We have little experience with trees, but grass 
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roots tend to live 2 to 3 times longer than those of cotton, 

tomato, groundnuts or soya beans. For the purpose of a simula

tion model of carbon balance, however, the rate of formation of 

new root tissues is comparable. The result of longer root life 

at a comparable growth rate is that the number of roots observed 

at any particular time will be much greater with a grass than 

with a dicotyledenotLs plant. Of course, the number of young 

roots observed on a givel day is only a smalI I fraction of the 

total production durinr; a tomiIclt-te season s growth. 

TIESZEN - Did you mceasure gas exchange? 

HUCK - We have measlred Oxygen concint ra ll lnsing polarographic 

electrodes at several depths ill lh soil . 1y flushing the pro

file with N!/O) mixtures and not ig the changes in concentration 

gradient we were able to infer the biological oxygen demand of 

the root - mic ro-organ i sil comi Iex. 

LEYTON - We fintd in hleavy clay soils il England that feeder 

roots of less than (.5 mm diameter ailllive f r I1llN.y year's 

IIUCK - TIht In.,l I i fe eXp)ec t ally v Of 1 'r soYa iI ti toots shown 

in the Plait, r(iee'red tI onl p.529 is of Ill( order of about 5 to 

7 days during our slilaer grow iilf; cornd 1 ioils. If' til' soil is 

flooded , or cooled, i.c I:1S t lollg er. havetii' ootS ittch ;Vt observed 

ita IZ reoots lotMat over willte', but tILe' tIt quickly when till'( 

soil warmis :iil di ill the spitng . As I it-ui iti ed (tatI itr'i , I have 
110 expI~l'licltt with tree's. 

CONNOR - I can confi'm that old roots do )rovid('channels for 
Walterl p)elic t'z|ioll.
 

LOOMIS - Did you 1 aiikat ,t'hylne prl'oducl iotl ill r',latitul to root 

spatial )Pa 1t 5s.rns'? 

HUCK - No. It is a diffiCUlt task and the chance of contamina

ting the sample Ise nrnous. have foundis(10 tried. but ethylene 

everywhere, we turned - froin polye thylene ill tlh' lal. vessels 

to bri'eakdlown of 110 tait-l )1' ill tilt' rubbt'r stoppe's lsed ill tie 

sampling flasks. 'ft. soil IeveIs reqouir'ed for pIIhysi,,1ogical 

activity arc so low that thes' a-Ckgroutid levels presenI a real 

analytical problem. 
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Tea is an example of a woody perennial that is
ABSTRACT. 

intensely manipulated in order to produce a particular
 

the young leafy twig ('two leaves and a bud').
plant part: 

Investigations of the changes in dry matter accumulation
 

and distribution with time have shown how the harvest 
in

dex is changed by frequent plucking and to what 
extent
 

management changes the proportions of woody parts. 
The
 

lesson to be learnt from this type of research could
 

readily be applied to the new woody, multipurpose, 
peren

nial species now being considered for use in agroforestry,
 

and help determine the management needed to optimize the
 

(for fuel) or leaves (for fodder) that
 proportions of wood 

are required.
 

INTRODUCTION
 

It is conventionally believed that, in order to get large yields,
 

tea bushes must have large woody frames, which 
provide as large
 

a surface area as possible. For this reason, the 
bushes are
 

manipulated in such a way that they cover the 
ground in the
 

shortest possible time with a large woody frame 
and bush surface
 
into three main
 

area. The methods of producing such bushes fall 
 are
 
categories: pruning (coppicing), tipping and pegging. There 


slight modifications of these methods when applied 
to seedling
 

although only the techniques as applied to clonal 
plants,


tea, 

produced from vegetative propagation, are described 

below. The
 

general principles underlying such manipulation 
of a woody per

the ways that other species,
ennial structure are relevant to 


useful in agroforestry, might need to be managed.
 

THE GENERAL TRAINING AND MANAGEMENT OF TEA
 

Prun.inq duping the formative period 

'decentred' by
As soon as the plants are 30 cm tall, they are 

s -S ' ' I Ion-a 




544 M.J.S. MAGAMBO
 

cutting the main shoot down to a height of 15 cm from the ground
 

in order to encourage as large a number as possible of new
 

lateral branches, which are then allowed to develop. When this
 

has occurred the plants are pruned down to a height of 20 to 28
 

cm, the majority of the branches being 1 cm in diameter at that
 

height. Later, the bushes are pruned again, at a height of 40
 

cm; the majority of the branches are, similarly, I cm diameter. 

Finally, when the bushes reach a height of 60 cm all shoots, 

when they have formed two leaves and a bud, are removed above 

that level to establish a flat plucking surface ('tipping-inm') 

Once a flat surface is formed, all the subsequent terminal 

shoots of two leaves and a bud which grow above the flat surface, 
are removed at regular intervals (normal plucking), arid these 

provide the economic yields. Normal plucking is done once every 

ten days to three weeks, depending on the weather. 
In the 'tipping-in' method the plants are decentred as 

described above. Then the apical shoots of two leaves and a bud 

on the developing lateral branches are removed for two rounds at 

each of the following heights: :0, 30 and .10 cm. Finally, the 

bushes are tipped-in several times at a he ight of 51 cm to form 

a flat plucking surface:, followed by nornal plucking. 

Another way of forming the basic branching structure 

required is the 'pegging' method. With tliis, the new lateral 

branches which deve Iup after decentring are bent at an angle of 

approximately 450 aind pegged when they reach a height of 60 cm. 

At the time of pegging, the ternirinal shoots of two leaves and a 

bud on each branch are removed to encouraqe more branching. Then 

the bushes are tipped-in over several rounds at 50 cm height, 

followed by normai plucking. 

Wirether with ;(uodl ing or clonal tea bushes, this serves two main 

purposes: f irst, to st imu],te new growth, since the economic 

yields oftell tend to decre'a se quantitatively with time; second, 

to keep the bushe; at a height conienient for nanual labour 

during normal plucking operations, since the flat plucking sur

face rises abhout Ht cm a1 yecar. Normal 1iy, pruiing is simply an 

operat ion to cuL doWn t11re hUsh to a certain level (straight 
Icut-across' pruninig) . The ,erid be twoen one. pruning and the 

next (the pruning eycl],) varios betwoon three and four years in 

East Africa. The ac tio t iminc at which to prune at the end of a 

pruning cycle part ly diti,nds on wiathe r conditions. During the 

first pruning cycle the- busher; ar no rinal ly pruned at a height 

of '10 to 50 cm. 'T,.pruing leve ] is rai s;od about 5 cm during 

subsequent pruning -ycl( ;. Aftr i numbr of pruning cycles tire 

pruning lev l i; low_ rtd aqoin to arbout 4 'cm ti start -I-,a new 

series of pruning eyc. 

DRY MATTER PRODUCTION AND D1STIBUTION I'4FREE-GROWN OR PRUNED
 

TEA PLANTS
 

Some experiments carried out at Kericho have provided information 

about dry matter production and partitioning by tea bushes, both 

free-growing and under conmercial management, which throws some 

light on tihe way a woody perennial responds to pruning. It is 
briefly outlined below.
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Experimental re sulto 

Preliminary data from these investigations showed the large
 

extent by which the proportion of the woody tissue increased as
 

compared with leaf mass as commercially managed bushes grow
 

older (Table 1). When the bushes are pruned at various levels
 

as described above, approximately 50 to 75 per cent of the frame,
 

mainly old woody branches, is left on the bushes. As the tea 

bushes increased in size, the proportion of the economic yield 

(harvest index) decreased from 20 to 8 percent over 8 years
 

(Table 2). Harvest index is inversely proportional to total dry 

matter accumulation. Other investigators have also estimated low 

harvest indices for mature tea (Jain, 1977; Laycock and Othieno, 

1978; Tanton, 1979) . It has also been observed that. most of the 

pluckings are concentrated in the centre and ver, few are found 

at the periphery of the bush surface (Figure 1) . Also, the smal

ler the bush, the higher the shoot dens ity along the entire 

plucking surface (Barua and Dutta, 1971; Barua, 1973). So that, 

with tea, large bushe<'s d')not necessarily give larqr yields. 

*,]. Pertat,-ao ff at ,lute net fry matter allocated to 

\tirious parts of coiimrcial tea bushe:; o)f different age groups 

in the field (ineatn; of four bushes . 

Age group Leaves Frame Roots 

yrs 

1 48 35 17 

2 34 .14 22 

8 23 41 36 
: 9 (:'7 24 

Table: 2. Harvfst indices and net annual dry matter increments 
- 1(kg plant ) of tea bushes of different age groups (means of 

four bushes)
 

in the
 
field
in the 


nursery 

B yrs 2 yrs 1 yr 

Harvest index (6) 8 12 20
 
-

Dry matter incremont (kg plant ) 1.57 0.81 0.23 

Wh( n dry mat- tir accumulation in ,oommercial tea bushes was 

compared with free-growing, unplucked count:erparts it was found 

that plucking reduce'd i)Vrall dry matter ascumulation (Table 3) 

But dry mat tti ACCUMulat ion in yotng buslhes appeared to be more 

affec ted by plucking than in od bushes. Although ,"ucking 
reduced overall dry malt ter accumulation, it enhanced the devel

opllent ()t, l1('w s;hoot; (Figure 2). 

IMPLICATIONS FOR TEA GOWING 

The results obtain d from these investigations suggest that the 

low harvest index of mature tea bushes is partly due to large 

amounts of wood (Magambo and Cannell, 1981). This then raises 
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Spacing 107cm x 122cm 107cm x 91cm 107cm x 61cm 

Fig. 1. Distribution of pluckable shoots on the plucking 
surface of bushes of clone 7/14 at different spacings over 
a period of 12 months. Proscribed numbers on contour lines 
refer to number of shoots po~r unit grid square - 1'3cm X 
15 cm. * indicaets the physical cin t r of the bush. The thick 
lines at(. the bound,lri ie of the pluckingq surface. Scale: 
approxilriatoely 0.001.1 of actual si e. 

'?,:}', ,. Annual dry mat tor iiicromerints (kg plant - l) according 
to parts, in plucked and urplucked tei bushes of different 
age groupi (Ieatl; i)f four buslhts) 

Age 	 Treatment Pluckillgs Leaves Praone Root s Total 
group
 

I yr 	 Plucked 0.012 0.034** 0.82** 0.070** 0.220** 
Unplucked - 0. 15 84 * 0.20** 0.2%0** 0.688** 

2 yrs 	 Plucked 0.096 0. 222** 0.316** 0.173** 0.807** 
Unplucked - 0.513** 0.628** 0.300** 1 .441* 

8 yrs 	 Plucked 0.133 0.361 0.6084* 0.393 1.571* 
Unplucked - 0.669 1.245* 0.522 2.436* 

Treatment differences significant at P = 0.05(*) and 0.01(**) 
respectively. 

some doubts about the pro serit cultural managoment of tea which 
advocates large woody Ltishie ;. Int t rms; of rtmaximum land uti] iza
tion tho pr;(;,nt mnaemet ppctr; t:o L, rather inefficient.ar! 
For exdmpl e,, of thlie net biovI002;;; pr( itd lttr unit alea 1.,nr year 
by naturo tea bushies, otlty i :;llhil I )rt iot (about 0 per cent) is 
harvested a; the ,economLc ,i- ,ii ard ov(er 1( pr cent goe; into 
Wood formatiolltt, which il; poorly ut i I (;Ie it t h, lloiolieut . Whe4n the 
bushes are pruned, tho prun ings a ro loft in the field to rot. 
This may hal the ,idvant-ag of pt-ct ctiilg the pruned buntlit; from 
sun scotlh soon after pruning, or ast; mulch for ;oil conservation 
arid weed cent rol . low(,vi r, rcord ii(jI tO MnIkhottis ti( Lentox 

(1976), the woody lrunin]; left in) the field 'iddvery little to 
soil nutrients, and ,ir- netot part icularly itmlportant where ferti
1.zers are hoinmg u!.d. 'T'ot pruning; (leaves and branches) can 

-
be as much as 17 L h I of dry tia tt or UMogano, ,unpulishod) of 

which 11 t ha - 1 (70 per uoit) ari branches. These branches, 
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therefore, could be utilized as fuelwood instead of being
 

wasted.
 

200 
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4 60 - .............. 


40- 0-o--

20 . -" 


0
...........
20 0 I I I I I 

Sept. Dec. Mar. June 
1977 1978 

:..". Dry weiqht (inclul inj n]uckinqes) of terminal shoots 

of t wo l"1vew ; '111d Ib -, pu 'Indj1 k ,tielunihlk,] B-year-oid 
ush( ; of '], ,/ ,it ' c l:ar ,]iplq d, ti.. 0 Pluc(ked. 

o Unt]u(:k',d. AlI ] ', t : - Fluehin j !;hoots only. 

'Phi(, im-mri~t ;)t V ',t oiiU l I,." -'JU ] in ort"fi t- tod inre-(ase 

tho haiv,:;r irli,':.: Ind] ii nm y'i'm ,If: A tml l hw :;, ipartly by 

,!ntl [, it inm Ralinia : nd Phukan1ill(_n'/', i l ;ll],i . it . r jr, 

1)7(,) :;,',u]I th t , er pt ie):; relhi iI t' iunurib',r of branches 
per t,,.pl]a t ird rj ;:;'e y rn'duc:.d th, co]lar diameter (see 

i C,( irri In(,1] ; rhii; vol ll'-). Althoio gl ithorl' it it.he") ceiling 

beyor)I whi'h pltln t, l],r in to':; iot ilicreahe yield appreciably 
(Holl idi y, I N(,( , c , il V:d , highestl; I l 4rn,)()% the plant: 

pojipl ,it i Ii itl ;t At t h,, ire ri rlnl be hilow that.F:;,,,] -i r ( Ilaly 
p int . A(,,,rl ir, t, 'I, ,i ;it )f E,:;t Africat P :;,jr h 1I itut(, 

h h, i i, t h -1, la 


t 0 (.9)1 Im t rlrItI ]ll pl.in1t iret. Y,'t , Ie(]eh (19,) rep tried(.) 
hit I'tlrit iopiltlt im:; comild bew mricreaee up to 20,000 plants
 

1 I
ha- 'tr i t ,,- . ii1' l I'vo'l off . 'li'f low p1 mt ditsity adopted 

i' Et At r ic hA:; l).,ii it-t ly imt by cent:; and manageient 
Ilrol.'rii;, bet th , ,'ull -ril ojirat iort in high den;it:y plantinq 

In, nI i ri ' e: ,0iiy hlie l-ri I :.:prr;n:;ilvi oF not dif f, cticult . For 
i:.arriil ' , ,b , : 1:; t by Edon ;'w) that a plantipi itu i (l erow,(i 

h 1 1 t imrI; 
-

d'rli t t i( 7.01) i 1lii tooi<k th -('' lonq to prune as 

ont' with i q li t ioni f 1,, () fiuelht':; ha . It :ould he said 
thot it would lo difficult. for pluckors ti; walk thromgh closely 

;Iae'l behe whimr pilucking. But buhe. at close spacings would 
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have as rigid as
fewer branches and such branches might not be 


formed on bushes at the wide spacings commonly used in
 
~East at closer spacings, thebushes might
 

Sthose 


Africa. Alternatively, 

be plantedin bands or strips, each consisting of a few rows of
 
plants, so thatthe plucker can move along the sides of the band
 
~~when plucking~without moving inside. The space between the bands
 

: crops. reasons for and other approaches to changingsuitable Some 

the system of growing tea have been suggested by Huxley (1975).
 
Clearly, our present knowledge of the physiology of the tea bush
 
allows us to predict more precisely what the outcome of specula
tion about possible changes in plant management will be.
 

IMPLICATIONS FOP AGROFORESTRY
 

*Although we do not as yet know, in detail, the responses to
 
pruning or lopping of the many species of trees and shrubs which
 
have been recognized as potentially valuable fodder plants (Von
 
Maydell, 1980), or sources of fuelwood (National!Academy of
 
Sciences, 1980), the results of these detailed investigations
 

with tea give very clear indications of the trends in the parti
tioning and total accumulation of'dry matter that are likely to
 
occur. Furthermore, these experiments carried out on tea, which
 
involved a detailed evaluation of dry matter distribution under
 
both free-growing and managed situations, indicate the type of
 
study which is now urgently needed for new, woody agroforestry
 
species.
 

A PLATE illustrating this paper can be found elsewhere in the
 
book. 
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DISCUSSION
 

HUCK - Your observed decreases in proportions of leaf probably
 

occur because of simultaneous increases in growth of wood.
 

MAGAMBO - Since wood is not utilized, the objective could be to
 

avoid generating wood as far as possible without also reducing
 

leaf yield.
 

JACKSON - The most important cost in tea production is cost of
 

plucking. What height of bush is best for plucking, and is this
 

affected by changes in cultural practice?
 

MAGAMBO - Usual plucking height is 1 to 1.5 m. Growing tea at
 

closer spacings or in closely planted strips will not affect
 

plucking height but it could provide space for intercropping.
 

JACKSON - With regard to intercrops in tea; the important con
tea
sideration is not yield of biomass but economic yield. Since 


- I

is worth around US$1600 ha (1981), it must be doubtful whether
 

the value of the intercrop would justify the loss in yield of
 

tea.
 

MAGAMBO - Close spacing may allow intercropping without neces

sarily reducing the numbers of tea plants per hectare. Since
 

yield, at least in part, is related to plant density it might be
 

possible to maintain tea yields despite intercropping. This
 

needs to be tested.
 

HUXLEY - One general problem is nutrient removal. After tea has
 

been pruned, one knows how much nutrient has been removed and
 

must be replaced from other sources. Clearfelling of plantation
 

forests is an analogous but more extreme situation in which all
 

above-ground growth is taken off, often without provision for
 

exported nutrients to be replaced and with a consequent decline
 

in soil fertility.
 

MAGAMBO - At Kericho woody prunings of tea have been found to
 

add only small amounts of nutrients to the soil.
 

KIRA - In forage crops leaf production is directly proportional
 

to amount of grazing. Does plucking produce corresponding
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increases in leaf biomass and hence yield of tea?
 

MAGAMBO - Overall yield of leaves is greater from unplucked
 
bushes, but growers are concerned with yield of young shoots,
 
not overall leaf yield.
 

LOOMIS - Rate of leaf production, rather than overall leaf
 
yield, is therefore the significant factor. Is the total season
al leaf yield greater with plucking or without?
 

MAGAMBO - Overall yield is greater without plucking. But rate of
 
leaf production is greater with plucking; that is plucked plants
 
had more young shoots than unplucked plants.
 

LEYTON - How far is quality determined by cultivar and how far
 

by environment?
 

MAGAMBO - Both contribute, but environment is very important.
 
For example, high quality teas are associated with low growth
 
rates at high altitudes like Kericho.
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ABSTRACT. Types of elaborate to relatively simple con

trolled environment facilities are described and some ii! 

general considerations in using controlled environments
 
are discussed, including some special difficulties with
 

iiwoody perennial plants.Cnrleeviomtsuds
 
should be~linked to field work and-a range of specific
 

;. - areas of research on multipurpose tree species is out- • "
 
i lined. Controlled environments can be used to good advan- :.
 

tage to grow.uniform plants and to explore genetic varia

'. 	 tion at the seedling siegel to investigate responses of :i~ 
seedlings and young plants to environmental stresses; / .!i i 

.to investigate'adaptability-where seedling- mature stage iii
 

correlations can be established; to explore allelopathic i. - ,,: 
:

ii/i/." relationships; to help optimize seed germination and ' -i ! 

; ...... plant propagation techniques; for root growth studies,.
 
i> _especially those relating to nursery man~agement and ,. ii 

ii:' Planting out; and in the study :of plant pests and -• ":i;;
' 

. ' Controlled environment .facilities of one kind or .. ''i/ 

.......... another can provide a cost-effective way of obtaining -:',
 

.;;?... needed• information about .multipurpose tree •species,=- '; - -.
 

ments, and by linking these with a network (ifappro- ?. 
priate facilities according to the specific problems - ....!/
 

'.•underinvestigation. ...
 

)Agroforestry is the term given to sustainable land use systems:
 

'
 
_that--involve more or less. intimate and interacting associations 


iiof agricultural/horticultural crops and woody; perennials (trees,"<i 
....hrubs, palms, vines, bamboos), all"on the same unit; of land.:; , i, 

Thiii~~iiiij|e of interest in such land use 'systems hasi[i ;present scope 
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exposed our serious lack of~knowledge about then. We have not 
yet adequately described existing systems, or learned enough 
about their potential transferability to other similar ecozones. 
Agroforestry must develop as more than just a descriptive exer 

and many of the problems now emerging will be solved only 
ba combinatio nof approptiat ,erime ai-approaches.,adapted -----

to studying the range of pla'nt component species,: as well as the 
temporal and spatial complexities found in agroforestry systems. ' 

one such approach which has more than proved itself in sup
, porting agricultural research, is the use of controlled environ
ments to examine plant growth and development. This can be done 
under conditions of environmental stability, of specifically

defined environmental differences or, sometimes, sequential types
 
of controlled 'environments' can be applied to a wide range of
 
experimental climatic manipulations which possess varying degrees
 
of control precision.
 

Phy totron or biotron 
Usually this is a complex of similar, controlled units, or
 
batches of units, in which statistically replicated experiments
 
can be conducted under controlled conditions. Environmental con
trol covers radiation (light intensity, light quality and day
length); temperature (day and night, but often without separatp

control for soil temperature as opposed to air temperature); 
humidity (often less precisely regulated than the other climatic
 
variables); carbon dioxide concentration of the aerial environ
ment; mineral nutrition (through choice of planting media and/or 
solid or nutrient solution application); wind; physical rooting
 
conditions (through choice of.planting media, watering regime
 
and, sometimes, temperature and control of CO2 and oxygen con
centrations in the root zone); and the facility for applying
 
growth regulating compounds, if required.
 

Growth chambers or growth rooms
 

These are the equivalent of single units of controlled environ
ment, with similar control facilities to those mentioned above. 

some cases growth chambers are available that use available 
incoming short-wave solar radiation, thus providing natural light
 
quality, and also natural light flux densities which most artifi
cially lighted.growth chamber facilities cannot do. For work on
 
seed germination, or conventional or micropropagation, rather
 
small, controlled environment structures are quite suitable.
 

Rhizotrons
 

These are units specifically constructed to enable plant roots 
root systems to be examined, usually under some limited form 

of environmental control or manipulation (that is control of the 
soil' or rooting media used, watering, mineral nutrition and some 
control of soil temperature). They have been used to study both 
root form and function and usually consist of one or more sets 
of subterranean multicomponent facilities (see Huck, this volume).
 
A simpler arrangement may be useful such as a glass-linedpit, or
 
box with glass walls.
 

< !.: 
4

Y44 j4 .4 I 
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SGrowing rooms . 

These are enclosed spaces provided with supplementary lighting and 
watering facilities in which container-grown plants can usually 
be grown faster in the seedling stage than would otherwise be 
the case In temperate regions several sectors ofthe-horticul . 2 

trlindustry use growing rooms to produce vigor~ous seedlings
 
out; of season, under low light conditions, in readiness for
 
planting out at the start of more favourable periods. Supplemen
.tary C02 is sometimes used to further stimulate growth.
 

m
Controlled environ ent glasshouses or plastic houses are
 
cheap and simple structures, with much less precisely regulated
 
control of temperature and humidity. Light, particularly day
length, can be manipulated if plants are on trolleys which are
 
wheeled into adjacent light-tight, temperature controlled dar,
 
rooms. This can be done automatically. Even relatively simple,
 
automated glasshouses in which cooling/heating facilities are
 
provided can be useful to provide 'standard' environments for
 
some kinds of experiments. In the tropics, shade houses often
 
fulfil a similar function, but temperature control is more dif
ficult because of the relatively much greater heat load that
 
must be dissipated.
 

Field operated cuvetties
 

Plant or crop physiologists use these to study particular plant
 
processes, for example, carbon fixation and respiration, under
 
otherwise field climates.-They consist of relatively small,
 
transparent, gas-tight structures, with ancillary temperature
 
control and monitoring equipment, which can enclose leaves,
 
leafy branches, whole p]?ants or, sometimes, small communities of
 
plants..
 

Modification of the field environmnent
 
This is the crudest form of control, but it can be a useful and
 
cost-effective method. This approach is especially valuable for
 
initial studies of relatively unexplored species. It can take
 
many forms, depending on the objectives of the experiments:
 
shading; control of available water (both by irrigating and by
 
diverting rain with movable covers); shelter; and soil covers to
 
modify topsoil temperatures, are some of the more common tech
niques.
 

INVESTIGATING RESPONSES TO ENVIRONMENT
 

Controlled environment facilities have been developed because
 
there are many problems in evaluating, in the field, the effects
 
on plant growth and development of individual environment factors, 7
 
or the interactions among them. Light, temperature, humidity, and
other factors are so interdependent that a change in one alters
 

the others. It is also virtually impossible in the field to repro
duce very closely the environment of any one day on subsequent
 
days (Rook, 1968; Kramer et at., 1972; Kramer, .1978).. For such
 
reasons use of sophisticated environment controlled research
 
facilities, such as phytotrons, has accelerated greatly in recent
 
years. The many environmental combinations that are available in
 
Ssuch facilities make it possible to study accurately and rapidly
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the action and interaction of environmental factors. Phytotrons 

can be used to dissect or construct a given environment. Growth 
responses of plants over a wide range of environments can be 

studied concurrently. Interactions of two or more factors can be 
~i~ evaluated while other factors are kept relatively constant. A ___
 

major advantage of environment controlled research facilities is
 
that they decrease variability and increase reproducibility of
 

data. Furthermore, such facilities can simulate both diurnal and 
seasonal changes in climates for widely separated locations. 

- Phytotrons have sometimes been criticized because of the 
costs of building and maintaining them. However, they should be 
judged on the basis of the much better information they provide 

than can possibly be obtained in the field, glasshouse, or even 

from small groups of controlled environment chambers (Hellmers,
 

1969). Controlled environment research often 'costs less than
 

field research because the smaller number of plants necessary
 
for samples reduces the cost of laboratory analysis. Comparisons
 

of costs of phytotrons and field research often have been woe

fully misleading because they did not mention the high costs of
 

maintaining and managing experimental areas, costs of field
 

travel, ccst of damage to field experiments by weather, insects,
 

and disease (thereby requiring repeating experiments), and the
 
cost of delays in waiting for specific weather conditions (Rook,
 

1968; Kramer et aZ., 1972),. In any event thereris no need to
 
build expensive controlled environment facilities in tropical
 

areas. Such facilities are already established in many countries
 

(Table 1) and arrangements can readily be made to conduct re
search on tropical plants in such facilities.
 

GENERAL CONSIDERATIONS IN USE OF CONTROLLED ENVIRONMENTS
 

Where a high level of control is possible a choice exists as to
 

whether experimental plants are subjected to 'standard' or
 
'simulated' climatic conditions. 'Standard' climates can be any
 

combination of levels of climatic variables that the experiment
 

requires and the equipment can provide. 'Simulated' light inten
sity and quality are not easily reproduced artificially. In
 

addition humidity is a somewhat difficult and expensive variable 


to control precisely. Furthermore diurnal changes in climate,
 
and occurrence of climatic 'noise' (intermittent cloudiness,
 

wind, and temperature and Co2 fluctuations) are difficult to
 

; :reproduce exactly under artificial conditions. If the experiment
 
is designed to help relate plant growth or development to field
 

situations then a near-simulated' environment is likely to pro

vide the most useful information. 
Most plants grown in any form of controlled environment are
 

relatively much more stress-free than those grown outdoors. How

ever, by applying particular environmental stress factors (heat,
 

drought, waterlogging, chilling), either alone or in combination,
 

the effects of these can be critically studied in controlled
 

environment facilities in a way that is not possible outdoors.
 
In controlled environment.facilities using artificial light 

the daily photosynthetically active radiation (PAR-400-700 nm) 
can, with modern equipment, equate to that received in many 
tropical locations, although not to the maximum received in semi

~ arid regions (for example, usually up to 8 to 12 NJ m 2day-1 

5 
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Table 1. Locations of some major controlled environment
 
facilities available for research on plant growth. There
 
are numerous other smaller controlled environment facil
ities throughout the world, well capable of carrying out
 
the kind of research work, 	relevant to agroforestry, that
 
is discussed ill this paper. 

Name of facility 	 Location
 

Phytotron 	 Division of Plant Industry, CSIRO,
 
PO Box 1600, Canberra, AUSTRALIA
 

Phytotron 	 Research Station, Agriculture Canada,
 
Lethbridge, Alverta TIJ 4BI, CANADA 

Phytotron 	 91190 Cif-sur-Yvettte, FRANCE 

Phytotron 	 Agricultural Researcli Institute, 
Martonva!;ar, 2H162 HUNGARY 

Phytotron 	 Government Forest Experiment Station, 
Tsukuba, Ibaraki, 305 JAPAN 

Biotron Institute 	 Kyushu University, Fukuoka, JAPAN
 

Controlled Environment 	 DSIR, Palmerston North, NEW ZEALAND
 
Laboratory 

Phytotron 	 Duke Univerni ty, Durham, 
North Carol mia, USA 

Phytot.ron North Carol ino 
Raleigh, N(orth 

State University, 
Carolina, USA 

Biotron 2115 Ohj,-.rva tory Drive, University 
Winearn ;in, Il~ldit;on, Wisconsin, USA 

of 

compared with arounld 10 t'. 1 t-lJ-,iy in neajarid tooions. 
However, Hi to 12 MJ o-diy < illy i.vod in qrowth cahi
n th. or only ;in ' ilniat-t, thatrom!;, b t c -. is by 
providinC ttIe, .tv i I,)1. ny ux the ('i ire day.l II, ,na,.r t 	 duriio 

1'e ;t (:llti I 1 ;oI;lP.t 1111t; 1 in, inlt lllch i ; the level 
of phytoto::cit,"n,) ini l ,iidt lorimu ,at-i,n; i unac-
copt"Ible when ,i'plinl t,, ; (uolhnrdeiied) plant;;. Bio
liii(tiil i'illtl )l((I f i t t1ul ,)trri tve , lilrticulairly for 
pel;t ll 1!,;r'riedl 11(1,ilJ besuch i,|,.rn, iy m lp, Lif;which can 
1'Xtr(01(1"!y t til t1jVIi11(1d elIVtti lilli tin CollditiOnS101)1 O 01d'r 

1USilg( highl hitoni ylit1 .t l vii 
;,n.rlly !;; m i'ontOt workinq t,)lnliorat:urOs1 'lkiik tiw of at 

below onf1hiolt llo oi-,lt r thin1 wl;r i, id telliporatulro stand

itdl; )i (lit l rent ,il'; ate(, 'abov( it. Ibis can be eslp cially a 
problem in hot rl imites WhtriT exy1,risient:; requirinq lower tem

hive I,( aSperatures m,1y tlo -sth~nR'd t.othe cool ason, if there 
is o10. Othq.,rwi ;o the resoorcel,; of another laboratory in a teill
perate, roqion must I, sought-. 



F' ......
< . 
:556 T.T. KOZLOWSKI and P.A. HUXLEY
 

SOME DISADVANTAGES WITH WOODY PERENNIAL PLANTS 

Agroforestry systems can include a wide range of plant compor
 

nents, one of which, by definition, is a woody perennial plant.
 
No special problems will arise where the plant component to be
 
-studiedis a-herbaceous-,species.However, -controlled environment
 
facilities have several disadvantageous features where experi
ments with large woody perennials are concerned.
 

Space is usually limited, even in walk-in growth rooms, and
 

this limits both the number of experimental plants and the
 
length of time they can be maintained in the facility. Plants
 
can be respaced after sequential harvests, but the cost of build
ing very large facilities to carry out experiments with adult
 

trees may well be prohibitive. Hence with woody plants, only
 

relatively young seedlings or small saplings can be investigated.
 
All controlled environment facilities have climatic gradi

ents of one kind or another. With smaller, easily handled plant
 

species the easiest way to overcome these is to periodically
 
move all the experimental plants within a growth room or chamber.
 

With larger seedlings or small trees this is less easily done
 
without damaging the plants.
 

The cost of an experiment using a controlled environment
 

facility is in.reased in proportion to the length of time it
 

continues. Experiments with woody perennials are, therefore,
 

relatively more costly than those with annual plants. Breakdowns
 

in equipment are also more likely the longer an experiment con

tinues.
 
Some of the information required about multipurpose tree
 

species concerns the '.fect of environmental factors on phenology
 
and, more particularly', on the reproductive stages. These are
 

difficult to study in controlled environment facilities because
 
of the size and cost restrictions mentioned above.
 

The behaviour of a woody perennial in any one season is
 

often highly dependent on what occurred in a previous one. Most
 
controlled environment facilities cannot maintain woody plants
 

under controlled conditions for such a long period of time.
 
Despite these disadvantages a number of types of experiments
 

can be of immediate value to support studies of multipurpose tree
 
species.
 

LINKING CONTROLLED ENVIRONMENT STUDIES WITH FIELD WORK
 

The kind and degree of control of particular climatic factors
 

that is necessary, as well as the degree of control over nutri

tion and the rooting environment, very much depend on the kind
 

of experiment being undertaken. For example, a study of day

length responses is of little value unless both day temperatures
 

and night temperatures Pre also controlled, because the interac

tions between these are often of considerable importance. Then
 

again, with nitrogen fixation tests, it may well serve just to
 

standardize the environment using relatively crude environmental
 

control. At the same time, facilities for sterilized conditions
 

are essential to prevent crossinfection of Rhi~obium strains.
 
The need for separate environmental controls over plant
 

roots and tops may well be important (for example, see Cooper,
 
1973), as for instance in studying early growth patterns of
 

multipurpose tree species in support of nursery techniques and
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planting-out practices. Many other examples could be given.
 

There are relatively few sophisticated phytotron facilities
 

available (see Table 1), but growth room/growth cabinets are
 
more widespread, and the simpler forms of controlled environment
 
equipment to modify and monitor changes in field environments 

are now commonplace. With the co-operation of the more advanced
 
facilities there exists the possibility of establishing networks
 
of research activity which are mutually supportive, and range
 

from field tests to highly specific problem solvinca studies of 
more detailed plant-environment responses. 

At this stage in the study of woody species which have 
promise for agroforestry systems, controlled environment facil
ities will be used primarily in conjunction with field experi
ments to solve problems, or provide information about essentially 
practical issues. These will. be related to questions about bio
systematics and seed source identification, juvenile - mature 
staoe correlations, environmental adaptability of species and 
provenances, ppropriate propagation met hods, responses of 
juvenile plants to environmental stress factors (particularly in 
relation to pl ant in(-out technit:,,s) , allelopathic relationships 
in agroforestry plant inixtures, root studies, and /' :;ob mm and 
mycorrha iv;,sticiationsn (in relat ion to field programmies oni so 
nitrogen fix,ittion and plant nutrition, and inasmiuchl as these 
(oncr estab] i'hmo t anci irowth on particular sites) . All such 
investioations can L mae(more fruitful by using controlled 
environment stude(1s uf ,n aipprop i ate kind to support the neces
sary field expeuiine,. , as a considerabl e amount of work with 
agricultural crop species lias already shown. 

EXAMPLES OF USE OF CONTROLLEID ENVIVONMI'NTS 

The foll ow ingi are, som spcific e xamples of the types of experi
ments that. have alr eady established controlled environments as 
valuable research tools. 

Control led environments are now considered indispensa.ble for 
producing uniform plants for biochemical studies such as those 
of Alofe ,t H., (1973), Jeffs and Scharver (1976) and Sun/ ot 
ul. , (1978), something that cannot be satisfactorily accomplished 
in the field or even the glasshouse. With controlled environments 
experiments can be repe_ated under identical conditions, regard
less of season or weather, and the work of various investigators 
can be reliably compar(d. 

With the exception of a few genera (for example, I,.-U(:ne,Yio 
Th'on;o;,'i., ;,o:v o,"n, and the Aust raliin /ce! %,uspp.) the genetic 
variat ion tvailable for many multipurpose tree species has, as 
yet, been only sparsely explored. Much remains to be done in 
identifying both clinal and non-clinal within-species genetic 
variation. Because of the magnitude of the task, most of this 
work is being done by simple field tests, but inevitably there 
will be a case for using controlled environment facilities to 

explore the biosystematic relationships of the less tractable 
groups (for example, within-species variation in the Prosopia 
alba / ulmZensi / j'lexuona complex). 

In cases that warrant it the current confusion arising
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through international exchange of multipurpose tree germplasm of ' 

dubious origin mayalso need attention;- specifically to estab
& lish accurate seed source identification under completely uni
-form'growingconditions:. 

'Apart from selecting species and genotypes able to withstand 
-particular site-imposed environmental'stresses (see below) there 
is an urgent 'need to investigate the~general adaptability range 
ofmultipurpose -tree- pecies -to particular.-recozones . -There-is
also 'need to gain some knowledge of the genotype x environment 
(G x E) interactions involved, in order to be able to predict 
the performance of any species or provenance more precisely when 
it is moved into a'similar, but altered, environmental situation. 
Again, a good deal of this work will be done through normal field 
elimination trials sited tb'ouhout the environmental range con
sidered suitable. However, Li the extent to which early seedling 
or juvenile stage growth is related to later performance, it will 
be possible to ascertain general climatic adaptability in terms 
of temperature ranges and daylength responses much more rapidly 
if controlled environment facilities are available. This may be 
particularly important for multipurpose tree species whose normal 
range covers a wide variation in latitude and/or altitude (for
 
example, Acacia tortilis, Azadirachta indica, Parkinsonia
 
aculeata, Pithecellobium duZce, and so on).
 

Expocure of plants to stress at different stages of development
 

An important advantage of using controlled environments is that
 
plants can be subjected to stress at any stage of growth. This
 
usually is not possible in the field where the desired stress
 
only rarely coincides with the plant growth stage under study.
 
Controlled environments have been found, indispensable in study
ing the physiological role of cotyledons of woody plants in
 
seedling development. For example, exposure of Pinus resinosa
 
seedlings in the cotyledon stage to low temperature, low light
 
intensity, or air pollution inhibited initiation and growth of
 
primary needles as well as dry weight increment of seedlings
 
(Kozlowski and Borger, 1971; Constantinidou et al., 1976). Marked
 
variations among species in the physiological role of cotyledons
 
of woody angiosperms to seedling development were demonstrated
 
under controlled environmental conditions (Marshall and .
 

Kozlowski, 1974a, b, 1976, 1977).
 
Many of the multipurpose tree species now being considered
 

for use in agroforestry systems, or in some form of social or
 
community forestry, will be needed for sites that are less than
 
completely favourable; that is they may be subjected to soils
 
which are saline/alkaline, or acid, which have impeded drainage,
 
or are extremely sandy or unstable. There may be permanent or
 
intermittent exposure to high winds, salt spray, high advective
 
energy loads, prolonged drought periods, chilling or frosts. All
 
environmental variables that can be very precisely simulated in
 
appropriate, controlled environment facilities which are well
 
suited for cost-effective germplasm screening programmes. Even
 
crude environmental modification can be a useful technique to
 
investigate the effects of plant stresses (Summerfield et al.,
 
1976).
 

Juvenile- mature'stage correlations may have to be estab
lished using seedlings, or juvenile stages, to develop tests for
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444 

the appropriate 'plant
characters which'are found to be corre-'
 
t 44. 	 1ated with the capacity to overcome such particular environ

mental disadvantages. Large numbers of. seedlings can be screened'
 
in appropriate test method to
ircontrolled environiments, using an 

select suitable stress-resistant germplasm. For such work a
 
relatively low level of environmental control is suitable for
 

~4~*the actual screenin processes,._ __:mental.i.work.,to.. es taliish -- although the. initial experithe- -technique- may,requir e.mo reellaborate. 
44 conros. 4 

4 -
 The agricultural crop plant components in agroforestry sys
4444 
 !tems, which have usually been selected for sole cropping, may
 

need further attention from plant breeders. Similarly they too
 
will need screening for such factors as shade tolerance, drought
 
tolerance, and so on. Much of this work can be hastened by the
 
use of controlled environment facilities.
 

Effects of environrmental factors on physioZogical processes and
 
growth
 

Controlled environments can provide insight into the influence
 
of radiation, temperature, humidity, wind, and the composition
 

4 .
 of the atmosphere, as well as such edaphic factors as soil tem
4perature, 
 water supply, aeration, mineral supply and pH, on
 

physiological processes and the growth of plants (Tibbitts and
 
Kozlowski, 1979). Research in controlled environments can also
 
produce excellent data on effects of interactions of environ
mental factors. Examples are the interactions of light intens
ity and temperature, light intensity and C02 , and air humidity
 
and mineral supply on stomatal aperture (Meidner and Mansfield,
 
1968; Davies and Kozlowski, 1974; Pereira and Kozlowski, 1976;
 
Pallardy and Kozlowski, 1979), and photoperiod and temperature
 
on physiological mechanisms of development which lead to flower
ing' (Blondon et al., 1977). Whole programmes of experiments have
 
been carried out to explore the responses of a crop, in this'
 
case cowpea (Vigna unguiculata), to climatic variables and
 
changes in nitrogen nutrition in relation to field practices
 
(see Huxley and Summerfield, 1976a and many subsequent papers by
 
various authors).
 

Controlled environment facilities can be used to select
 
climatic regions in which to field test new species and varieties
 
or to assist in the selection of plants for use in specific cli
matic regimes. Went (1957) wanted to find plants capable of
 
growing rapidly on the mountains of Southern California, so that
 
they could'provide quick cover for watershed protection follow
ing large forest fires. A series of temperature conditions in a
 
phytotron included field averages and extremes. Two species,
 
from over 30 species suggested and tested, were selected. The
 
entire study was completed and the results successfully applied
 
in the field within a year. .
 

Allelopathy.
 

Seed germination and plant growth are inhibited by a variety of
 
naturally occurring compounds that are released to the soil from
 
roots and aerial tissues of neighbouring plants (Kramer and
 
Kozlowski, 1979; Norby and Kozlowski, 1980). Allelopathic con- ,
 
pounds may be released by volatilization, leaching from living . ,
 



560 T.T. KOZLOWSKI and P.A. HUXLEY
 

or dead tissues, exudation from roots, and decay of plant tis

sues. Allelopathic compounds are important because they influ

ence plant succession, dominance, vegetation dynamics, structure
 

of plant communities, and crop yield (Rice 1974, 1979; and see
 

Brunig and Sander, this volume).
 

A large body of evidence shows that allelopathic compounds
 

are produced by many tropical plants. For example, Abdul-Wahab 
and El-Naib (1972) found that water extracts of the leaves and 

culms of Icqr.ula ,.','huoa contained scopolin, scopoletin, 

chlorogenic acid, and isochlorogenic acid, all known phytotoxins. 

Eussen and Seer ani (1970) also demonstrated an allelopathic 
effect of I' 'iot because leaves placed on the surface of the 

soil were incorporated into soil that innibited growth of a test 

species. Chou and Younn (1975) showed that aqueous extracts of 

12 species of subtropicol grasses inhibited seed serminat on and 

radicle growth of test plants. 
Parpiev (1971) inv-st igated the relationships he tween shrubs 

and small t roes in : ho middle, Asia deserts and the herbaceous 

vegetot.ilon un(der the' shru Jo and trees. Extracts of genetically 

and eraologically simil ar ;ptcies of shrubs and small treoes were 

favourb],, t, o,:rminoti n of t.h(2seeds, but Xtracts of genetic

ally and colo(;ic,illy dist illn t ;pcis inhibited (jerillination. 

Thus patte rniiins w. s .trorijly influenced by al olopathy. Porpiev's 

ressI ,,LlSasasI ,Ivi ry' impu rtant point, name ly that toxic 

interactirns .tr (,,l,,Illy mjuch mr, l ike.ly to ,or i, and to be 

more strikinrig, if ;p,.cif,; ,iv "oIly r-lo.tively roc',lntly ben 

brouciht in coritatw with o,,ch other. This is probably the chief 

reason why intrOduc' ;ieds and tries o:-:hibit sch striking 

a] lelopti hi : I :; ,it tril;'!:; ,:E ',t in'f1 (for o:.:ampl " spp. 

Califfrt:1., ,i1t.pianeuf:r .;1,,lo in old-CimId succ s ions) . Species 

that hav, v o.lt,).thr for thousodl of yair: in nat:ural 
climax ero t:n; ir,eminl ike ly to stroi.q lr opathic 

inlt rl t iL)1n;. 
Agrofar(,'t iy llr hP with1;1!3t ),rti(rUlar'lyC~lncCrnieid 

al elopipth, berasse a)Ilmohrim; have, bn shown toeblock nitro

C!enl fix,ltion by illhit iting risi lo product ion and reducing h, .ilo

globii ront mllt , n!o les (i ie, I'7)). 
Plant::; of I'lb(sideri ild Mi '.woihadea joaerall.y nodulate 

under prolir curioit ons, a:, do tho 1111joriy of the le.gumes which 

do riot h lt(1,ore to the. Ca 5i-ilpliniaideat . Ptao , , /!. , (1973) tested 

extract s of rin-riodul,, i , ',o 0and '. ,;i,til!, 

(Caesalpinioidoae') and rion -nodulat inq -,. , ','. 1,]h 

(Millosoide,i aC;in;t 1:'; tra ins six aidt f roln (enera spe

cies of legumes. Al ii 1' wve1': by;tr,i )Of :;,i, 1 inhibited ox

tracts of the ior-nodiil;itinv ,-irr. Pieces of rooLs of the 

non-nodsl i tig ;pec i(!; a 1so illhibjted h .::, 

Tho evidence' flaill nn111y goo(ardiph;ica] Ire'as ald verletation 

typ.l; indic,it(-e ; th,it, inhibition of nitrification by vegetation 

is a widespread phinorierioi. lii South Africa soils taken from the 

7r,',,O/[j I 0";'a a1, .ix:community showed ai, (ra.s;land (A in consis

tent lag iniproduction of iiitrot, (St iveri, 195') . Meiklejohn 
(1902) report (,d that th, lark of available ni trogeri in Ghana 

grassland soils wis (iui.nomainly to absro of bacteria able to 

oxidize nitrite toinitrate . Meikl( johii (1968) also found that 

soils under native gras;s in Rhodesia contained very few nitri
fiers, but that the same soils, when cleared and planted with 



561 CONTROLLED ENVIRONMENT RESEARCH 


crops, contained many more nitrifiers. Soils under improved
 

grass pasture and under two legumes contained about 100 times as
 

many nitrifiers as soils under native grass.
 

The mechanisms of action of allelochems are diverse and
 

include:
 

inhibition of cell division and elongation; 

* inhibition of gibberellin - -r indoleacetic acid induced 

growth;
 

• reduction of mineral uptake; 

* retardation of photosynthesis; 

* inhibition or stimulation of respiration; 

* inhibition or stimulation of stomatal opening;
 

inhibition of protein synthesis and changes in lipid and 

organic icid metabolism; and 

inhibition of haemoglobin synthesis (Rice, 1974). 

It is qUite, c:ear that controlled environment facilities will be 

very usefu] in quantifyinq alleLopathic effects on growth, 

mechanisms of action of allelochems, and isolation and identifi

catio;n of a1 l (opathic chIemicals. 

A very wid- rnI(eo of multin)urpose tree species is currently 

being introduced, but rel atively few of these species have been 

critically inwv};t:]lateil with reuvard to their optimum requirements 

for seed gP.rmination. Furtihrmort , because many of them are out

breedini species, u ,rmplasm is higcihl y heterozygous and the possi

bility for imuiiidiate distribution of superior genotypes exists 

only if v q tat i v (r -icrop ropa(at ion technIuiques are used. So 

far ]jttl wjrk hua Ih!(n dor2 on this for the species concerned. 

Alt houqh ai(m ( qi 1 ra such is ,l /}' " , !.',,' ,': , G1!o':,*,,,iu are 

propac;atad v qt,it ivily with ease, others (Aa Licio~i',{ na'n, and 

some ., . arc not.".; ;pp.) 

Seeod entllisat ion oind vegutativt and micropropagation tech

niques all1 requl r , t-o a greater or lesse2r extent, some form of 

environmental cont rol. Expfr imesths to dotermine the optimum con

dition s urder whi ichl practicl field or laboratory production 

shouLd he carried out- are best done usinq an appropriate, con

tro1 led ernvironment research facility. In some cases there is
 

plant in order to obtain suitable
opportunity to manipulate the 

matterial for propaq.,tion, and this can be clone for tropical spe

cit_- ; even ini temnlperatet: reqions. 

D)urinI I1.1,t last decade- ther, lhas bee,n a surge of interest 

in producilv 'coltainr( i;ed' forsLt nurse ry stock in semicon

trol led rrhoin;i,;tither th.in in conv4itltional forest nurseries 

some containerized(Owston and Kozl owaki, I d1). In region; 

seedling!;, u-;inq control of temperature , jhotoperiod, water and 

mine ral suMply, can hi produced in ten weeks to a year. In arid 

or 4mi ar1 redqions, P1 ut isq of coll ta in r ized seedlings is 

u;ual ly mor t,,l jabl, tit-an direct sowing (Weber ,! al., 1977). 

lfuwevfr, ]i tl( i. known Ibout the specific nvironmental regimes 
sites. Muchneer(d,'d to produce the bet ! planitinc stock for many 

more work i-; neded to estiblis;h optimum economic conditions for 

ratisinq conta inc rized seedlings of mu]t ipurpose tree species. 

Although much of this work can be done in the field, the use of 

fairly !;imple controlled envi.ronment 1-,t ii ties can provide more 
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precise, extrapolated results.
 

Studies of Rhizobim and rmcorrhizas 

Many of the trees showing promise for agroforestry are not only
 
multipurpose but fast growing and nitrogen fixing (refer to
 
Nitrogen Fixing Tree Association, PO Box 680, Waimanalo, Hawaii,
 
96795, USA). They include not only those in the Papilionaceae
 
and Mimosoideae, but also such genera as Cacai'znia and Alnia. 
Furthermore, we now appreciate that endotrophic mycorrhizal
 
associations are both commonplace and important in improving the
 
nutrient extracting capacity of many plant species. The positive
 
interactions which occur when plants are simultaneously hosting
 
both rhizobial and mycorrhizal associations are relatively new
 
and exciting areas to explore (Daft and El-Giahmi, 1976).
 

A great deal of preliminary work is still needed with multi
purpose tree species to record the occurrence of nodules in the
 
field, to test them for their nitrogen fixing capacity, and to
 
examine roots for the occurrence of mycorrhizas (Keya, 1979;
 
Redhead, 1q79). Such work must be closely followed by planned
 
programmes of research to evaluate nitrogen fixation quantita
tively, using young plants in containers, and to examine strain
host relationships. Rather precise environmental control is 
required and proqramnes have already been initiated in various 
laboratories in support of field trials and investigations. 
There is scope for considerable expansion of such research if 
benefits from field inoculation are to be achieved similar to
 
those which have been made with leguminous agricultural crop
 
species and, for mycorrhizas, with certain species of forest and
 
fruit trees.
 

Root (t,1 

One of the most neglected areas of research still remains the 
study of plant roots and root systems. Largely because of the 
difficulties involved in studying living materials in soil, es
pecially in tttzi. However, there has been considerable progress 
in methodology in recent years. Once again a combination of
 
approaches using both field investigations and more detailed
 
studies under controlled conditions (rhizotrons) has been very
 
effective in obtaining results (Head, 1973; Huck and Taylor,
 
1981; and see Huck, this volume). One of the most urgent and
 
more practical areas for research concerns the examination of
 
rooting in nursery and planting-out situations for so far unex
amined species of multipurpose trees. This could quickly result 
in guidelines for their more efficient field management. 

S ml ,: ,,]"IZ (~l ;'v . 

In the field or glass- or plastic house it is often impossible 
to separate the effects of fungal pathogens and environmental 
factors on plants. Each pathogen, and often each stage of patho
gen with a complex life cycle, has specific environmental 
requirements. Plant pathogens are particularly sensitive to soil 
water supply (Griffin, 1978), air humidity (Yarwood, 1978), tem
perature (Ielgeson , I /il., 1972), and light intensity and qual
ity (Yarwood, 1959). Wind commonly prevents formation of dew, 
which plays a vital role in the infection process, and it causes 
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raindrops or dew to dry off faster than in quiet air. For such
 

reasons controlled environment facilities are now considered
 

essential in conducting research on plant diseases. Controlled
 

environments provide optimum coaditions for studies of effects
 

of disease on physiological processes and the growth of higher
 

plants, as well as 
for virus assays, insect vector multiplica

tion, root infection studies, and successive completion of dis

ease cycles. Controlled environments also are essential for 

detailed studies of effects of climatic factors on host-parasite 

relations (Dimock, 1967). 
Comparatively little is known about the diseases and pests 

of many multiputposu tree species, e!xcept where they have been 

specifically studied because of a pest-associated character (for 

example, :,: e,cause of the insecticidal proper

ties of its sap (Schmutter, ,- , , c 81)) . Although studies 

must begin in the field to inventory the occurrence of pests and 

diseases, and to establish their a. tio',.,y and epidemiology, 

there is considerable scope for establishing, early on, screen

ina programmes for resistance usina all the advantages that 

control led environmental research can offer. 

CONCLUSIONS 

Information _bout growth and development of a wide range of
 
,
inultipurpo.t tre, p c i s is urgently needed. It would be foolish 

-- to utiliz control led environment facilities, of one kind or 

another, to help provide this information as rapidly as possible. 

7n many (:.o. ;s, and as long as the e xpr rimesntal work is closely 

relate.d to prohii-oriented f ii:.] d prograTmes , to do so can be 

cost-savinu . C(ntrolled ,nvireoiment focilit ies can then be used 

t') invst i( fit- r, ,ivant plait rtLi)UHls. to e,nviromIlient or to 

e - reduc(e, norm,1l of 

vironmentil viri at lonl which can obscure re-sponses to oth(er fac

tors which airt th(. spcific ob].,ctivw. of the investigation. 

The.rf, is a who I rang.4 of <IIroforestry in vest igat ions, with 

el imint,., o at I t reotly t he range(l en

multipurpose t ree species in particular, for which one form or 

another of controlled envireun.mnt facility will he helpful. At 

the lowe-r end, crude forms( of conttrol or modificatiion are easily 

and relatively chieaply e-sttblishe:d, and this should be encouraged 

at a national level. Th more elaborate facilities, such as 

phytotrons and rhizotrons, ire limited in number but, for more 

detailed work, som(e formiof international support for research 

networks which sinclude, the!;, pow,,rful facilit ies, could be of 

consi(lerable vol ut,. 

in all cases, conttl 1 in( thle environrlntit wholhter at a 

simple or sophist:icated lv,' provid ,s jus;t such a facility. If 

the expwr imertah oh)jt.tives ar, clea,,r and the experitents well

rosiGirid and pl,inne.d t(j take odvatLtag( of the environmnental con

1,2 the 

information t.h,t (:,ati 1 obbtaind. otherwist- inve-stmtent in such 

reseajrch miy h misplaced. 

trol available, the co;t.s involvid will low relative to 

well bi 

Cont rollld rinvironirients should lie used jidiciously to 

answer crit ical qu(;t ions that cannot be readily answered in the 

ficld aloene. Ilowe vir, e-xperionced( inv(estigators use controlled 
limitations. For 

eximpI , reOsi asses of field grown and chairber grown plants to 
environl i tVswith due regard to some of their 
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environmental stresses are not always identical. Van Volkenburg
 

and Davies (1977) found that cotton and soya bean leaves of 
field grown plants were thicker than leaves of plants grown in 
growth chambers at 30'C and 26'C, day and night temperatures, 
respectively. Davies (1977) also found that stomata of chamber 
grown cotton and soya bean plants wef, more sensitive t~o low 
light intensity han wt ro fie]d grown pl, nts. Tho morphological 
difference-. urouciht about by changing light qua lity through the 
use of differeit kinds of ].imps , may not even be tho same for 
different cultivars of th, :;ame spt cies (luxltcy and Summerfield, 
1976h) Ind, overall, plant morpholoy may we Il differ fr'on that 
of field grown plants. 

Another probid m is 1hjt th,- rsl)p)nss of .;pec:iess to stress 
in the competitivt- situation of .I plant, coiinunity raiy diffe r from 
results predict(-d on f baitsh of responsts dett.tii/nu( without 
plant computit ion. For exampl,., irwlh of lsm Sp.'cn in a plant 
community in t-he fi ,-dmay hit increis, despitte 1elijathy 
stresF, b cause th('y m11Ay in,1111a C' t)11 lV( 'IdVlnt ci, an a IOUltit 	 rI 

of ciroatr impiact s oi othe r specis wit i. which th',' iract in 

the s;ucc:ssi nil rocui;. Giowl iof ct ot,1r i' 1;,2ci'sm,n be 
reduced by al1lopithy stre!s; )ol,,thn 'lxpectd necuse of 
reduced cimp-I'tit v pt -'ll.n t 

For at discu;; )iof iaidtpl is fa us', af control led n
virontints tw I'l;i,'foired to thi' l,oo)k by Tiibitts and 
Kozlowski (1971 ) . D,,;tpit, o limit ,itinii; of conttol led en
vironm(,rt ; th.y can ho , v iIuiabl-1 re-senarch Lool in iuroforostry, 
especlaily whln field o' .pilllnts ire used in c:(riinct ion with 
research conrduct 'd iII coit rol It'd rivi ronlnents. 
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THE ANALYSIS OF PLANT-TO-PLANT INTERACTIONS
 

IN AGROFORESTRY
 

P. de T. Alvim, Chairman M.G. Huck 
J. Coombs R.S. Loomis 
W. Hetsch B. Pedersen 

BACKGROUND AND FRAMEWORK
 

The productive activities of plant communities must always be
 
viewed and interpreted on an area basis. The reason is that the
 
controlling factors of plant growth (light, water, nutrients and
 
space) are all dependent in some way on land area. When the
 
occupation of land increases, the interactions among adjacent
 

plants increase at the same time. We may say that competition
 
for scarce resources occurs when the potential resource use of
 
several plants cohabiting in time and space exceeds the resource
 
supply. The growth of one or more of the individual plants is
 
then reduced to less than its potential. The term 'interference'
 
is usually prcferred to competition since the influence of
 
neighbouring plants is usually indirect through modifications of
 
nutrient supply or the microclimate, rather than direct.
 

In monospecific communities with all individuals of the
 
same size, spacing and age, interference is more or less the
 
same for all individuals, and all plants respond the same. In
 

mixed communities the interference may be unequal at one extreme
 
or the other. It may be that each species finds interference
 
from unlike species more severe than from individuals of its own
 
kind. In agroforestry, for instance, shading by the overstorey
 
crops invariably interferes with photosynthesis of understorey
 
species. At the other extreme, some species may find less inter
ference. That occurs when the competing species use resources
 
somewhat differently. Since all plants use the same resources
 
(for example, the essential nutrients are all the same), the
 
'different use' depends mainly upon the plants acquiring the
 
resources at a somewhat different time or from a different
 
space.
 

The possible range of such interactions can be expanded
 
beyond resource use to include modifications in the spread of
 

pests and diseases, and the possibility that a surviving species
 
will. expand in its growth and thus compensate for a species that
 
fails. With agroforestry, the dimensions expand further. Parti
cularly important aspects are the degree to which the overstorey
 
modifies the microclimate (especially light intensity), checks
 
the understorey growth to match nutrient supply, cycles nutri
ents from deep soil layers, and so forth.
 

Our concern for prop(, management and improvement of agro

forestry cannot be achieved unless we have a clear understanding
 
of how such systems work. And such understanding depends upon
 
our knowing about the nature and extent of the plant-to-plant
 
interactions. The alternative is to approach the system empiri
cally and with only a slow and uncertain chance for progress;
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one gains a perspective on this by considering the ramifications
 

of introducing a new maize cultivar in a maize-bean agrofor

estry complex. Empirically, this could entail a re-examination,
 

among other things, of the appropriate bean cultivars, of space
 

relations, and of the types and density of the interactive trees.
 

Progress in improvement, as well as in day-to-day management,
 

requires improved understanding and some simpler means for eva

luating the mechanisms and results of interference. We present
 

here guidelines for obtaining that better understanding.
 

GUIDELINES
 
These involve several levels of sophistication and detail.
 

Survey
 

Methods need to be evolved for the characterization of sites
 

where different agroforestry schemes are operating. This will
 

include descriptions of geographical, climatic, topographic,
 
phenological and plant characteristics. It will also include a 
qualitative judgment and preliminary estimate of the main inter
actions.
 

The aim of this preliminary characterization is to define 

the smallest recognizable unit or area in which the tree- field 

crop interaction occurs. We termed this an augio-anft. To iden

tify the agro-unit requires an accurate map of species and their
 

distribution in space and time. For instance, linear measure

ments, photographs, identification of the species and other 

simple observations, made and plotted on graph paper. This map
 

is then inspected for repeating identical units. If no pattern 

emerges a unit of importance must be selected on a judgment 

basis, or units must be centred around a tree, or trees, and 

extended to the limits of tree interactions with field crops. 

Mon Lto l'y7 

More detailed analytical listing is then carried out to estab

lish the state of various parameters within the unit; with em

phasis on water, lijht and nutrients. Further measurements are 

taken to determine biomass production and harvest index. From 

these data a judgment is made to identify limiting fac:tors.
 

Perturbation tc:t.,; 

The conditions observed through monitoring can be tested by
 

putting perturbation into the systems, for example by adding 
water, fertilizer, or by removing part of the plants, or their
 

canopy, in order to see what happens.
 

Controlled experiments within research stations, or demonstra

tion farms, can be used to show what improvements in management 
can be made if limiting factors, identified above, are overcome. 

This overall programme provides basic quantitative defini

tions of the controlling factors and processes at the tree

herb interface, 
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ECOLOGICAL CONSIDERATIONS
 

T.T. Kozlowski, Chairman T. Kira
 
E.F. Brunig 	 H. Lamprey
 
D.J. Connor 	 L. Leyton
 
J.E. Jackson 	 L.L. Tieszen
 

The group had in mind agroforestry land use involving high
inputs, low-inputs, sustainable farms and gardens, and silvo
pastoral systems. Also agroforestry as a means of land rehabi
litation and conservation.
 

SOME QUESTIONS FOR CONSIDERATION 

Although agroforestry practices are commonplace in the tropics 
and subtropics, there is only scanty information about their 
functions and overall place in land development. Answers are 
needed for the following. 

* 	What is the role of agroforestry, in the systems context, in 
energy, water, ind nutrient partitioning and utilization? 

* 	 What is the role of agroforestry in food production and in 
economic return? 

* 	flow can agroforestry associations provide a buffer against 
physical, biological, and social disruption? 

* 	How can ICRAF most effectively contribute to the development 
and 	 utili:'ation of analytical and predictive methods appro

-priate to agroforestry

* 	 flow can information concerning ecosystem status and function
ing he disseminated, demonstrated, and applied? 

RESEARCH NEEDS BY PRIORITY
 

The answers to at least some of these questions will be obtained
 
through the following 	 lines of investigation. 

" 	Development of guidelines for site assessment as a basis for
 
the choice of species. These should be based on site charac
teristics: geology, existing plants, amount, and annual and
 
seasonal distribution of rainfall, potential evapotranspira
tion (ET) , soil physical and chemical characteristics, topo
giaphy, and temperature. 

• 	 Development of an information system that will identify tree 
species suited to a particular site and, as far as possible, 
selection of spcies combinat ions for agroforestry systems 
suited to that site. 

* 	 Quantitative studies of specific agroforestry systems in 
terms of water and nutrient cycles and budgets, as well as
 
energy utilization, productivity, and yield. A key objective
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should be to determine their efficacy as sustainable land use
 

systems.
 

Development of simulation models of agroforestry systems at
 

varying levels of complexity. The objectives being:
 

- to study the interactions of processes, and the responses
 

of systems to cultural practices and environmental changes;
 

- to predict the effects of such changes;
 

- to experimentally validate these predictions.
 

* 	Studies of physiological processes. For example, the growth
 

responses and phenological characteristics of important spe

cies in relation to environmental and biological factors, as
 

needed to provide information for systems analysis.
 

PROVISION OF MANUALS
 

Information about agroforestry is widely scatter-d and there are
 

few guidelines as to how our existing knowledge of experimental
 

design and management can be adapted to solve the problems
 

arising from the greater range of components, and the more com

plex space/time factors, that are commonplace in agroforestry
 

systems. There is an urgent need for research manuals that in

clude the following topics, and existing manuals could be sur

first place, as a source of content.
veyed, in the 


Measurement techniques for environmental, plant and edaphic
 

factors.
 
* 


• 	Applicable statistical designs.
 

Systems analysis.
 
* 	Data manipulation.
 
O 	 Principles of studying energy, nutrient, and water flow in
 

agroforestry systems.
 

* 	Lists of equipment and suppliers.
 

* 	Techniques for ecological surveys.
 

* 	Tabular presentations of nutrient and energy content and
 

economic yield from agroforestiy systems.
 

Manuals would ideally be used for, and developed along with,
 

training courses for research workers in agroforestry.
 

THE ROLE OF ICRAF
 
This was seen as follows.
 

To co-ordinate and disseminate information on agroforestry
 

systems.
 
* 

* 	 To demonstrate agroforestry systems in the field. 

To conduct research to develop methodologies for evaluating
* 
agroforestry systems.
 

To stimulate and arrange funding for research in agroforestry
* 

by other institutions and organizations, and to encourage
 

co-ordination and co-operation among projects. Also to
 

facilitate the integration and synthesis of results.
 

To 	promote training for research and extension work in agro* 

forestry.
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nLANT TYPES FOR AGROFORESTRY
 

M.G.R. CannellI Chairpersons T. Ledig
 
° 
B. 	Pickersgill G. Michon
 

J.G. Bene 	 D. Osiru
 
C. 	Briscoe K.O. Rachie
 

KEY ISSUES
 

Ird1t i- ;j a oL fo?' agrofarectry 

It 	is first necessary to identify where there is a role for
 

agroforestry; considering the semiarid and the humid tropics
 

separately. A need will exist whenever the following situations
 

occUl
 

" 	 The land uJ: or farming system is perceived to be non-self
sustaining because of: 

- depletion of soil nutrients (especially N and P) 
- soil degradat ion due to absence of soil cover at certain 

times; 
- inadequate fuel and food supplies. 

" 	 Trees might lessen the risk of hardship because of crop fail
ure (because of the inherently well-buffered ecosystem in
 

agroforestry), and wherever trees will allow farmers to accu
mulate capita] or cash. 

" 	 Tree; will help to spread productive activities throughout 
the year, by staggering the harvests, providing products in 
dry seas)ns, or spreading the labour load. 

, 	 bI f
Db' 'itIs, u'h 	 77 grop, 

There are several relevant factors. 

* 	 To determine what environmental resources are limiting 
(usually N, P and/or water), and what products the trees
 

should provide.
 

* 	To decide if there is a need to establish trees quickly to 

arrest soil degradation and sustain food crop production as 

an emergency measure. If so, fast-growing, easily-propagated 

soil restorers; could be introduced before multipurpose trees. 

(However, multipurpose trees may be preferred to minimize 
ris;ks and increase th', h, os index.) 

'1Tocho(ose ;poche!; from the loca] ity, if possible, or from 
1dliloqou ; sites elsewhere, and from slightly more favourable 
envi rosin. nt s..(Genet ic diver sity should be maintained rather 
than ,e1 ect ion for singleo adaptahle genotypes.) 

J),:<(? 5 t W:,i ?I'Vt"'," I T ' / in', ,Tq ,ombunati on,, should 

For this it is necessary to undertake the following. 
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* 	 First, to study the socio-economic context.
 

* 	Then, to promote dissemination of genetically diverse herba
ceous crops (not just sole-crop cultivars) for farmers them
selves to integrate into complex site-specific agroforestry
 
systems.
 

RESEARCH NEEDS
 

Research needs to be promoted in the following areas.
 

" 	The selection of 'soil improvers'. That is, trees that will
 
fix or absorb large amounts of N and P and will return them 
to the soil via leaf fall or lopping. Research should concen
trate on the amounts of N and P that can be transferred to 
the soil per year in this way. 

• 	 Socio-economic studies on farming systems in 'fragile eco
systems' in the o m iarid and hu mid tropics. Including assess
ments of cons;t ra ints, irpact. and human aspects, with projec
tions of the socio-oconem ic consequences of introducing tree 
species into varous types of tropical land use. 

" 	 The screoning of treeso for their complemen tarity with a range 
of locally acceptable herbaceous crops, by planting beneath 
existing tr(ees whore thijs i!; possible. 

* 	 The evaluation of 
- exotic (Iloll-nat iy e) Speci es,
 
- pa 1li;,
 
- underexploited crop plants for use in agroforestry systems.
 

" 	 Observa t iors )n the phenology of potentially valuable trees, 
including in.v ot igation,; on t he manipulation of tree pheno
phaso . 

" Stu(ies on the r,:;pone.; of tree to coppicing and lopping 
(timing, frequency, severity, and no on). 

" 	 The screening (,. trees for undesirable traits such as alle
lopa thy, poise- ;is foliage, weediness, and so on. 

TOPICS FOR MANUALS ON AGROFORESTRY
 

Loose-l,,af reference manuals should he produced and regularly 
updated on the following. 

" 	 Species of voluo, ,r pot(ntiaI value, in agroforestry. Topics 
covered ,;hould, whore pos-,sible, include obvious features such 
as the relative value of the species when cultivated for a 
partjcular purloSiy, plus methods of propagat ion, sources of 
planting material, Hal le-Oldeman architectural i models, plte
nology, microbial a ssociat ions, alle'.epathy and other 
undesirable attribut eo , as well as performance in given 
envi ron, ,o to. 

" 	 Agroforetry crop associat ions. Topics covered should, where 
possible, include the performance of the components, the 
management. system, the nitirogen budget , climate and soil, the 
ecological and socio-economic content. Known failures should 
be 	incl.uded.
 



581 REPORT OF WORKING GROUP 3 


THE ROLE OF ICRAF
 

With regard to plant types of use in agroforestry, ICRAF should
 

emphasize the following activities.
 

" The promotion and co-ordination of the establishment of spe

cies collections and seed banks at various national centres, 

each dealing with spcific species in their domain. ICRAF 

itself should take the lead in Kenya, by establishing a small 

gene bank of locally useful species. 

* The explanation of ways to facilitate the transfer of genetic 

resources:; across nat iomal boundaries. This might be done by 

- promotin (Idicus; i;i n on criteria for the movement of plant 

material, 

- convening a iroe-vt ing of interestid part ies, such as quaran

time officer.;, ard 

- oncouraging w )rk on motli ds of traln sporting material other 
than by seels (01 cutt irigs, that is by meristem or tissue 

cli tul o. 

" The co-rd 1isa ioll of internat iorial networks of species and 

provennc, tri a I]s,, perhlip! bt g ing with tree legumes that 

conserve, the, ;oil a11nd improv, its nutrient status. Work on 

(other) mull iplrpose tees, part icular tree - crop associa

tions ind(1 in,-niagel,,ii it procd ices, mighl follow later. 

* Pooling of inform ition t roin various counltries on methods 

of dissoi1 ittinq seeds or seedlings, and cuttings, to farmers 

at ogiona- anid local level s. For exallple, by using schools, 
local organ izeid groups, and the provision of incentives, and 

SO on . 
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PLANT MANAGEMENT CONSIDERATIONS IN AGROFORESTRY
 

R.A.A. Oldeman, Chairman B. Ndunguru
 

G. 	Budowski B.N. Okigbo
 

M. 	Kinya J.B. Raintree
 

M.J.S. Magambo 	 F. Torres
 

P.K.R. Nair 	 Tran van Nao
 

BACKGROUND AND FRAMEWORK
 

The proper management of plants in agroforestry depends entirely
 
on a sufficient knowledge of the following.
 

" 	 The interactions between the species. 

* 	The available resource spaces ('niches') for every species 
within the agroforestry ecosystem, as well as the ecosystem 
processes determining thisa space (for example, the nutrient 
budget and watcr hbalance). 

* 	 The biological profile; of possible plant species. 

* 	 What pathogen,; and pe fstia may be present, and their behaviour 
in these system;. 

* 	 Socio-oconomic factors, especially those having a direct 

bearing or the I anduser's problem and his decision making 
proces sos. 

Other working groupa have considered some aspects of the first 
th re point s, but managers t considerationts should also include 
the following. 

" 	 Critr, i to compare- agroforestry systems with other land use 
syst, including ansas.t.ient and performance evaluations. 
Sole crop production dita for each of the woody and other 
crop components should also be available, as standards or 

checks. 

" 	 Al awareness that ianagement is a dynamic not a standard 
recipe., and it, roquir s continuous refinement based on expe
rience, information and rhanging objectivs. 

OBJECTIVES 

No mrronagotlllrtl plan can be conceived without first defining ob
jectives. For igroforestry and other land uses these are essen
tially, and in optimal combination, the following. 

* 	Product ion jo,t I!a. 
* 	 Suc to inalbilit y requiremenlt a. 
S1fi;t 	idlncy of reaseure us(.
 

ihe acceptdbi] it.y (adoptlability) )f the system.
 

1. 	 Aspects of integration of this subject within systems is 

considered also in this Working Group's recommendat ions. 
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Implied in the broader aims, more specific items can be
 
listed as follows.
 

* 	Effects on adjacent land.
 
* 	Farm or community benefits.
 
* 	Ecological soundness.
 
* 	Socio-economic desirability (for example, product and service
 

diversity, low risk, and desirable labour utilization pat
terns).
 

* 	Regional complementarity.
 
* 	Balance between short- and long-term objectives and effects,
 

including nature conservation.
 

Agroforestry (as with other forms of land use) is condi
tioned by location. Location can be differentiated at several
 
levels.
 

* 	As climatic zones (humid to dry, low to high altitude).
 
* 	As soil regions.
 
* 	As toposequences (small-scale gradients linked to topography).
 

Each location has its own management objectives.
 

RESEARCH NEEDS
 

Investigations on agroforestry plant management should follow
 
the same steps as that in other aspects of agroforestry research.
 

" 	 The systematic cataloguing of plant management practices 
within existing land use systems. 

" 	A qualitative and quantitative performance assessment of
 
management aspects relevant to agroforestry. Especially as to 
their overall flexibility in terms of the objectives. 

" 	The identification of appropriate research areas relevant to
 
agroforestry.
 

" 	 The design of appropriate plant management practices by 
refinement of existing practices, or the development of new 
ones. 

" 	 Testing the improved practices. 

" 	Validation.
 

* 	 Transfer to land users. 

* 	 Evaluation. 

This is a cyclic process of constant feedback from evalua
tion, with consequent refinement. Three entries give access to
 
this strategy. 

* 	 Constrainti analysis. 
* 	 Analysis of possibilities (new or alternative). 
* 	 Analysis of local or transferable success stories. 

These are only indicative examples of broad areas of research.
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0 	The management of canopy types, including light management
 

for higher and lower canopy strata.
 

* 	The spatial and temporal arrangement of plants.
 

* 	Growth and development cycles in management situations.
 

* 	Input management, particularly with regard to low level of
 

inputs.
 

* 	The management of biomass production; efficiency per unit
 

amount of growth factor.
 

* 	 Nutrient management, including di-nitrogen fixation. 

* 	Soil conservation management.
 

* 	Studies of response, or react -)ns, to stress factors.
 

* 	 Performance related to water balance (excesses or deficits). 

* 	 Soil management (for example, tillage) in relation to plant 

management.
 

All these areas of research have to be covered at different in

tegration levels; field- farm, or family-coimmunity, or village 

(the largest unit where everyone knows everyone) - region- nation. 

The village market, with outputs to the local population (nub

sistence) and the outside population (plus-revenue for locals) 

is at the crux of the system. 
These levels have to t it, al so, when agroforestry manage

mnt is introduced. Ancillary or supporting requirements of each 

level have to he considered. 

The plant components, and their efficient management, are but 

one set of factors to be considered within any particular agro
forestry land use systems. 

The followie guidelines reed to be borne in mind when 

planning any .,pecific agroforetry research projects. No priori

ties are indicated as any number, or all, may be relevant in 

particular situat ions. 

" 	 In as much as it is possible, plant management practices 

should not comn)et,!, but be compatible with other land use 

practices.
 

" 	 Plant management should be socially acceptable and adapted 

to land tenure patterns. 

• 	The efficiency of the system as a whole will depend on: 

- types of components (for example, the versatility of plant 

components) ; 

- number of compomieni tos, as a dete rminan t of labour require

ments: the higher the number, the more complex the system; 
- arranoement pattern of component.s, ospecially in relation 

to water ovailabi lity. 

* 	 A long list of recommended or selected plant types should be 

the basis for devi sing management systems containing a maxi

mum nuiber of low risk specie; of potertial. use that do well 
at low levels of input. 

" 	 Plant management should aim ait efficient resource utilization 

both of externally applied and nat ive resources, and take 

into account the pos.;ible growt.ii of resources. 

" 	 Systems as a whole should be compatible with the values, 

http:growt.ii
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customs, problem-perception and decision-making structures
 
and capabilities of local landusers.
 

* 	Where species with conservation properties (anti-soil erosion,
 

potentials for di-nitrogen fixation) are to be used, prefer
ence should be given to those species which also yield prod
ucts (the landusors conservation perception may often be 
absent) .
 

* 	 Plants and plant management should aim at supporting self
riegulating ecosystems with optimal resource use, and low
cost reliable techniques for countering adverse conditions, 
where possible. Favourable aspects of such systems are: 

complementary !charing of abovw-- and below-ground resources 
by 	plants;
 

- sequential plant ing and harvest ing to yield products during 
lean season;; 

- the use )f verstile plants (for example, palms, legumes, 
bamblos, c rt,iin tuber crops, climlbers). 

" 	 Rescarch into oxi ting agroforestry land use systems with 
regard toU the( ilinagemeit of plants should be done especially 
with regard to the following !;ituations: 

- recIamat i on (f degraded lands;
 
- agr()fFo 'r;r ry cy; tom:; (I;uch as forest gardens) which have
 

beel proverl a ;ucce:!;: ui(der local conditions;
 
- water ha rv.;t inq sys;;tem;; and oases in dry reqions;
 
- agrofre.;t ry sy;;teros u!;ing perennial crop species; and
 

IIianigel ;entcy-;t( er where the harvest is;:spread over a long 

p)r iod I ot xa ml,, ;,uential lopping, or fruit harvest

* 	 Ini1,lant 1ii i',..,.lt :;t uti.!; l.)our should be as regularly 
eacAutl a:;t a.t ; labour may behr S);, that requirements 


quallti t it.
 

un-o:;:d; d .; ch o 

sibl , for Illy p.itt ilulat 11-ild se / ecoz;.nes.
 

* 	 Land ih.i '11ivwide ice of species as pos-

Soine furtlher gu nerl i cat io n;; can be st-ated t:hus. 

4 	 Agroftor.;t ry ;hou!ld n,)t hi- conside-ed as a panacea to cure 
all e-vil i 1I irid riiageenrnt: , nor is it- of uniform applica-
Liiity. It!; llitrit:; I- leine it:; havo to be rigorously compared 
with aIt triht iye at; (tf ard useland 

• 	 Empia:;i!; 111 l; i i r ,-,iCt A I ;;clherio of plait iiianagement in 

a( oftarl,;t l7 wi ll t t)i , o tlle ;lal Ilholder. 

l( tfii;;:i )conl 
)! , iii.; ar rtaig ig rlat ;;hluld made econo

* 	 '11' li Uf the- outol7ie of any particular ways 
-it ll - :it be using 

lic methhell;,,i :; iteld to the- analysis of long-term inul
iplt, out plit 1,11i u:;1,;y.;t(im!;, if these ,are available. Where 

tihy Ii i.t r:; rid:oaloheilcornomnists rneed to1, p1 alit 	 work 

THlE 	ROMI OF. I('RAF. 

ICRA li,; an ,u;;;iiti alIpart t:o play in developing our knowledge 
slil (xp-rt i:,e ini relat ion to plant management aspects of 
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agroforestry in the following ways.
 

By continuing, forcefully, to develop a methodology to 
describe and evaluate agroforestry systems, and to promote 
the identification and description of existing systems with 
other agencies. Only in this way will the technical aspects 

of plant matagement be related, holistically, with all the 

other parts of the agroforestry land use system. 

* To classify agroforestry systems, and help to develop an 

understanding of the plant functions and inter ictions within 

them. 

• To initiate and prepale a plant management manual for 

selected agroforestry systems. 

• 	To promote complementary work among regional and national 

agencies on all these aspects, be it on a geographical or 

a functional basis. 
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Amorphophallus carpanulatus89, 
91, see also elephant foot
 

yam
 

Anabauni 150 
Ananait coomo.U. 88, see also 

pineapple 
Andropogon ,,copai,'ia 443 
animal millet, see Brachiaria 
Annora 139 
A. acm eqa irm 190 

A'~Iocr,'kau izinenji.; 64Lz 
Anthonot.ha macophylla 35 
apple 313, 366, 370, 371, 372, 

373, 457, 460, 463, 465,
 
468, 49. 

AraohL glabiata 106, 311 
A. l!jpogaca 89, 119, 312 
Arc''z :'at,'c'hu C8 
areca nit, see Areoa catechu 
arak 13
 
arrowroot, see aranta 

afltndiPla<:,!a 
Ar/aoarptw a/.i'? 88, 111, 

see also ackfruit 

aspen 460, see also Populuc 
A pr rqi Iu. 14, 

Atiriplox ; zlixius 338 
Auricn/aama pulytriolha 73 
avocado 315, '163 
Axonopw oori['poorus 93 
A. ,' t 53
 

A;'aa ,,aah1zta -ndica 133, 558,
 
563 

Ano, bat a' 150, 151 
azuki beans 360 

!at Is gas ipacs 111, 114, see 
also pejibaye 

Ralaniate,, 260 
bambara groundnuts, see
 

Voand::, ia rubtcrranea 

bamboo 18, 190, 388, 389, 390 

banana 14, 18, 19, 20, 28, 30,
 
73, 82, 87, 94, 187, 190,
 

394,470, 471, 478, 481, 493
 

http:Anthonot.ha
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see also Musa and plantain 


baobab 410, see also Adansonia 


Baphia nitida 35 

barley 311, 357, 480, 497, see 


also Hordeum vulgare 
batiki blue grass, see 

Ischaemrum aJiotatun 
beans 18, 28, 188, 478, see 


also under types and species 


beans, climbing 109 

beech, see [ag~u.a g]vancdfolia 

beet 313, 495 


Beijerinckia 150 

Bermuda grass, see Cynodon 


dacty Ion 

R uaic 45, 147 

black cherry, see runuap: 


(2Pot-na 
black cottonwood 440, see also 


Popui . t ifchoecirv 
black fonio, see D(7/ tarta 

ib.'ua 


black gram 90, see also V:gna 

muz
ogo 

black pepper, see , Ji.! 


Boahr-.2 ia n uecz 90 


Boori7avia a ''2 338 

bonavist bean, see Labiab nigo 


niger 

Braohiairia 340 

B. bri:;ant~Yz 93 

B. deewnbeta 66, 93 

B. hunid1icoia 66, 93 

B. mii[]orwie 93 

B. mutica 93 

B. .-u:101:;3M. 93 

Braolzyc ton 410 

Braaeica intorypifolia 338 

brazil nut 65, 69 

breadfruit 30, 113, see also 


Artocarp alt ii ja 
Brosiim 260 

B. aliat'numn 112, 514 

bruchids 318 

buffalo grass, see 


Stenotaploma ,cu datum 

Butyroopo?mwnr paiadoxwn 27, 35, 


36, 120, see also shea butter 

nut 


Byr.,nonima 190 


cabbage 373 

cacao 18, 21, 28, 47, 49, 50, 


80, 81, 82, 86, 87, 94, 96, 

97, 101, 104, 189, 192, 277, 


310, 312, 315, 391, 392,
 

465, 474, 481, 505, see also
 

Theoborna cacao 
cacao pod rot, see Alonilia
 
roreri
 

cadam, see Anthocaphaluo 

chinenoi"' 
Cajanue 318
 
C. cajan 49, 89, 106, 112,
 

119, 128, 276, see also
 
pigeon pea
 

Calliandra 105
 

calopo, see CaZopogonium
 
rrmucuno id('e
 

Caiopogonmn twicuno kdc 92
 
Carmnilia iu.'ia, see tea
 
Canqnoap mz bi'ci'put oiatum
 

316
 
Canlavalia ?form1(7 119
 
Canzra.a('V. t , see Eohino

ebioa pjratr'dui.;
 
Canna edu i a 76
 
Capin 315, see also sweet
 

pepper
 
C. annuum 88, 89, 198
 

ardamon, 	 see Air
 
ca ,damomufn
 

Caribbean pine 176, see also
 

Pinu"a baa
 
Carica papaya 88, 133
 
carob, see C,'atonia ailiqua
 
carrot 495
 
Caryoea, 112
 
cashew 80, 81, 82, 463, 465
 

cassava 14, 18, 19, 21, 28,
 
30, 32, 48, 49, 65, 69, 82,
 

87, 90, 94, 110, 139, 313,
 
371, 410, 456, 474, 478,
 
480, 494, 495, see also
 
Mlanihlot eecuiocnta and manioc
 

Caac,]ia 105, 260
 
C. fi'tzila 560
 
C. oooidnntali'e 560
 
Castana 112
 
'aatanop. 356
 

Ca:;uarbna 562, 557
 
C. equta'tij'oi a 316
 
Ccdr',ia odovata 53
 
cedro, see Codrcela odorata
 
centro, see Centroaema pubeccens
 
Con trolobium 105
 
Cuentros;cra pubea;cen., 92, 93
 
Ceratonia 260
 

C. siliqua 156, 514
 
Ceiciropia 313, 349
 
Chenopodium quinoa 314
 
cherry 313, 315
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chestnut, see Castanca 


chickpea, see Cicer arietinum 

chillies, see Capsiewn annuw.': 
chillipapper 315, see also 

Capoiewn annuum 

Chinese cabbage 360 


Chinese potato 90, see also 

COLeu." par )-J'oru 


Chysantheurm 456 

C. ioTlOfoZlium 432 

Cicel' ari,.tinum 119 

Cinnarnormn :r:y jar; fewn 88 

cinnamon 87, see also 


Cii:nuira'in :: 'y lan: inun 
citrus 18, 30, 35, 47, 61, 372, 


394, 463, 465, 466, 470, see 


also Ci1),ua - i~a and orange 


Cit. u,: ,inu '' 48 

Clath)ot,opj-, 105 

(dna ii li'urnO150 


C. t1i . .,/I 142
,,, 

clove 14, 16, 19, 21, 87, see 


also ' , l1o.'2ticul.' 


coconut 18, 19, 28, 30, 69 


79- 99, 101, 275, 309, 310, 

316, 371, 463, 465, 473 


cocoyam 28, 30, 474, see also 


Co ann'[ia,' :i/,'n{ and t aro 

Coff,a atab"*-<z 4n, 82, 506
 

C. ; .2 H".'.',2, 89
 
coffee 18, 19, 21, 28, 47, 49, 


50, 61, 80, 81, 12, 104 , 176, 

189, 1-)2 , 267, 277, 312, 394, 

457, 463, 165, 173, 174, 481, 

491, 492, 4)3, 516, see also 

CoffJ:a am'ibia and C. 

c'an,J;u'",dandelion, 


Cabaa wa,';,:"'lomn,. 91 

Co oacraa/n 89, 193 

C. caculont1a 90, 190, see also 


cocoyam 


coloniao, see Pavi*-an maxiu, 
cv colonial 

Congo grass, so(-DP(2hta900 

ru, I:;,:>tn:;i 
conifer 381 

Coehoru,. 90 

C. oli,1)'Iuin 33u 

Cord,auy [a 260 

Coria al.l iodoa ,14,45, 47, 


49, 51, 52, 61 

Cordyl.Upi: 18 

cori grass, see lmalchiaria 

Mii formi:: 


Corranclrin at.ibum 88 

corn 65, 66, see also maize 

cotton 28, 32, 392, 394, 406, 


456, 507, 508, 509, 531,
 

532, 542, see also Gossypium
 
cotton, perennial 313
 
cottonwood, see Populzu
 
doltoides
 

cow tree 113, see also
 

Bro.';irnurn alicas.tm
 
cowpea 28, 30, 32, 126, 127,
 

456, 468, 472, 495, 496, 497,
 
509, 510, 511, 512, see also
 
Vignu unguiulzata
 

Cf'osaopt,'ryx J'ebrifuga 190
 
Crootalariabra:videno 338
 
Cryp tom( via ja)onica 352, 353,
 

354, 471
 
cucumber 18, 82, see also
 

(.'uoumis aar. i.,
 
Cuawni.; a. hurn,44
 
Czu, ,bi/l max ban 44
 

cucurbits 311, 456
 
cupuacu 69
 
(.i l',lonaq 76, 88, 91, see
 

also turmeric
 

ClO' ian,)pa,[a 356
 
C(;;'a atiZaon 93
 
C.pt~oca:hUW 49
 
C iju' .n l;n faa 190
 
cypress 44
 

dacheen, see Colo.asia
 
,!'4;!uI?'n ta
 

Aao'tjod,' ,ulia 36
 
Da (tPl'
!om, ,rta435
 
l'r Hjlo ladu- 232, 234
 
Dahlbt',yia 105
 

sec Taraxacum
 
off i,1a02
 

Pantho a 411
 
date palm 190
 

deglupta 65, see also
 

Eucalyptus deglupta
 
Do ornodmm,; 105
 
D. canam 93
 
1). ha t.,ophy 93
 
). l'?t.o?tivl 93
 
). t .)1). 93
trialn 
Dialium 105
 
D. ga iranSe 35, 36
 

Dicanthiwin ari)'Ltatum 93
 
!)iD itaPIa -%iZi., 340
 
1). iburnia 340
 
Dioaco'raa 76, 89, 192, 198
 
D. alata 91
 
D. o.caIutnta 91
 
Dipterocarpua, 349
 
Douglas fir 433
 

http:alicas.tm
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durian 18, 19, see also aDuio 

2ibethinus
 

Dneio zibethinus 193
 

Echinochloa pyramidalio 66 

Elaeis guineenvi8, see oil palm 

elephant foot yam 90, see also 

Amorphophallus campanulatus 


elephant yam 94 

Elettaria cardamonruni 76 

Eleusina coracana 89, 340, see 

also millet 


Enterolobium 105 

Ergiostia curzwua 128 

E. taf 128, 340 

Erythrina 60, 61, 105, 192, 561 

E. pocppigiana 49, 51, 55, see 


also pord 

Eucalyptue; 120, 128, 147, 176, 


189, 260, 318, 350, 363, 380, 

393, 409, 410, 457, 514, 560 


E. cama du !zenc 61, 120, 121, 123 

E. c.tiniooia 311 

E. d-giupta 44, 45, 46, 61, 64, 

E. globz47uiw 176 

eucalyptus hybrid, Turrialba 45 

E. m(.n.codoa 121, 122 

E. microth,ca 312 

E. ovata 438 

E. etdCox?/in 439 

E. aZ Z , 380 

E. rphz a 64
'! 

E. viminali,: 430, 439 

Euphorbia 346 

European cherry 464 


European larch, see Lanix 

de,-idu'4a 


Fague crcnua t 356 

F. grandifola 438 

Fee tuca arundinaciac 442 

Ficuia b&2jamina 514
 
field beans, see Pha.,eolu.
 
vuh
iqani' and beans 


figs, Smyrna 315 

finger millet 340, see also 

Elejuino c¢fan 

fir 354, see also Ab co 
v,'tahi i 


Floming -a 105 

fonio millet, see 1)/)gitaria 


c'xii je 

frangipani, see PZumoia 
French bean 373, see also 

Phaeolue-vuigani.e ancl beans 

Funtumia 33
 

genipapo 69
 
ginger 87, 90, 190, see also
 

Zingiber officinale
 
Giuditeia triacantho 105
 
Gliricidia 105, 260, 561
 
G. maculata, see G. sepium
 
G. nepium 35, 74, 106, 276
 
GVochidion 349
 
Glycbzc' jaVanica, see G.
 
wightii
 

G. rma:x 89, 119, 312, 388, 435
 
G. wiqhtii 93, see also
 

soyabean
 
G,,h<",,1 128
 
G. arboa 44, 47, 64, 236
 
Goepe ,,.,ia
globoa 338
 
Gony., 1 zw 232, 234
 
G. barranu : 233
 
(oe.;ypfwn 88
 
c. iWi uturn 388, see also 
cotton
 

grain 394, see also Vigna
 
grape 465, see also vine
 
greater yam 94
 
green gram, see Vigna radiata
 
green panic, see Paniowm
 
maximian var. tricoghlnc
 

GicviiZoa robueta 514
 
groundnut 28, 32, 82, 127,
 

259, 275, 315, 318, 394,
 
468, 496, 497, 542, see also
 
Araohie; h?'pogaca 

Guatemala grass, see Tnipu.acum 

laxwn 
guava 18, see also P1,idium 
guajava 

Guinea grass, see Paniewim 

niixImnM
 
gum arabic, see Aceara ,,onogal
 
Gynandrope:'.- q.?f'adpa 338
 

105
 

Hausa potato, see Plhetranthus
 
and Soicnop rnm
 

hazelnut 465
 
hetero, see D,:emod-um hr tore
phy i/ 


I(1aU /um ntosy 


1Ion
 
ilovc b,' 7:n.u: 316, 453,
 

see also rubber
 
iiibieu' 90
 
i ldogada baO't'c'1 506
 
honey locust, see Giditeja
 

tria'an the.
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Hordeum vulgare 433, see also 

barley 


Hymanea 105 

Hyparrhenia rufa 66 

lypsipyla grancilla 53 


Imperata cylindrica 61, 480, 

560 


Inga 60, 105, 260, 312, 318 

ipil-ipil, see Lou aena i,'ico-


caphala 
Ipomoca batata ; 48, 89, 91, se( 


also sweet potato 

Irv/ng/ia qabon,,i:; 35 

I. raboz~i:: var. ,xc'l.a 36 

1 ch2a i,,m a.: /t iatn 93 

Italian ryegrass 357, see also 

Lo.iZm tmn[mtwn 


Jaca'ana ''1,)aa64 

jackfruit 18, 19, 69, see also 

A to,.al'pu: art7.i 


jambo cacao 69 

jaragua, see H[/,a ron iarufa
 
dJ2:,3vUa poZ yca)pa 112
 
jojoba, see ,/in.7.il a :h,'i' F 

Jug iam: 61, see also walnut 

jute, see CoI('o(l'ui; 

Kaimi clover, see Dc.':,modz m 
nt o tu17;90,: 

kenaf, see II,'b."]ui 
Kikuyu grass, see Pan Fccturn 

s.m 

A'cichk .caO!c<,',338 

koronivia grass, s(? braciaria 

;lnmLd''/a 

kudzu, set a i/a pha 'o.oide.s 

Lalab i II
/ '* 


Land I7I)1. 3 

LAr[. ci " '44~437 


Laric ,i' zi',': 38H 

laurel 50, 53, see also ('),lia 

a/ha'd ,1
ioI 

Lcmnai 0' 

lentil 311 

Ieucaena, see J,.'iica~i:a and 


1,. I. i'." ': 

Locavucia 151, 260, 310, 312, 314, 


557, 561, see also b. T.n.,-

,ph4.. ' 


L. lento,?ophala 36, 37, 39, 93, 


105, 106- 111, 120- 123,
 
128, 276, 282-286, 515, 560
 

lima bean, see Phaseolus
 
lunatus
 

limba, see Terminalia superba
 
Liriodendron 457
 
little bluestem, see Andro

pogon scoparius
 
loblolly pine, see Pinus
 
tad!a
 

locust Lean 32, see Parkia
 
c lapportoniana 

lodgepole pine 440, see also
 
Pinua contorta
 

Lolium 411, 480
 
L. perenne 432, 436
 
L. temuientwm 433
 
Lonchocavpuo 105
 
lucerne 381, see also Medicago
 

-ati'a and alfalfa
 
Lupinus mutabilli 314
 

Lyeormrviion caculen twn 315,
 
see also tomato
 

Ly.ciloma 105
 
Lythr, ,:alicaria437
 

Macaranga 480
 
M4.hypolonca 349
 
Macroptiliwn atropurpureum
 

93, 128
 
mahogany 315
 

maize 28, 30, 32, 45-49, 82,
 
106, 107, 108, 120- 123,
 

126, 127, 139, 142, 144,
 
176, 188, 217, 261, 267,
 
276, 303, 315, 316, 323,
 
339, 340, 348, 357, 360,
 
371, 392, 394, 470, 472,
 
474, 477, 478, 480, 498,
 
499, 507, 509, 510, see
 
also corn and Zca mays
 

Maliotuna panici4at:i, 349
 
mandarin 73
 

Manglfa indica 88, see also 
mango
 

Mangh.iicta glauca 76
 
mango 1, 19, 35, 371, 392,
 

463, 465, see also
 
Aang; fcia bndicaM0 


mangosteen 18
 
mangrove 26
 
N.'1ManT hot (Lculnta 89, 90, 91,
 

435, see also cassava and
 
manioc
 

i,,. 44,
M . 7F "7 190
 
manioc 66, see also cassava
 



!q
 

ra aYzi~nd~nce 90, " <Oribygn-;.a 112
 

va 64, 89
 

. 
see o -- see rice_"
 

millet 28 32,4,126,, 259, 275,, palisade grass, see
 
,j318, 339,;3401 394, 408, 477, Brachiari'b'itpaftha
 

m.esquite, .. rlo 6 paddy' 

I'r'see also under individual 	 palm, sugar'18
 
palms 470, 473, 401, see al3o
species, "'' 

Mitzmosa pudica 93"'. species and common names 
Micanthus saqaliarifloru 357 , pangola grass (Digitaria 

4M.'->.i ensis 3 57. 
 deciimbens) 93
 

ol .' es..grass, see M4elinias Panicum 333
 
minutiflora P. maximum 91, 93, 333, 388
 

Monilia roreri 51' 


.4"."" 


P. rximum cv. crionial 66
 
(
Morinda officinaZis 76 P. maximum var.' trichogZume 66 


mugga, see Eucaly'ptus papaya 14, 18, 35, 73, see
 

sideroxylon Carica papaya and
'also 


:uhZenbrgia 326 .pawpaw 

mung bean 48, see also Vigna para grass, see Brachiaria 
radiata 117Utica 

Musa 88, see also banana par6-par6 65, see also 

M. 'textilis 88 ' Jacaranda copaia
 
. san.a 313, 480 Parkia 20, 27, 35, 36, 105,
 

M. cercropioides 349 260
 

mushrooms, see Auricularia P. clappertoniana 120, 275
 

polytricha 	 Parkineonia 135
 
P.aculeata 133, 558
 

" parsnip 495
 
n'jugo beans 126, 127 PaspaZum 340
 

napier grass, see Pennisetum P. commersonii 93
 

purpureum. 	 P. conjugatum 93
 
NapoZleona 35 	 pawpaw 315, see also Carica 

'
Neoscortechinia 232, 234 . papaya and papaya 


Norway spruce 440, see also pea 468, see: also Pisw
 
'Picea abies ', 	 ' 'sativzum 


n~utmeg 315 ' '4peach 	 457, 460, 466, see also
 
' ' 	 persica,Prunus 

.- ." .peanut,90, 	 371, see also r
 

oak. 354, 395, see also'' 	 groundnut and Arachis
 
~""' 'Quercue' rubra hypogaea
 

oats 276' peanut, perennial, see Arachis,
 

oil bean 30, see also ' ' gZabra
 
iPentalethra pecan 465
macrophylla 

oil palm 26, 27, 28, 30, 80,81, pejibaye 113, see also Bactris
 

315, 316, 371,'380, 391, 392, gasipaes
 
'463, 473, 492, 493 Peltogyne 105
 

onion 495 Pennisetum 340
 

<Outa200 	 P. cZandestinum 53..... 
198 66, 91, 93,
 

on 73, 460, 463, see also 348, see also napier grass
 
0. ficus-ind ,ica 	 P. purpureum 53, 


Cint.rus s-i'nensis 	 PentacZethra macrophylia 27,
 
orchard grass 440, see also ' 3 """ ' .. . 
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pepper 21, 74, 82, 86, 94, 315 


see also Piper nigrum 

phaseolus beans 49, 65, 69, 75, 


110, 120, 121, 127, 217, see 


also beans, field beans and 


Phaseolus vulgaris 

Phaseolus 318 

P. Zunatus 119 

P. vulgaris 44, 45, 47, 48, 108, 


118, 122, 123 

Phragmites 337 

P. communis 357 

Picea abies 437 

P. sitchensis 439 

pigeon pea 32, see also Cajanus 


cajan 

Piliostigma thonningii I10 


pin cherry, see Prunu; pennsyl-


vanica 

pine 44, 354, 390, see also 


Pinus 

pineapple 87, 90, 94, 96, 190, 


384, 467, see also Ananas 

comosus 


Pinus 128, 313, sfe also pine 


P. caribaca 316 

P. caribaea var. hondurcnsis 64,
 

65, 69
 
P. contorta 431, 439, 440 


P. don.niflora 352 

P. kcsiya 316 

P. oocarpa 316 

P. radiata 407, 429, 462, 471
 

P. 1(52i2o5a 558
 
P. r gida 429, 442 

P. sylVCstP23 43u, 171 

P. taoda 436 

Piper btol 18 

Piper nigrum 88 

Piscidia 105 

Psum sativum 473 

pitch pine, see Pinus rigida 


Pithec(llobium 105 

P. dulce 558 

Pittosporum rC.iniferum 112 

plantain 48, 49, 82, 113, see 


also banana and Musa 

Plectranthur 28 

Plurlnria 18 

Poa 480 

poplar 395, 462, see also 


Populula 

Populu:a 147, 459 


P. dettoides 436 

P. tremuloides 438 

P. trichocarpa 439 

por6 50, see also Erythrina 


poeppigiana
 
Portulaca quadrifida 338
 
potato 309, 373, 377, 378,
 

381, 406, 467, 468, 470,
 
474, 494, 495, see also
 

Solanum tuberosum
 
potato, Irish 28
 
Prosopis 35, 105, 112, 156,
 

260, 318, 514, 557, 561
 

P. alba 557
 
P. chilensis 75, 133, 557
 

P. cineraria 276, 459, 461
 
P. flexuosa 557
 
P. juliflora 75, 135
 

P. limensis 75
 
Prunus pennsylvanica 438
 

P. persica 430, see also
 
peach
 

P. serotina 441
 
Pseudotsuga menzicsii 432
 
Psidium miajava 189, see also
 

guava
 
Psophocarpus tetrcjonolobus 119
 
Pterocarpus 105
 
Pueraria phaseoloides 92
 
pumpkin 127
 

Quercus rubra 433, see also
 
oak
 

quicuio amazonica 66, see also
 

Brachiaria humidicola
 

radish 360, 495
 
rambuttan 18
 
ramie, see Boaloneria nives
 
ramon 113, see also Brosimum
 

alicastrum 
raspberry, see Rubus hispidus
 

red alder, see Alnus rubra
 

rhizobium, see Rhizobium
 
Rhisobium 150, 151, 312, 556,
 

557, 560, 562
 
Rhodes grass (Chloris gayana)
 
93
 

ribbon gum, see Eucalyptus
 
viminais
 

rice 14, 21, 27, 28, 69, 72,
 

73, 106, 188, 282- 286, 348,
 

357, 371, 391, 392, 394,
 

473, 497, see also Oryza
 
sativa
 

robusta coffee 391, see also
 
coffee
 

rubber 28, 80- 83,309, 311,
 

315, 371, 392, see also
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Hevea brasiliensis 

Rubus hispidus 443 

ryegrass, see Lolium perenne 


Sabinea 105 

Saccharum officinarum 88, see 


also sugar cane 

sago palm 190 

salak 18 

Salix 147 

Salvadora persica 133 

Samanea 105 

Schinus molle 514 

scrobic, see Paspalum commer-

sonii 


sensitive plant, see Mimosa 

pudica 


sesame 28, 477, see also 

Sesamum indicum 


Sesamum indicum 88 

Sesbania 260 

S. aculeata 72, 73 

S. bispinosa, see S. aculeata 

S. cannabina, see S. aculeata 

S. grandiflora 73, 77, 105 

Setaria 333, 341 

S. ancepa 66 

shea butter nut 32, see also 

Butyrospermum paradoxum 


Shorea 349 

S. albida 232, 233, 234 

S. leprulosa 349, 350 

signal grass, see Brachiaria 

decumbens 


Simmondsia chinensis 112, 507 

siratro, see Macroptilium atro
purpureum
 

Sitka spruce 440, see also Picea 

sitchensis 


Solanum nigrum 338 

S.tuberosum 495, see also potato 


Solenospermum 28 

SoZidago altissima 357 

sorghum 28, 30, 121, 122, 126, 


127, 259, 275, 339, 340, 392, 

394, 395, 408, 477, 198, 499, 

see also Sorghum bfcoloi, 
S. sudancia 


Sorghum bicolor 388 

S. sudens, 433, see also 
sorghum 


sour paspalum, see Paspalum 

conjugatum 


soursop 73 

soya, perennial, see Glycine 

wightii 


soyabean, soybean 28, 82, 90,
 
357, 360, 371, 373, 394,
 
406, 480, 496, 497, 510, 532,
 
542, see also Glycine max
 

G. wightii
 
Spartina 326
 
Sphenostylis stenocarpa 119
 
spinach 18
 
Spirilum lipoferum 150
 
Spirodela oligorrhiza 360
 
Sporotrichum 141
 
Stenotaphrum secondatum 93
 
Stipa 411
 
strawberry 370, 371, 372, 373
 
stylo, see Stylosanthes
 
guianensis
 

Stylysanthes guianensis 92, 93
 
Sudan grass 360
 
sugar beet 252, 253, 373, 406
 
sugar cane 28, 49, 127, 139,
 

142, 143, 144, 323, 339, 340,
 
348, 394, 480, see also
 
Saccharum officinarum
 

sunflower 90, 311, 315, 348,
 
470
 

swamp gum, see Eucalyptus
 
ovata
 

sweet chestnut 460
 
sweet pepper, see Capsicum
 
sweet potato 28, 82, 87, 94,
 

394, 474, see also Ipomoea
 
batatas
 

sword bean, see Cananvalia
 
ensiformis
 

Syzygium aomaticum 88, see
 
also clove
 

tall fescue, see Festuca
 
arundinacea
 

Tamarindus 105
 
Tamarix 135, 198, 200, 318
 
tapereba 69
 
Taraxacum officinale 443
 
taro 18, 21, see also
 
Colocasia and cocoyam
 

tea 28, 74, 80, 104, 277, 311,
 
315, 373, 380, 388, 389,
 
290, 459, 460, 473, 516,
 
543- 550
 

teak 44, 315
 
tef, see Eragrostis tef
 
Tophrosia candida 106, 276
 
Terminalia ivorensis 44, 47,
 

48, 61
 
T. superba 74
 
Themeda 411
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Theobroma cacao 48, 52, 74, 88, 


see also cacao 

Thuja occidentalis 441 

tobacco 28, 32, 117, 394, 406, 


473 

tomato 18, 315, 456, 543 see 


also Lycopersicon esculentum 

Trachypogon plumosus 560 

Treculia africana 27, 36
 
trembling aspen, see Populus
 

tremuloides 

Trianthev ceratocepala 338 

Tribulus terrestris 338 


Trichoderma 141 

Trifoliwn 411 

T. repens 437 

T. subterraneum 407 

Trigonella foenum-graecum 88 


Tripsacum laxum 91 

Triticum aestivum 442, see also 


wheat 

Tsuga 353 

T. heterophyZla 433 

turmeric 87, 90, see also
 

Curcura longa
 
turnip 495 


Uapaca kirkiana 120 

urophylla, see Eucalyptus 

urophylZa 


Uvaria 35 


Vanilla 315 

velvet tamarind, see Dialiwn 


Vicia faba 314 

Vigna 312, see also gram 


V. aureus 119 


V. mungo 89, 119
 
V. radiata 89, see also mung
 
bean
 

V. unguiculata 48, 89, 92, 119,
 
338, 559, see also cowpea
 

vine 373, 463
 
Vitex doniana 35
 
Voandzeia subterranea 119
 

walnut 463, 465, 480, see also
 

Juglans

wheat 251, 252, 256, 311, 317,
 

406, 413, 470, 473, 480, 497,
 

498, see also Triticum
 
aestivwm
 

white cedar, see Thuja occi
dentalis
 

wild rubber, see Funtumia and
 
Landoiphia
 

willow 460, see also Salix
 

winged bean, see Psophocarpus
 
tetrogonolobus
 

Xanthosoma 89
 

yam 27, 28, 30, 87, 90, 467,
 

478, see also Dioscorea
 
yam bean, see Sphenostylus
 

stenocarpa
 

Zea mnays 44, 388, see also
 

corn and maize
 
Zingiber officinale 76, 88,
 

91, see also ginger
 
Ziziphus 260
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Acanthaceae 324 

acceptability 582 

adaptability 316, 418, 428, 


514, 579 

to stress 403 

(see also phenotypic plastic-


ity) 

adaptation 316, 439 

adoptability 280 

aerial reconnaissance 292, 294 

age 

classes 174 

of forest stands 352 

mosaic 174 


ageing 517 

agricultural crops, choice of 


259 

agroforest 173 


architecture 173 

design 


alternatives 189 


analog methods 182 

cultural practices 188 


studying variability 185 


transformation 184 


for humid tropics 185 

agroforestry 


and allelopathy 559 (see also 

allelopathy) 


and alternative land use 585 

classificatioii 161, 586 

definition of 3, 257, 299, 


301, 309, 401, 551 

enterprise 280 

local successes 585 

and location 583 

and mixed cropping 470 

need for new cultivars 487 

and other land use systems 


582 

and plant breeding 321 

and plant growth distribution 


443 


and plant management 582 

research techniques 425 

role of 579 

and root competition 532 

and scale 3 


and the smallholder 585
 
and sole cropping 470
 
and stress
 

light 405
 
nutrient 413
 
water 408
 

systems 577
 
co-adaptation in 317
 
and ICRAF 299, 586
 
quantitative studies of
 

577
 
time dimensions 165
 
and water 395
 

and training 578
 
and water shortage 412
 

agro-unit 576 (see also proto
agroforestry unit)
 

Aizoaceae 324
 
alachlor, herbicide 108
 
alcohol production, and solar
 

power 156
 

alfalfa
 
regrowth after cutting 212
 

sink limitation 220
 

water stress 219
 

algae 141
 
alkaloids 314
 
allelopathy 61, 231, 235, 534,
 

559, 580
 
and drought 235
 

alley cropping 37, 106, 268, 282
 
allometric relationship 429,
 

454, 459, 467, 517
 
alternative row cropping 166
 
aluminium toxicity, and roots
 

536
 
Amaranthaceae 324
 
Amazonia 197, 226, 227, 228,
 

230, 236, 240, 316 (see
 
also separate countries)
 

anaerobic digestion 140
 
analysis
 

of management possibilities
 
583
 

of transferable successes
 
583
 

Andes 314
 
Angola 294
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animals 14, 28, 36, 39, 40, 57, 

61, 75, 81, 82, 91, 125, 

129, 135, 164, 192, 194, 

197, 200, 314, 318, 339 


and agroforestry 65 

and deforestation 138 

in forest gardens 22 

grazing under coconuts 92 

(see also browse, fodder, 


forage, grazing, livestock 

and silvopastoral systems) 


annual dry matter increment 442 

annuals, and seeding 311 

antibiotic substances 227 

antibiotics 231 

antimetabolites 314 

antitranspirants 392, 399 

apical dominance 516 

apiculture 71, 75, 76 (see also 


bees) 

apomixis 317 

aquatic plants 141 

architecture, pioneer phase 190 


(see also dry matter distri-

bution and plant archi-

tecture) 


area, defining for classifica-

tions 166 


arid zone resource management 129 

ASCL, simulation language 253 

Asteraceae 324 

Australia 142, 196, 373, 405, 


409, 411, 413, 498 


bagasse 143 

Bangladesh 295 

basic needs approach 301 

beekeeping, see apiculture 

bees 465 


and crop yields 318 

beeswax, see apiculture 

behavioural strategies, see 


phenology 

Belize 293, 316 

bending, see tree spreading 

Benin 291, 294 (see also West 


Africa) 

bentazon, herbicide 108 

Bhutan 295
 
biennial bearing 12, 311 (see
 

also irregular bearing) 


biennials 313 

bioeconomics 271 

biological control 555 

biological profiles, of 


species 582 


biomass 221, 227, 326, 352,
 
417, 491, 492
 

and agroforestry 148
 
and animal manure 148
 
annual production v. oil
 

use 145
 
and cassava 144
 
conversion systems 139
 
of Erythrina 55
 
integrated systems 152
 
management of 584
 
and maize 144
 
optimization 265
 
partitioning, in alfalfa 213
 
production 137
 
raw materials 139
 
and scale 148
 
and soil depletion 149
 
and sugar cane 143
 
of tea 546
 

biostasis 189
 
biosystematics 557
 
biotrons 552
 
birds 314 (see also pests)
 
Bolivia 293
 
Boriginaceae 324
 
Borneo 227, 228, 236, 241
 
Bos indicus 66
 
Bos taurus 66
 
Botswana 125
 
branched complexes, and scale
 

174
 
branching 313, 470, 472, 491
 
Brazil 63, 80, 138, 139, 142,
 

147, 225, 293
 
breeding systems 314 (see also
 

inbreeding and
 
outbreeding)
 

browse 35, 112, 197
 
shrubs 197
 
(see also animals and silvo

pastoral systems)
 
Brunei 295
 
Bubulus arnee f. bubalis 66
 
Budowski's rule 195
 
Burma 192, 295
 
Burundi 294
 
bush fallow 33
 
by-products 41
 

C3 and C4 systems,
 
a comparison 329
 

C3 photosynthetic system
 
characteristics 327
 

C3 plants
 
and canipy efficiency 348
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C 3 plants (cont.) 

photosynthetic rates 373 

(see also photosynthetic 


systems) 

C4 exploitation, realities of 


340 

:4 photosynthetic system 


characteristics 327 


'4 plants 

and canopy efficiency 348 

and growing season 336 

and nutrient content 338 


photosynthetic rates 373 


(see also photosynthetic 

systems) 


system subtypes 331
C4 

cacao pod rot 51 

cacao and shade 51 

cacti 198 

Calvin cycle 327 

Cameroon 292, 294 (see also 


West Africa) 

Canada 146, 147, 372 

canopy 241 

aerodynamic rcughness 241 

aerodynamics 227 

area modification 410 

arrangement 374 

C3 and C4 405 

and C3 grasses 327 

of coconut 86, 96 

and dry matter production 347 


duration 116 

excessive density 366 


geometry, and light stress 

405 


and heat fluxes 227 

management 407 

mixture 355 

multistoreyed-discontinuous 


367 

and photosynthesis 368 


and photosynthetic performance 

347 


and photosynthetic systems 

336, 348 


reduction, and water saving 

413 


reflectance 227 

roughness 227 

sclerophyllous 227 

structure 318, 350 

types 584 

water percolation 224 


(see also leaf canopy and 


plant canopy) 

Capparaceae 324 


carbon
 
economy 507
 
-nitrogen ratios 232
 
turnover, and roots 530
 

Caribbean 88
 
Caryophyllaceae 324
 
Cau Hai Research Experiment
 

Station, N. Vietnam 76
 

cause- effect
 

assessment 212
 
pathways, analysis of 210
 
relationships 209
 

cell division 176
 
cellulose 150
 
Central African Republic 294
 

Central America 192, 394
 

Central Plantation Crops
 
Research Institute,
 
India 91, 95, 97
 

Centro Agronomico Tropical de
 
Investigacion y
 
Ensefianza (CATIE) 43
 

Centro Internacional de
 
Agricultura Tropical
 
(CIAT) 106, 276, 536
 

Centro Internacional de
 
Mejoramiento de Maiz y
 
Trigo (CIMMYT) 303
 

Centrospermae 324
 
phylogeny 325
 

chablis 20, 177, 181
 
and thunderstorms 185
 

characteristics of trees 3,
 
258, 260
 

charcoal 135 (see also fuel
wood)
 

Chenopodiaceae 324, 325
 

.cherelle wilt 465
 
China 80, 148, 149
 
chromosome numbers 315
 

classification
 
generating compatibility 162
 

types of 162
 
of woody vegetation 293
 

(see also agroforestry
 
classification)
 

climate classification 385
 

climatic matching 507
 

and cotton 509
 
and cowpea 510
 
and maize 509
 

climatic noise 554
 
climax
 

species 313
 
vegetation 174
 

climbers 585
 
clones 311, 315
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clones and G x E studies 311 

CO 2 concentration, in canopies 


350 

co-adaptation 310 


Coconut Research Station, Sri 


Lanka 92 


coconuts 

for agroforestry 83 


button abortion 465 


dwarf varieties of 101 


and intensive land use 83 


coffee 

fruit drop 465 


and shade 50 


co-habitation 405 


co-incident crop sequences 166 


collectivities 176 


Colombia 80, 82, 106, 281, 293 


combustion 139 


commensalism 474 

competition 273, 274, 575 


and distribution 404 


for nutrients 417 

(see also interference) 


competitiveness 11, 268 


complementarity 274, 580 


complementary sharing 585 


complementary use of resources 


404 


components of iield 492 


compound farms, West Africa 29 


concomitant crop sequences 166 


Congo 294 


Congo Brazzaville 74 


conservation 31, 75 


land users perception of 585 


constraint analysis 583 


continuous succession 166 

controlled environments 510, 551
 

artificial light 551
 

disadvantages 556 


general considerations 554 


and plant morphology 564 


stress-free plants 554 


convergent evolution 405 


coppicing 104, 100f, 165, 194, 


198, 313, 407, 413, 460, 

480, 516, 580 (aoa also 

tree spreading) 


Corner's rule 195 


Costa Rica 43, 293 


crop 

geometry 166 

habit, and sole cropping 472 


mixtures 


manipulating 474 


some principles 470 


plant, the ideal 310
 

rotation 117, 240
 

season, water availibility
 
392
 

sequence 165
 

water
 

consumption 386
 
requirements 391
 

use 379
 

-tree mixtures, and light
 

365
 

cropping, alternative row 166
 

cropping period 165
 

cropping systems 272 (see also
 

farming systems)
 

crops
 
for cash in West Africa 28
 

and complementarity 97
 

of the forest/savanna 28
 

of the Guinean savanna 28
 
of the humid tropics 28
 

subsistence in W. Africa 28
 

of the Sudan/Sahel savanna
 
28
 

of the tropical highlands 28
 

underexploited species 580
 

crown 242
 
geometry 206
 

structure 189
 

CSMP, simulation language 253
 

Cuba 293
 

cultivar selection 507
 

current annual increment 489
 

cuvettes 553
 

cyanogenic glycosides 314
 

cycle of technology develop

ment 300
 

Cyperaceae 324, 326
 

daylength 510
 

day temperature 510
 

deblossoming 465
 
deciduousness 47, 227, 275,
 

351, 405, 507
 

definition, of agroforestry
 

257, 299, 301, 309,
 
401, 551
 

deforestation 41, 292, 294
 

density
 

conversion factor 359
 

stress 468, 470 (see also
 
plant population)
 

deser* encroachment 129
 

causation 131
 

problems of 132
 

desertification 130
 



601
SUBJECT INDEX 


design 207, 238, 241, 271, 299, 

301, 476 


for cropping 36 

and phenology 512 

specifications 280 

using linear programming 283 


determinate crops, and light 

stress 408 


development 

cycles 584 

phases 512
 

developmental patterns 429
 

diagnosis 269, 280, 298, 299 

diagnostic methodology 304 

dichogamy 315 

differential stresses, in 


communities 402 

dinitrogen fixation 54, 61, 106, 


118, 214, 240, 403, 415, 

518 


by free-living organisms 518 


inhibition 560 

(c, airo nodulation) 

dioecy 315 


diseases 7, 11, 51, 310, 313, 

318, 321, 478, 575 


research 562 


seed borne 6 


and seeds 6 

(oaLso pathogens) 


distribution, and physiological 


potentials 404 


disturbed habitats 313 


diuron, herbicide 108 


DNBP, herbicide 108 


domestication 310, 312, 321 


Dominican Republic 293 


dormancy 


breaking 514 

of shoots 514 

of vine buds 516 


drainage 380 

and roots 537 


drought 240 

adaptation 425 

resistance 392 


dry matter 

distribution 427 


and ecovariants 439 

and habitat 442 

and management 456 

and natural selection 443 

and nutrient levels 436 

and overcrowding 454 

and photoperiod 433 

and pruning 459 

and soil structure 436 


and soil water status 435
 
summary 444
 
in tea 544
 
and temperature 433
 

increment 442
 
partitioning and light 432
 
production, and pruning 457
 
(see aZso pruning)
 

dwarf habit 313
 
dwarfing rootstocks 442
 

early cropping 313
 
East Africa 80, 82, 93, 118,
 

326,'340, 386, 497, 544,
 
547, 548
 

East African Agricultural and
 
Forestry Organisation
 
(EAAFRO) 383, 388, 390
 

East African Herbarium 328
 
East Indies 93
 
ecological
 

assessment, of a dry region
 

132
 

considerations 577
 
investment strategy 196
 

monitoring 291
 

niche 179, 313 (soc aLso
 
niche)
 

stability 19
 

stress 195 (ee also stress
 
and plant stress)
 

successions 196
 

economic analyses 264
 

economics 577, 585
 

budgeting techniques 280
 

limiting production factors
 

280
 

monetary equivalents 280
 
price ratios 279
 
and returns to land 272
 

returns to various factors
 
281
 

ecosystem
 
buffering 579
 
and cyclic change 174
 
dynamics 225
 
light climate 370
 
preforest stages 177
 
processes 582
 
self-regulating agroforestry
 

585
 
(sec aZlo fragile ecosystems)
 

ecotone 182
 
eco-unit 176
 
death of 179
 
dynamics 181
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eco-unit (see aso agro-unit) 

ectomycorrh.-za, see myccrrhiza 

Ecuador 198, 293 

edible flowers 73 

El Salvador 293 


Empire CottGr Growing Corpora-

tion (ECGC) 509 


endogenous rhythms 505 

energy plantations 72, 138, 146 

enrichment planting 71 

entrainment 506 

env'ronment monitoring system 


291 

environmental 

cues 505 

factors, plant response 553 

influences on dry matter 


distribution 432 

stimuli 430 

stress 512 (see also stresses) 


and phenology 505 

epiphytes 225 

epitrophy 457 

Equatorial Guinea, see Guinea 

erosion 403 

establishment 104, 312 

phase 405 


ethanol 

for fuel 138 

production, enercy required 


for 156 

from sugar cane 157 


Ethiopia 80, 82, 294 

ethylene, and roots 542 

etiolation 407 

Euphorbiaceae 324 

evaporation 


from catchment areas 383 

direct measurement 384 

empirical estimates 381 

from mean air temperatures 


384 

from net radiation 383 

oasis effect 384 

potential 361 

from soil 380, 413 


evergreen forests, and produc-

tivity 351 


evergreenness 227, 351, 507 

evergreens 409 

evolution 309 

exogenous rhythms 505 

extinction coefficient 367 


Fabaceae 339 

factor identification 218 


fallow 35, 105, 117, 480
 
systems 35
 

FAO forestry field projects
 
71 (see also UN Food and
 
Agriculture Organisation)
 

Far East 138
 
farming systems
 

cacao- forest trees 74
 
designing improvements 209
 
rice-Sesbania 72
 
sole cropping 169
 
spices/medicinal plants 76
 
in West Africa 25
 
(see also cropping systems)
 

farm size
 
in Costa Rica 53
 
in West Africa 27, 34
 

fast growth, see growth rates
 
Federal Republic of Germany
 

129
 
feed profile, see animals
 
feeder roots 530 (see also
 

roots)
 
fences, thorn 130
 
fermentation 140
 
fertilizer 8, 44, 45, 53, 68,
 

73, 87, 111, 196, 200,
 
276, 277, 283, 284, 411,
 
436, 516, 517
 

Fick's law 210
 
Fiji 89, 93, 142, 147
 
Finland 147
 
fire 197
 
and phenology 505
 

fish culture 71
 
fitness, of genetic systems
 

314
 
flexibility, of genetic sys

tems 314
 
floral initiation 463, 465
 
floristic
 
composition, and peat 233
 
structure 225
 

flower
 
abscission 512
 
development '11, 513
 
initiation 510
 

flowering
 
strategies 317
 
wood 506
 

fodder 121, 125, 133, 198
 
species 71, 73
 

food
 
production, and village

forest-gardens 21
 
profile 114
 

forage 106
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forest 

bamboo 388 

boreal 351 

broadleaved 293, 350 

coniferous 351 

dipterocarp 228 

Douglas fir 410 

drought deciduous 352 

ecosystem, modification of 20 


and fuelwood 33 

gardens 585 (see also village-


forest-gardens) 

'kerangas' 236 

Malaysian marsh 185 

man-made 20 

Mediterranean sclerophyll 353 


montane 133 

mountain evergreen 388 

net production 354 

peatswamp 228, 231 

reserves, in Nigeria 33 


sections through 228 

temperate 222 

temperate deciduous 351 


'tierra firme' 22a 

tropical equatorial 222 

(Oc a?.JO tropical forest) 


fragile ecosystems 580 


France 147 

French Guiana 179, 202, 293 


fruit 

bud formation and shade 372 


bud production 463 

crops 313 

development 511, 513 

period 465 


quality, and shade 372 

ripening 466 

set 465 

shedding 4(5 

trees 18, 27, 28, 34, 39, 65, 


69, 76, 189, 318, 473, 

481 


and plant populations 491 


fruiting 462 

fuel 


from biomass 137 

plants 346 


fuelwood 4, 30, 32, 34, 38, 57, 


60, 73, 74, 104, 110, 

117, 122, 125, 131, 133, 


146, 189, 198, 260, 314, 

318, 491 


consumption 117 

lots 4, 260 


functional balances 210 


fungi, .c, micro-organisms 


G x E interaction 512
 
Gabon 176, 294
 
Gambia 117
 
gasification 139
 
gasohol, see power alcohol
 
geitonogamy 317
 
gene
 

bank 581
 
migration 317
 

genetic
 
differentiation 317
 
diversity 310, 321, 579
 
erosion 310
 
fitness 514
 
flexibility 514
 
recombination 314
 
variability 314
 

genotype, and shoot:root
 
ratio 438
 

germination, and light 312
 

germplasm 6, 261
 
transfer of 581
 

Ghana 80, 82, 225, 294, 560
 

(see also West Africa)
 
Global Environment Monitoring
 

System (GEMS) 291
 
gossypol 314
 
graft compatibility 442
 

grain legumes 117
 
grape drop 465
 
grasses, C 3 and C4 genera 325
 

gravimorphism 457
 
grazing
 

lands 125
 
studies, and systems
 

analysis 210
 
systems, see animals
 
and tree spacing 69
 

gross primary production 354
 

ground cover crop 367
 
ground reconnaissance 292, 294
 

growing stock, see biomass
 
growing uniform plants 557
 
growth
 

of aerial parts 513
 
allocation 428 (seC also
 

dry matter distribution)
 
chambers or rooms 552, 553
 
control, exogenous/endo

genous 505
 
cycles 584
 
dynamics 182
 
flushing 515
 
patterns 429
 
phases, of coconut 86
 
rates 227, 313
 

Guatemala 293
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guidelines for research, see
 
research guidelines 


Guinea 294 

Guinea-Bissau 294 

Guinea savanna 275 (see also 


savanna) 

Guyana 293 


H-22234, herbicide 108 

habitats 


and C4 plants 326, 335 

disturbed 443 

nutrient-poor 313 

open 312, 326, 327 


and dry matter distribution 

442 


open above /closed below 416 

and phenology 507 

saline 326 


Haiti 293 

hand pollination 465 

harvest index 313, 579 


of tea 545 

harvestibility 11 

harvesting 12, 313 

periods 165 

problems 156 

sequential 585 


heat units 509 

heliophiles 181, 188 

herbaceous 

communities, production 354 

crops, and genetic diversity 


580 

herbicides 108, 418 


for killing leucaena 109 

heterozygosity 6 

holistic analyses 210 

home gardens 14, 73, 193 

Honduras 293 

honey, i,-,, apiculture and bees 

hoplexols 189 

hormonal control, and develop-


ment 430 

hormones 220, 465 


and phenological behaviour 505 

and roots 531 


human impact 196 

humic substances, effects on 


plants 231 

humus 227 


formation 223 

and plant responses 231 

(.,ecalso humic substances) 


hybrids 315 

hypotheses, see models 


ideotypes 261, 268, 304
 
inbred lines 315
 
inbreeding 311, 315
 
India 76, 80, 82, 83, 87, 88,
 

91, 93, 98, 276, 295,
 
314, 373, 386, 497
 

Indian Ocean Islands 315
 
Indonesia 13, 76, 80, 83, 93,
 

189, 192, 193, 198, 201,
 
202, 295
 

infraplexion 190
 
input management 584
 
insecticides 465
 
insects 77, 524
 

as pollen vectors 315
 
Institute of Soil Biochemistry
 

Brunswick, FRG 231
 
integrated forestry 63
 
integrated populations, see
 

eco-unit
 
Integrated Project on Arid
 

Lands, Kenya, see
 
IPAL Project
 

integrative physiology 210
 
interactions, see plant inter

actions
 
interbreeding populations 317
 
intercropping 13, 27, 34, 45,
 

71, 82, 104, 106, 115,
 
117, 118, 165, 259, 273
 
278, 280, 310, 318, 319,
 
321, 355, 164, 366, 370,
 
443, 470, 474, 476, 515
 

with C 3 and C4 species 339
 
with coconuts 83, 87
 
and logging 50
 
with maize and beans 217
 
and management 95
 

considerations 110
 
and plant form 122
 
and roots 528, 531
 
and soil 236
 
and stability 247
 
in teit 549
 
with trees 257
 
and water 395
 

limitations 110
 
(see also mixed cropping)
 

interface, tree/herb 576
 
interference 473, 575 (sce
 

al:so competition)
 
intermediate succession 313
 
intermittent succession 166
 
International Amazon Rain

forest Ecosystem Project
 
230, 240
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International Biological Pro-

gramme (IBP) 347 


International Council for 

Research in Agroforestry
 
(ICRAF) 37, 297, 426, 577,
 
578, 581, 585 


Charter 297 


programme of work, see Preface 

research strategy 299 


(see also Preface) 

International Institute of 


Tropical Agriculture 


(tITA) 36, 37, 40, 105, 


276, 303 

International Livestock Centre 


for Africa (ILCA) 36 

International Service for 


National Agricultural 

Research (ISNAR) 303 


International Union for the Con-

servation of Nature and 

Natural Resources aUC1 291 


intrapopulation variation 441 

inulin crops 141 

IPAL Project, Kenya (UNESCO) 129 


species planted 135 

irradiance contour 368 

irregular bearing 465 (eec also 


biennial bearing) 

irrigation 75, 83, 135, 196, 


200, 392, 436, 516 

isoresource condition 274 

Israel 380, 514 

Italy 372 

Ivory Coast 80, 82, 179, 190, 


197, 207, 294 


Jamaica 93, 293 

Japan 350, 356, 357 

jardin cr6ole 13 (see also 


village-forest-gardens) 

June drop, of apple 465 

juvenile 

-mature correlations 557 

period 462 

stage, and shade 474 


juvenility 517 


K-selection gradient 443 

Kampuchea 295, 356 

kampung 13 

kebun 13 

Kenya 82, 129, 142, 189, 217, 


294, 299, 302, 326, 327, 

337, 338, 345, 383, 385, 


388, 389, 491, 541, 544,
 
550
 

Kranz anatomy, of leaf 327
 

labour 585
 
requirements, and village

forest-gardens 21
 

land
 

equivalent ratio 259, 264,
 

273, 475
 
occupancy cycles 165
 

succession 165
 

use systems, see cropping
 
systems and farming
 
systems
 

Landsat imagery 292
 
landscape uses 37
 
Laos 295
 
Latin America, see separate
 

countries
 
and cacao 82
 

latitude, and growth 439
 
latitudinal races 439
 
leaching 403
 
leaf
 

angle 366
 
area
 
density 350
 
index 339, 350, 366, 367,
 

369, 491, 492
 
of alfalfa 220
 
seasonal change 371
 

average and 'ideal' 363
 
canopy, ageing 505 (see also
 

canopy)
 
changes of angle 378
 
clusters 351
 

conductances 337
 
density 367
 
erect foliage benefits 373
 
fall 10
 
flush 10
 
movements 409
 
photosynthetic response 366
 
production
 

and leaf removal 549
 
rate, with plucking 550
 

senescence 506
 
Letcombe Laboratory, UK 540
 
leucaena cropping sequences
 

109
 
ley systems 37
 
lianes 177, 179
 
Liberia 294
 
light
 
climate 365
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light (cont.) 

distribution within trees 368 

and dry matter distribution 


432 

extinction coefficient 351, 


369 

gradients 189 

intensity, and economic yield 


371 

interception 


of alfalfa 220 

improvement of 370, 371 


and morphological changes 433 

profile 367 


coconut 83 

and leaf area density 350 


quality, changes in 374 

as a resource pool 402 

stress, minimization 407 

transmission 366 (see also 


light profile) 

Liliaceae 324 

limiting factor approach 210 

linear programming 281, 487 

Linuron, herbicide 108 

liquifaction 139 

litter 222, 227, 231, 242, 259, 


317, 318, 413, 418 

transfer 268 


live fence posts 55 

livestock 35, 36 (s.r also 


animals) 

in West Africa 28 


local customs 584 

long-lived species 315 

lopping 55, 122, 189, 190, 268, 


418, 461, 516, 580 

sequential 585 


loss of crop lands, globally 

294 


Madagascar 82, 294 

Malawi 294, 385 

Malaysia 80, 82, 83, 88, 93, 


147, 225, 226, 240, 295, 

311, 349, 350, 356, 371: 

487, 495 


Mali 195 

Man and the Biosphere Programme 


(MAB) 129, 238, 240 

management 110, 265, 268, 269 

boundary 169 

and objectives 582 

(sec also plant management) 


manipulating crop mixtures 474 


manuals
 
for agroforestry 578
 
and crop associations 580
 
of plant management 586
 
and species information 580
 
(see also research manuals)
 

manure 79, 200 (see also
 
fertilizers)
 

mast fruiting 311
 
mathematical models 201 (see
 

also models)
 
mean annual increment 489
 
medicinal plants 21, 31, 36,
 

193
 
meristem culture 581 (see also
 

propagation and tissue
 
culture)
 

methanol 140, 146
 
methodology v. technology 302
 
metribuzin, herbicide 108
 
Mexico 293, 317, 406, 498
 
micro-forestry 4, 260
 
micro-organisms 227, 230, 240,
 

242, 312, 415, 418
 
periodic phenomena 518
 
phytotoxic compound 236
 
(see also by name)
 

microclimate, modification 575
 
micropropagation 561
 
microsite enrichment 261
 
microzonal system, ace
 

alternate row cropping
 
Middle East 326
 
mimosine 314
 
mineral nutrients, and C3 and
 

C4 species 338
 
minerals, see nutrients
 
minimizing light stress 407
 
minor forest products 177
 
mixed agroforestry systems 164
 
mixed cropping 310 (soe also
 

intercropping)
 
mixing ratio 355
 
modelling, and sensitivity
 

analysis 255
 
models 239, 255
 

agroforestry components/
 
interactions 226
 

of agroforestry plant
 
associa.tions 249
 

agroforestry systems 237
 
of alfalfa growth/develop

ment 212
 
for biomass cycle 222
 
conceptual 210
 
of crop mixtures 474
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models (cont.) 

and endogenous rhythms 505 

for growth distribution 428 

and ICRAF's programme 305 

and intercropping 256 

of light climate, validation 


377 

of light interception 366 

mathematical 201 

and missing information 210 

nitrogen cycling 224
 
PAPRAN 237
 
of pasture growth 253 

of plant water use 411 

process specification 253 

and production with time 353 

response surfaces 262 

and root 


activity 540 

growth 531 

length 539 


and sensitivity analysis 255 

for shoot/root growth 453 

simple qualitative 210 

simulation 249 


languages 253 

of wheat crop 251 

(see also mathematical models 


and plant architectural 

models) 


modifying the field environment 

553 


Molluginaceae 324 

monitoring 

activities 291 

tropical forest cover 291 


monocarpy 311 

monoecy 315 

Monte--Carlo method 366 

Mozambique 80, 82, 294 

mulch 8, 37, 104, 107, 109, 


120, 259, 283 

multiple 

cropping 165 

heading, tree spreading 


multiplication, of organisms 

176 


multipurpose trees 260, 478, 

579, 581 


and growth regulation 514 

and litter 236 

and phenology 504 

planting stock 561 

propagation 561 

research 557 

and seed dormancy 312 


multistorey canopy 40, 86, 477 


multistorey systems 13, 16, 20,
 
49, 73, 247, 274, 405
 

and light 366
 
mushroom production 73
 
mycorrhizas 151, 179, 227,
 

230, 313, 395, 403, 415,
 
518
 

nutrient exploration 416
 
and nutrient pools 416
 
research 562
 

nematodes 77
 
Nepal 295
 
net primary production 354
 
net production rate
 

and stand age 352
 
and tree density 353
 

New Guinea 316 (see also
 
Papua New Guinea)
 

New Hebrides 93
 
New Zealand 142
 
Nicaragua 142, 293
 
niche 19, 371, 582 (see also
 

ecological niche)
 
Nigeria 80, 82, 105, 275, 277,
 

278, 294, 498
 
compound farming in 30, 32
 

night temperature 510
 
nitrate reductase 150
 
nitrite reductase 150
 
nitrofen, herbicide 108
 
nitrogen
 

and C4 grasses 334
 
fixation, oco dinitiogen
 

fixation
 
reduction of 215
 

nodulation 312
 
of alfalfa 214
 
phenology of 518
 

notching 460
 
nursery, oec plant nursery
 
nutrients
 
availability, changes in 417
 
competition, and fruit drop
 

465
 
cycle, and systems 221
 
cycling 218, 227, 317
 

and systems analysis 210
 
deficiencies 217
 
and density stress 474
 
depletion zones 415
 
inputs 223
 
leaching, in canopy 220
 
management of 584
 
and precipitation 223
 
preserving mechanisms 227
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nutrients (cent) 
procuring mechanisms 227 

recycling 106, 107, 110, 414, 


417 

regime 241 

removal, and tea 549 

as a resource pool 403 

and shoot:root ratio 436 

and throughfall 226 

transfer 259 

uptake 414 


strategies 416 

and zones of depletion 415 


Nyctaginaceae 324 


oases 198, 200, 585 

occult precipitation 380 

Oceania, Pacific Islands 

Office de la Recherche Scienti-

fique et Technique O0tre-

Mer (ORSTOM) 189, 202 


oil crops, for energy 156 

onset 


of flowering 315 

of rest 505 


open habitats, 2. habitats 

optimum sowing dajtt 50'9 

Oregon State University 286 

organic mattf r 221 


and nutrient cycl in(; 231 

turnover 22 7 

and water cycling 231 


organs, cornplexe!; and scale 174 

ornamentals 18 

outbreedinq 6, 25H, 31l, 315 

overbearinq 277 

overgrazing 130 

overlapping crop sequences 166 

Overseas Development Ministry, 

UK (ODM) 277, 511 

overstocking 130 

overstorey, and C4 plants 339 


pachyphylly 231 

Pacific Islands 82, 83, 88, 92, 


93, 310 

paddy rice systems 73 

Padjadjaran University, 


Indonesia 20 

Pakistan 295 

palatability 9, 314 


under shade 62 

Panama 225, 226, 293 

Papua New Guinea 225, 226, 295, 


497 


INDEX 

Paraguay 142, 293
 
parthenocarpy 463
 
pasture growth, model of 253
 
pathogens 582 (sec also
 

diseases)
 
peat 231
 

and plant responses 233
 
pegging, of tea 544
 
pekarangan, ,,eo home gardens
 
Penman equation 382
 
PEP carboxylase 327
 
perennials
 

food crops, new possibil
ities 111
 

legumes, characteristics
 
required 104
 

seed crops 313
 
and seeding 311
 

perturbation, of systems 20
 
Peru 74, 289, 293, 309
 
pesticides I11
 
pests 7, 110, 310, 313, 314,
 

321, 336, 478, 555, 575,
 
582
 

cross infestation 318
 
management 258
 

and systems analysLs 210
 
research 562
 
and seeds 6
 

phenological
 
complementarity 513, 515
 
xecords 514
 
strategies 505
 

phenolovy 10, 19, 253, 580
 
definition 504
 
and plant management 515
 
of seasonal crop plants 503
 
and stress 525
 
of tropical woody peren

nials 503
 
phenophases 513
 

and environmental cues 525
 
and management 516
 

phenotypic plasticity 140
 
(.' ai. o adaptability)
 

Philippines 80, 82, 83, 87,
 
88, 13H, 142, 295, 316,
 
371
 

photocell system, for esti
mating Fin.x 370
 

photoperiod 439, 505, 506
 
photosynthesis
 

of alfalfa 216
 
and production 335
 
sink limitation 406
 
and yield 335
 

photosynthetic efficiency 330
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photosynthetic (cont.) and compatibility 584 
rates 335 (see also management, plant 

and fruiting 466 handling) 
at high PAR 373 nursery, duration in 7 
and species 348 population 261, 313 

systems 323 and bananas 493 
and agroforestry 335 and branching 470 
anatomical 327 and cereals 497 
and canopy 336 and crop performance 466 
CO2 concentration 332 economic optima 467 
and crop growth rate 348 and environment 468 
ecological distribution 326 and forest trees 489 
and growing season 336 and fruit size 470 
isotope discrimination 334 and grain legumes 495 
and light 337 and harvest index of tea 
light responses 331 547 
nutrient requirement 333 and herbaceous crops 493 
physiology 331 plant diameter 470 
taxonomy 321, 328 and plant habit 468 
temperature responses 332 and plant weight 467 
water requirements 333 and rooting 470 
and water stress 386 and shoot:root ratio 438 

photosynthetically active and storage root crops 495 
radiation 354, 365, 371 and tillering 470 

physiological proceuaes, and and tree crops 489 

qrowth 559 and yield 489 

phytohaemagglutinins 314 product optimization 265 

phytomass, c, ' hiomass propagation research 561 

phytotron 552 stress 401, 584 (4;2c ai, o 

pionoer- 313, .10 ecological stress, 

Speciesr; 31 3 resource deprivation 
lhoto!;ynth,.tic rates 349 and stress) 

plant factors, summary 418 

archittecture 182, 428 types 579 

model.:; 174, 188, 190 for manaieinent situations 

( u.: archit ecture) 584 
arrangement 5H4 water potential, and stress 

and light interception 374 255 
breeding 303, 310 water status 255 

canopy, efficiency of 347 plantation crops 

(' ,!., canopy and leaf and agroforestry 7') 

canopy) and integrated land use 81 
compat ibility 106 and research 81 

component., and yield balance and smallholders 81 

470 planting 
density V5 density, and mean annual 

and ecr)v.oin interact:ions increment. (MAI) 490 
-187 material, to farmers 581 

(', ,:,/> plant popla tion) planting out 
-',nvi romment. intoractions and plant size 8 

20), 218 and soil conservation 8 

handling (31.1 11. and soil requirements 81,. plant 

Mnar;1 r:mnt ) plasticity 468 

interaction!; 95, 120, 170, plucking surface, of tea 546 

259, 317, 355, 575, 582 Poaceae 324, 326 

interfaces 4, 268, 475 poisonous plants 69 

management 455, 582 Poland 372 
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poles 73 

pollarding 74, 194, 461, 516 


to control flowering of 

understorey 61 


time of 60 


pollen vectors 465 

pollination 463 


competition for pollinators 

318 


foraging behaviour 317 

by insects 315 

and plant spacing 493 

by wind 315, 317
 

pollinators 524
 
Polygonaceae 324, 325 

polyphenolics 227 

Portulacaceae 324 

potential productivity 366 

power alcohol 142 

power law, for self-thinning 


468 

precipitation, and nutrients 


225 

primary 


land unit 169 

production, and energy 


efficiency 354 

processing, of crops 314 

production 


ecology 209 

functions 284 

goals 582 

possibility curves 274 

rhythms 19 


productivity 249, 261, 273 

data, and variability 363 

of mixed canopies 355 


progeny testing, and root 

growth 536 


propagation 

environmental requirements 7 

by seeds 7 

tissue culture 7 

vegetative 7, 316 (sce al.qo 


meristem culture, tissue 

culture, and vegetative 

propagation) 


propagules, supply of 311 

(.;ec also cuttings, seeds and 


tissue culture) 

proto-agroforestry unit 162 


(see also agro-unit and eco-

unit) 


provenances, and latitude 439 

pruning 268, 407, 456, 516 


branches 462 

delays flowering 517 


and irregular bearing 465
 
and mulch 546
 
practices 460
 
roots 462
 
of tea 543, 544
 

(see also dry matter dis
tribution)
 

Puerto Rico 226
 
pulpwood 73, 76
 
plantations 491
 

pyrolysis 139
 
small scale 156
 

R-selection gradient 443
 
rainfall 379
 

interception 380
 
(see also precipitation)
 

ramets, and self-thinning 468
 
rangeland monitoring 293
 
rapid assessment 304
 
ratooning 165
 
reciprocal yield relationships
 

467
 
reclamation 585
 
rectangularity, and plant
 

spacing 468
 
reduction
 

of carbon dioxide 324
 
and conversion of biomass
 

140
 
reflection coefficient,
 

vegetation 384
 
regeneration 176
 
regular bearing 465
 
reiterated complexes, and
 

scale 174
 
reiteration 176, 457
 
rejuvenation 176
 

unit 174
 
relative yield total 475
 
relay cropping 165, 166
 
replacement series 262
 
replanting
 

land preparation 12
 
problems 12, 466
 

replication, at the genetic
 
level 176
 

reproductive
 
allocation, of dry matter
 

442
 
biology 314
 
phase 10, 313
 
yield, and light 406
 

research
 
co-ordination of species
 

trials 581
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research (cont.) 

and development of site 


assessment 577 

on environmental interactions 


559 

experimental studies 576 

guidelines 31, 38, 55, 58, 


66, 73, 74, 76, 99, 111, 

113, 123, 128, 132, 134, 

153, 201, 210, 217, 241, 

244, 250, 254, 269, 272, 

295, 303, 317, 319, 340, 

350, 353, 360, 369, 371, 

374, 375, 386, 393, 395, 

407, 411, 412, 413, 417, 

443, 444, 466, 470, 477, 

489, 504, 507, 512, 518, 

531, 534, 536, 538, 548, 

557, 575 


and manuals 578, 580 (see 

also manuals) 


monitoring 576 

and networks 581 

perturbation tests 576 

and physiological studies -,78 

plant management strategy 583 

on selection of species 577 

and simulation models 578 

and 'soil improvers' 580 

and surveys 576 


residues 141 

resistance analogy, and water 


loss 210 

resource(s) 

demands, and phenology 515 

deprivation, to density 


stress 473 

(see also environmental 

stress, plant stress and 

stress) 


and management 584 

pools 402 

sharing 

horizontally 475 

in time, see phenology 

vertically 477 


respiration, of plant community 

353 


response functions 210 

returns to land 41 

rhizobium 150, 312, 415, 512 

research 562 

and root growth 152 


rhizotrons 552 

Rhodesia 560 (sce also Zimbabwe) 

Rice Research Station, Sierra 


Leone 283 


ringbarking 109, 110
 
risk
 
avoidance 364
 
reduction 289
 
spreading 477
 

Rockefeller Foundation 286
 
root(s) 101, 104, 194, 197, 198,
 

200, 207, 210, 216, 223,
 
227, 230, 231, 317, 400,
 
411, 439, 470, 477, 513
 

activity 394
 
and fruiting 466
 

aerial 227
 
cap 529
 
coconut 85, 96
 
competition 532
 

for nutrients 533
 
for water 533
 

complementarity 531
 
and controlled environments
 

556
 
death/decay 530
 
density
 

and nutrient mobility 415
 
in plant mixtures 415
 

distribution, growth and
 
activity 527
 

and dry matter distribution
 
428
 

extension 395
 
growth 528
 
plant co-ordination 530
 
regionalized 541
 

hairp 541
 
ler.gth density 394
 
longevity 529, 541
 
meristem 529
 
morphology, and provenances
 

441
 
and nitrogen uptake 540
 
and nutrient uptake 414
 
observation laboratories 528
 
penetration, and soil
 

strength 536
 
phonology 517
 

in arid regions 535
 
pruning 413, 460
 
radial expansion 529
 
relative profiles 403
 
research 562
 
-shoot alternation of growth
 

429, 517
 
-shoot ratio
 

and mycorrhizas 453
 
and plant stress 439
 
(see also shoot-root
 
ratio)
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root(s) (cont.) 

shrinkage 541 

and soil compaction 437 

and soil cracks 540 

soil occupancy 416 

and soil pore structure 537 

suberization 540 

tip elongation 529 

of trees and herbs 411 

and vapour gap 541 

volumes 189 

and the water table 535 


rooting 

in arid zones 534 

depth 394, 532 

in savannas 535 

in tropical uplands 537 


rotational land use 163 

rotations, and nutrients 417 

row 

cropping, and light intercep-


tion 374 

orientation 407, 468 


ruderal vegetation 181 


RuDP carboxylase 327 

Rwanda 294 


Sahel 289 

and IPAL Project, Kenya 130 


savanna, .'(!savanna 

salination 135 

salinity 411 


and C4 species 337 

and roots 535 


salinization 318 

saponins 314 

Sarawak 231, 232, 234 

savanna 197 (Lcc also Guinean 


savanna) 

sawlog production 471 

scale 207, 247, 295, 584 


of living systems 174 

spatial 162 

temporal 162 


sclerophylly 231, 242, 405 

Scrophulariaceac 324 

seasonal growth trends 506 

secondary succession 350 

seed 


banks 581 

collection, sampling strategy 


316 

dispersal 317 

dormancy 6, 258, 312, 321, 507 

germination 312, 510, 561 


and light 374 


large v. small 312
 
maturation 511
 
predation of 314
 
predators, and irregular
 

bearing 465
 
respiration rates 466
 
source identification 557
 
treatment 106, 312
 
viability 6, 312
 

seedlings 258
 
establishment, and rooting
 

537
 
protection 200
 

selection index 261
 
self-fertility 465
 
self-incompatibility 315
 
self-pollination 315
 
self-pruning 491
 
self-thinning 467
 
senescense, time of onset 12
 
sequential planting 585
 
serendipity 316
 
Seychelles 88
 
shade 47, 49, 55, 217, 275,
 

277, 303, 313, 318, 369,
 
372, 377, 432, 465, 473,
 

474
 
and flower initiation 463
 

and fruiting 491
 
mutual shade effects on
 

fruiting 470
 
and productivity 405
 
tolerance, and C4 plants 345
 
tolerant cror. '73
 
trees 277
 

shading, and production costs 364
 
shelterbelts 72, 318, 393,
 

409, 481
 
shifting cultivation 33, 294,
 

310
 
shoot(s)
 
dormancies 10
 
and dry matter distribution
 

423
 
removal, and growth exten

sion 516
 
-root growth 530
 
-root ratio 427, 470, 473
 

and age 429
 
and annual habit 438
 
and desert species 438
 
and genotype 438
 
and light 432
 
and maturity 454
 
in mixtures 453
 
and perennial habit 438
 
and perturbation 430
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shoot-root ratio (cont.) 

and plant population 438 

and provenance 439 

(see aZso root-shoot ratio) 


Sierra Leone 282, 294, 495 

silicon cells 369 

silvopastoral 


land use 132 

systems 411, 474 (see also 


animals, browse, fodder, 

forage and grazing) 


SIMCOMP, simulation language 

253 


simulted climates 554 

simula-ion 


langiaqes 253 

models 210, 578 


sinks, young fruits as 465 

site-specificity 261 

size-frequency distribution 467 

slash-and-burn 103 

slow growth, growth rates 

smallholders 73, 81, 91, 103, 


110, 117, 125, 193, 217, 

260, 272, 277, 283, 289 


smallholdings 27, 48, 72, 81 

(sue al.O village-forest-

gardens) 

social 

acceptability 5F4 

problems 289 


socio-economic ai.ms 272 

socio-economics 579, 582 

soil 


and agroforestry design 187 

carbon, residence time 223 

catenas, and vegetation 227 

compaction 197, 200 


and roots 537 

conservation 11, 83, 261, 


265, 268, 313, 584 

cracking, and roots 537 

degradation 


assessment 21 

and tree species 579 


environment stat us 262 

erosion 105 

evaporation 413 

fertility 117, 26i, 276 

management 11, 584 

organic mat:ter 222, 223 

oxygen 542 

pli, and roots 536 

stabilization 318 

surface mat 223 

surface temperature, high, 


105 


temperature, and germination
 
510
 

water storage 403
 
solar energy
 
efficiency 354
 
interception 366
 
utilization 354
 

solar radiation
 
and dry matter yield 365
 
and heat balance 510
 
intensity 371
 
and phenology 505
 

solar tracking, of leaves 345
 
Solomon Islands 316
 
Somalia 294
 
source-sink relationships 10
 
South Africa 326, 372, 487,
 

560
 
South America 192, 196, 200
 
(We also separate countries)
 

South Asia 72
 
South Pacific 93
 
Southeast Asia 195, 316, 480
 
spacing, and stem form 486
 
spatial configuration 475
 
spatial units 169
 
species 

choice of 585
 
collections 581
 
diversity 228
 

and stability 246
 
spices 91, 193
 
spininess 314, 315
 
'square' climate 555
 
Sri Lanka 74, 76, 80, 82, 83,
 

87, 88, 92, 93, 295
 
stability, in systems 246
 
stages, of growth and develop

ment 513
 
staggered planting 478
 
stand
 

closure 471
 
density index 468
 

standard climates 554
 
starchy tree crops 111, 156
 
state-variable methods 210
 
state variables 251
 
static land use 163
 
stemflow 225, 379
 
stern suckering 189
 
stocking density 468, 489
 
stomata, midday closure 378
 
storage root crops 470, 472
 
stress
 
adaptability to 403
 
and interactions 426
 
for light 405
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stress (cont.) 

in natural and agricultural 


systems 425 

for nutrients 413 

plant responses to 403 

and predicting adaptability 


404 

response to in controlled 


environment 558 

and survival 404 

tolerance 104 

(see also environmental 


stress, plant stress and 

resource deprivation) 


sub-crowns 189 

succession 174, 184, 186 

successional mosaic 174 

suckers 460 

sucrose inversion, and tempera-


turc measurement 510 

Sudan 294, 498 


savanna, ,cc savanna 

sugar crops 141 

summer rainfall, and phenology 


514 

sun 


elevation, and light inter-
ception 378 


leaves 349 

supplementarity 274 

supraplexion 190 

Surinam 202, 293 

survival 241 

sustainability 31, 115, 249, 


261, 289, 477, 578, 579, 

582 


Swaziland 125 

Sweden 147 

syl'igenesis 179 

systems 

analysis 161, 209, 299, 487 


computer implementation 252 

subsystems 251 


app] icat ions 305 

efficiency 584 

interactions 225 

interactive linkages 243 

synthesis 300 


tannins 231 (c. Sic poly-
phenolics) 

Tanzania 80, 82, 88, 117, 118, 

294, 472, 495 


taungya 33, 44, 119, 192, 194, 

310, 470, 471, 517 


Tea Research Institute of East 


Africa 547
 
tea, management of 543
 
temperature
 

and C4 plants 326
 
and growth 373
 
and phenology 505
 
and soil 115
 

temporal arrangement 584
 
temporal separation 515
 
terminology, for agroforestry
 

classification 165
 
termites 200
 
Thailand 82, 138, 142, 295
 
thinning 44, 45, 353, 487,
 

491, 517
 
throughfall 225
 
tillage, reduced 83
 
tillering 472, 497
 
timber 491
 
time
 
-dependent factors, see
 

phenology
 
of sowing 507
 

and soil temperature 509
 
trends 264
 

tipping, of tea 544
 
tissue culture 581 (.-,?( also 

propagation)
 
Togo 292, 294 (ccc also West
 

Africa)
 
toposequences 188
 
total area 169
 
toxicity 314
 
traditional land use 13
 
training 153
 
translocation
 
of carbohydrates 428
 
of roots 433
 

transmission, of light 167
 
transpiration ratio 391 (sco
 

alhco water use
 
efficiency)
 

tree(s)
 
age, and mean annual incre

ment 491
 
arrangement 265
 
attributes for intercropping 

120
 
benefits of 104
 
for biomass 141
 
and boundary marking 289
 
C, species 324
 
characteristics of 3, 258,
 

260
 
and choice of genotype 524
 
choice of species 260, 579
 
criteria for species 104
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tree(s) (cont.) 

-crop combinations 579 

crop plantations 34 

as energy crops 147 

environmental requirements 10 

flowering/fruiting times 10 

for fodder 480 

and fruiting 366 

for fuelwood 480 

of the future 194 

geometry and light measure-


ment 369 

germplasm 6 

and grass 66, 82 


in Costa Rica 53 

incipient domestication 310 

intercropping with 105 

maize 107 


internal water capacity 410 

as investment 289 

juvenile phase 9 

late successional 474 

leaves, distribution of 350 

and light interception 370 

light requirements 372 

manipulation of 455 

mature phase 10 

morphology 9 

as nurse plant 49 

and nutrient cycling 417 

optimum number 261, 278 

and outbreeding 315 

of the past 194 

in pastures 53 

pioneers 174 

place in landscape 4
 
and plant population 489
 
for planted fallow 480 

planting out 8 

planting trials 133 


in Kenya 133 

poisonous foliane 580 

pollination in arid regions 


525 

as pollinators 465 

of the present 194 

and productivity 263 

propagation 7 

protection 9 

for pulp 63 

rate of growth 9 

removal 12 

replanting 12 

research on indigenovs 


species 40 

role of 257 

rooting characteristics 9 


and roots 527
 
senescence 12
 
shape 456
 
in shifting cultivation 35
 
and soil improvement 262
 
and spacing 45, 46
 
spatial arrangements 487
 
to spread productive
 

activity 579
 
spreading 460 (see also
 

coppicing)
 
and stems 410
 
as support 37, 74
 

for climbers 109
 
for timber 44, 49, 63, 478
 
training 268
 
in tropical land use systems
 

104
 
and vegetative yield 456
 
and weediness 580
 
and xeromorphy 409
 
(see also fruit trees,
 

multipurpose trees and
 
woody perennials)
 

trenching experiments 416
 
trifluralin, herbicide 108
 
Trinidad 82, 277, 293
 

Mlorea forest 185
 
tripsin inhibitors 314
 
trophic chains 210
 
tropical forest, resources 291
 
tropical hardwoods, genetic
 

variation 317
 
tuber crops 585
 
Turkey 314
 

Uganda 294, 394, 509
 
underexploited crop plants 580
 
underground storage organs 534
 
understorey
 

and C3 plants 339
 
and light requirements 372
 
species, and light 406
 

Union of Socialist Soviet
 
Republics (USSR) 146,
 
326
 

United Kingdom (UK) 370, 372,
 
382, 498, 499, 528
 

Department of Energy 146
 
Meteorological Office 382
 

United Nations
 
Educational, Scientific and
 

Cultural Organisation
 
(UNESCO) 129, 238, 291
 

Environment Programme (UNEP)
 
291
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United Nations (cont.) 

Food and Agriculture Organi-


sation (FAO) 71, 76, 80, 

291 


World Health Organisation 

(WHO) 291 


World Meteorological Organi-

sation (WMO) 291 


United States of America (USA) 

138, 139, 142, 147, 148, 

212, 276, 315, 326, 331, 

338, 356, 372, 413, 497, 

499, 514, 528, 532 


University of 

Durham 231, 233 

Nairobi 341 

Reading, Plant Environment 


Laboratory 511 

Upper Volta 198 

useful plants, protection of 36 


validation, of models 210 

variability, decrease in 310 

vegetables 18, 338, 373 

vegetation 


communities, and models 210 

dynamics 181 

geometric structure 225 


vegetative propagation 20 

of Erythrina 55 

stumps 48 

(sec alo *ropagation) 


Vene.n:ela 223, 224, 226, 230, 

293 


venoiate, herbicide 108 

vernalization 313 

versatile plants, need for 585 

vesicular-arbuscular mycor-


rhizas, sce mycorrhizas 

Vietnam 72, 76, 295 

village-forest-gardens 13 

ecological stability 19 

man-made forest 20 

social a~pects 21 

spatial organisation 16 

temporal organisation 18 

(see also forest gardens) 


vine growing 516 

virus-free stock 466 

volatilization, of soil 


nitrogen 403 


wastes 141 

water 


balance 381 


and plant management 584
 
catchments 133, 388, 390
 
conservation 265, 268
 
consumption 388
 
cycle 221, 240
 
harvesting 585
 
management 116
 
as a resource pool 402
 
stress 110, 386, 465
 
adaptation to 424
 
avoidance 408
 
and canopy zonsiderations
 

409
 
and co-habi.ting species
 

408
 
overcoming 399
 
and plant development 412
 
toleration 408
 

supply 241
 
and forest structure 400
 

use
 
efficiency 210, 276, 389,
 

412
 
and C4 plants 333
 

and cotton 509
 
and soil 386
 
and tea 388
 

watersheds 31
 
weeds 69, 106, 108, 120, 192,
 

194, 318, 326, 478, 480,
 
491
 

control 11
 
wells, and settlements 130
 
West Africa 25, 177, 480
 

and cacao 82
 
climate 26
 
compound farms and fields 29
 
soils 26
 
vegetation 26
 
(see also separate countries)
 

West African Institute for
 
Oil Palm Research
 
(WAIFOR) 34
 

West Java 13
 
Western Samoa 93
 
wild populations 310
 
wildlife 135
 
William and Flora Hewlett
 

Foundation 341
 
wilting 410
 
windbreaks, sce shelterbelts
 
winter rainfall, and phenology
 

514
 
wood
 
density 313
 
for liquid fuels 146
 
production 471
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woodland management, in dry 

areas 132 


woody perennials, elimination
 

of 110

(see also trees)(seeals
tres)Zaire 


woody plants, extending 

climatic range 516 
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