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Preface
 

On 9 February 1987, more than sixty scientists from around the world gathered inNairobi to discuss the role that the atmospheric sciences could play (and have played)in the development and practice of agroforestry. The meeting was hosted by the International Council for Rc.carch in Agroforostry (ICRAF) and co-sponsored by the
World Meteorological Organization WMO) and the United Nations Envronment
Programme (UNEP).

Fifty of the papers prcpared for the conference are in these proceedings. The firstthree chapters provide an introduction to t.c relationship betv%, 'n the environment andarfforcsry. The next six chapters present information basic to understanding howmeteorology and climatology can be used in agroforcstry systems. The next fifteen, fullyone-third of the book tell how ncteorology and climatologv ,en integrated intoagroforcstry practice around the world; or, in many cases, how they cculd or should beso integrated. Followving are nine technical papers that discuss in useful dIetail ways thatthe environment can bch .masuicd, how experiments can be designed, and how they canbe analyzed to elicit useful information. Nine more chapters give the results of variousagroforestry experiments, most of them conducted by ICRAF scientists. Three papersthat give the results of expcrimcnis invohving animals are prcscscnttd as a group, as are
three experiments involving windbreaks. 

Two themes are apparent in this assembly of papers: the first is that there is intenseinterest on the part of thc agroforcstry community over how knowledge of the atmospheric sciences can contribute to agroforestry practice; and second, how little hardinformation exists at present. MNos! basic information comes from experiments andmeasurements in the temperate zone. Sonic of this may be transportable to tropicalregions with little or n1 adaptation. However, much cannot. Many of the papers addressthis probein; but it is clear that much remains to be done in adapting existing knowl
edge to the praclicc of agroforcslry in tropical regions.

Thus one finishes reading these papers with some sense of frustration: there is a lotof information out there, but how can we assemble it, test it, and apply i" to agroforestrysystems? The task is daunting, but the encouraging result of the conference and the procecdings is that there are many people and organizations working hard to bring this
about. It is the hope of the sponsors, the participants, and the organizers of the confercncc (and the editor as well!) that this volume will be not only a compendium of useful
information, but also a goad to scientists and administrators throughout the world to
increase rcscarch activity on the role of meteorology and climatology in agroforestry
practice.

Editing this volume has been a rewarding educational experience for me. Someauthors may have felt that I wielded the editor's red pencil too heavily. My excuse is thatI have tried to enforce some consistency of style on papers, many of which were writtenby scientists whose native language is not English. I also did most of the copy-editingand thus am responsible for errors. The staff of ICRAF, and especially Dr. TillDarnhofcr, spent many hours in helping the publication process along. Without theirprodigious efforts, there would have been no confcrcnce and no proceedings. 

William E. Reifsnyder
Questa, New Mexico, January 1989 
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Synthesis and recommendations
 

The following conclusions and rcrommendations were formulated as a synthesis of thediscussions following the presentation of the papers and of the reports by the five work
ing groups. 

General 
1) The Workshop recommends that all development of methods and all collection o.data take account of the multidisciplinaiy nature of agroforestry and that maximumbenefit be obtained from the contributions of the different disciplines involved. Italso recommends that for all research and all applications of the results of the research, thorough considerations be given to the different scales in space and timeand that socio-economic aspects of agroforestry interventions must not be ignored. 

Infoi matiot! requirements 
2) The Workshop recommends that the ranges of Jifftrent climatic parameters and

conditions (climatic profiles), both for survival of specific components and for theirrelatively successful performance, be determined for the most prominent woody
species. It furthermore recommends that the component requirements be com
bined into system requirements. 

3) The Workshop recommends t;, it sitc-sprcific macro climatic conditions, as they
are relev'ant to agroforc..,try components and systems, be determined. 

4) The Workshop recommends that further quantification be made of aspects of ex
isting techniqucs of microclimate management and manipulation in agroforestry,
to assist the development of viable systems and practices. 

Methods and techniques in agroforestry 
5) The Workshop rcco-nmends that the existing environmental data bases be extended
with further specific data needed in different agroforestry techniques.
 
6) The Workshop recommends that as a preliminary activity, available models of component processes be collected and tested. The methodology for comprehensive


models for agroforestry should be developed. 
7) The Workshop recommends that further studies be made of tree/crop interfaces,notably of processes and co-production functions under different management. 
8) The Workshop made the following recommendations regarding the design of ex

periments: 

- that designs should take the results of preliminary mo,',el tests into account 
- that designs should aim both to measure environrne.itl conditions and test so

lutions 

m 9 
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that the advantages of 'systematic' and 'traditional' designs should be considered,-
especially in preliminary screening 
that new designs are required for use in agroforestry-
that plot size considerations should also include:length of data run; number of 

-
treatments; number of replications; nature of climatic and biological parameters 

to be measured; soil variability; outside environmental factors 

that the number of treatments should be limitcd if extensive environmental ob
-

servations arc to he collectcd 
that on-station trials should be complcmcnted by on-farm trials-
that the biological responses should be measured not only in 'laboratory/scien-
tific' terms but also in terms of farmers' acceptability. 

9) The Workshop recommends that all improved techniques should be evaluated for 

specificity to area, site, season and system. 

10) The Workshop recommends that long term observation plots be set up for moni

toring the impact of climate on soil degradation and for the development and test

ing of management techniques to prevent and reduce such degradation. 

Data collection 
11) The Workshop recommends that all data collection be made towards specific ob

jectives, to avoid the collection of unneccessary data. 

12) The Workshop recommends that guidelines be prepared both for meteorological 

and biological data sets required by different models. 

13) The Workshop recommends that techniques for generating climatic data from ex

isting sets in different formats, required by models for assessing long term impacts 

of agroforestry interventions, be made available. 

14) The Workshop recommends that as a minimum the following daily climatic data: 

maximum and minimum temperature, rainfall, humidity and evaporation be col

lected, and that if possible wind speed and direction, solar radiation, soil and plant 

temperature, and soil and plant water balance be estimated. 

15) 	 The Workshop recommends that the WMO Commission for Instruments and Ob

servations promotes the development of appropriate instruments, that give few or 

no operational problems in field conditions, for the measurement of the parame

ters mentioned inRecommendation 14; that this includes equipment from the most 

simple instruments to data loggers; that training be given in their proper use ,nd 

maintenance; and that the equipment or the capacity to produce it be provided to 

developing countries. 

16) The Workshop recommends that quantitative equations be refined for the measure

ment of soil losses as influenced by weather (especially rainfall, wind) and land-use 

management techniques. 

17) The Workshop rccommends that the potential of using operational remote sensing 

techniques in agroforcstry be actively explored. 

10 



Recommendations 

Application of research 
18) 	The Workshop rccommends that techniques to match agroforestry componentsand system requirements to known and described climatic conditions be actively

developcd and applied. 
19) The Workshop rccommcnds that the research in agroforestry in semi-arid and arid 

zones includes aspects of water harvesting systems. 
20) The Workshop rccommcnds that in all agroforestry research due attention be paidto the influence of climate on the development of pests, plant/animal diseases and 

birds damage. 

Dissemination of information 
21) T'iE Workshop recommends the publication of:
 

- an inventory of data analysis methods
 
- an inventory of available appropriate instrumentation 
- an inventory of available models used in agroforestry with a comparative study

of the differcnt models 
- a study on the agrometeorology of trees as a component in agroforestry systems 
- an inventory and annotated bibliography on wind break studies relevant to

agroforestry interventions 
-guidelines to use agroforestry techniques to reduce or prevent soil degradation. 

22) The Workshop recommends that, where possible, simulation programmes be madeavailable on diskettes or in other computer usable form. 
23) The Workshop recommends that extension agents, agricultural development personnel ctc. be associated with on-farm trials and demonstrations, preferably where 

armers will have a major role. 

Feedback on technical and economic value 
24) 	The Workshop recommends that the assessment of the value of proposed agroforestry systems takes account of the sustainability of the system, and of the long-termeffects on the yield of both annual and perennial crops; that these considerationsshould cover the modification at both meso- and micro-scale; that both short-term

and long-term cost/benefit analyses be made. 

Training 
25) The Workshop recommends that, jointly with all organizations concerned, trainingin the assessement, proper use and maintenance of equipment be organized indeveloping countries, together with training in quality analysis of the data obtained 

with this equipment. 
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Working group reports 

REPORT OF WORKING GROUP I 

Macroclimatic aspects for the preselection of agroforestry 
systems and components 
With regard to the preselection of agroforestry systems and components, macroclimatic 
0 aspects should be considered with reference to the following: 

1. 	Objectives 

a) 	 Definition of the information and methods necessary to determine climatic
 
component ()requirements.
 
In a first approach the
 o climatic range for component survival has to be defined and in the second, infor

mation on the 
o range of relatively successful component performance has to be included. 

subsequently it is important to 
o combine component requirements into system requirements 

b) 	 Definition of site-specific climatic conditions relevant to agroforestry system and 
component selection. 

This can be achieved byo using existing climatic or agroclimatic classifications (which although often not 
satisfactory, do have their recognized merits) 

or by 
o exploiting the possibility of'purpose-specific' classifications using modern tech

nologies such as computers and remote-sensing. 

2. 	 Implementation of methodologies 

a) 	 Parameters and datasets required
A first assessment of a 'minimum dataset' includes the following informations and 
parameters:
" 	 Basic Geographical Data (latitude, longitude, altitude) 
" 	 Temperature 

Maximum air temperature; monthly and 10-day means
 
Minimum air temperature; monthly 10-day means
 
Absolute minimum temperature
 

'Macroclimaic' scale see WMO guide
 
'Components' = agroforcstry components (woody plant species, crops, pasture
grasses, animals). 
 In the present context special reference is made to woody species. 

.... .,' , . .,13 
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o 	 Rainfall
 
Monthly and 10-day totals
 
Number of rain days
 
Rainfall intensity 

o 	 Sunshine 
Monthly and 10-day duration
 

" Air Humidity
 
o Wind
 
" Evaporation (+ method)
 

b) Measurements 
o 	 as by WMO Guidelines 
o 	 current remote-sensingtechniques 

c) 	 Data Processing 
o 	As no general data-processing standards exist an inventory of wider used meth

ods should be established. 
o 	The development of analysis methods, and especially those wii-,:h allow the com

puterized modeling of 'purpose-specific' classifications, should be monitored 

and promoted. 
Tested data analysis techniques should be published in appropriate journals.o 

d) 	Data and analysis presentation 
o 	 Reports, graphs, maps 
o 	Computer-compatible supports 

e) Matching component requirements and climatic conditions 

The matching of available information on tree requirements and given climatic con 

effectively by computerized methods. However any traditional
ditions can most 
methods such as graphical and manual comparison could also be used if necessary. 

(Reiterative methods will contribute to the reIrnement and improvement of a chosen 

approach.) 

f) 	 Establish climatic tree profiles 
Analysis of the climatic conditions in the natural distribution areas of a given tree 

o 

species 
Improvement of these requirement profiles with information as it becomes avail

able in field trials 
o 

o 	 Phenological, physiological and other performance observations. 

3. 	Recommendations 

a) 	 Establish the agrometeorological requirements of trees with an agroforestry
 

potential
 
Describe the upper and lower climatic conditions for survival and for relative 

o 	

successful performance for a shortlist of multipurpose trees in the 4 major eco

logical zones of the tropics, using information available in literature and in various 

data bases. 

14 
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b) 	 Collaborate with appropriate institutions to establish climatic 'surfaces' tocharacterize conditions suitable for af systems and components. 

c) 	 Promote actively the development of techniques to match component
requirements to given climatic conditions. 

15
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REPORT OF WORKING GROUP II 

Assessment of the environmental impact of agroforestry 

interventions 

1. 	Preliminary modeling 

Modeling as a preliminary activity is more necessary in agroforc:stiy research than it is 

in sole-crop systems. In agroforcstry, a purely experimental apr roach without prelimi

nary assessment of the literature and sieving of ideas for field trials within a modeling 

framework would be exessively expensive in time and resource!, because: 

The units (individual treatment plots) in agroforcstry are very large,
o 

o 	 the time-scale is considerable because of the life span of trees, 

the complex nature of agroforcstry (trees and crops) leads to a very great num
o 

ber of possible arrangements in space and time. 

The process of constructing, validating and using the models in itself involves a very 

critical search of the literature, identification of missing information and therefore of 

new directions of future research. 
use are sub-models of 

are of the greatest direct 
At 	the present the models that 

processes in agroforcstry systems, particularly those of light interception and of water 

These models should be identified, their value asscssed against current available 
use. 
problems and available data and made generally available in user-friendly .orms. 

Although at this stage of the development of agroforcstry research the sub-models 

of component process developed in agricuturc and horticultural research are likely to 

e.g. those of the effects of light interception on inter
-be the most immediately useful 

crops in relation to trcc size, spacing and orientation - attention should be p'iid to the 

development of comprehensive models of agroforcstry systems. Such models will con

centratc on the interaction between component rproccsses e.g. between light, water, 

Attention needs to be given to appropriate structures for 
nutrients and management. 
such models and the level of detail required relative to individual problems and to the 

Crop modeling research is now 
current understanding of the component processes. 

beginning to use the expert systems approach, a technique which has much promise for 

It provides a logical scheme for the 
the complex interactions of agroforcstry systems. 


selection and integration of sub-,-:L)dcls of appropriate detail and precision from the
 

set of currently available altcrnativcs.
 

2. 	 Design of agroforestry studies and experiments 

It was 
Initial discussion centred upon the role of observation versus experimentation. 

generally acknowledged that much agroforestry investigation is still at the observation 

stage because there remains great uncertainty about the performance of combinations 

of species at different sites and at different stages of growth. 
Experi-

The purpose of experimentation wa; established to clarify the discussions. 

mentation is both for the estimation of the magnitude of effects as well as for the test

ing of hypotheses. Randomisation and replication are essential for either objectivc. 

16 
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The discussion of expcrimcntal design conccntratcd on the relative utility of systematic versus traditional and upon 'ncw' designs in the following way: 

a) Systematic designs
These designs were acknowledged as powerful exploratory tools in agroforestry research - more so than in crol; experimentation since the large size of individual trcescould be accomm(odated casi!y at each point of a systematic grid. Systematic designsare best suited to screen awide range of spacings ofgiven trce/crop combinations. Fromthis range a few can then be sclected for further, possibly more detailed, study.Probl,:ms do exist with such designs however. Since trees live for many years it isnecessary to monitor such experiments for an appreciable period until the response oftrees to spacing can be fully cstablished. Replication is required to avoid bias causedby trends and other directional effects. The value of each individual tree in a systematic design was stressed as being vital comparcd to those in, say, a randomized blockdesign. The loss of a single tree in a systematic design alters the spacing of the neighbouring trees. Early rcplaccment with material of equivalcnt genotype and age should

be made when possible.
The types of systematic designs, viz. parallel and simple diagonal row designs, werediscussed. No single design w's accepted as being fully appropriate for agroforcstryinvestigations although the parallel row design was seen to be particularly usefulbecause of the case of its modification to incorporate secondary treatments, such asfertilizer treatencnts or management strategies.
Statistical guidelines are requircd to enable systematic designs to be used cffectively,particularly to give intormation about Ihe choice of the range of treatments and the re

quired spacings.
Information is availablc in the litcrature about 'uitable systematic designs for annualcrops but little or none iscurrently available for agroforcstry experimcn!s. Guidelinesmay be available from experiments with trees in horticulture or forestry and assistancecan be cxpcctcd from process models of tree response e.g. light, wind and water use. 

b) Traditional designs

These were proposed for the second stage of cxpcrimentation once a small selection of
spacing treatments; and crop combinations had been established. Traditional designs,
viz. randomized blocks, latin squarcs etc., are robust designs which have been usedsuccessfully for experimentation with annual crops. Discussion ccntred on the size ofplots. It was accepted that plots and hence agroforcstry experiments would of necessity be large. I lowcvcr, no conclusions were possible because of the need to establishthe species involved and the inherent variability of the plants and soil at particular siles.Emphasis was again made of the need for rccommendations for the use of traditionaldesigns in agroforestry research. The horticultural literature is a potential source of
such information. 

c) New designs
The group expressed the hope that 'new' designs specifically appropriate for agroforestry might be developed. No specific directions emerged althougl' the use of nearestneighbour analysis was suggested and discussed. The special need for designs appro
priate to the sLudy of multi-laycr agroforestry systems was acknowlcdged. 

17 
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3. 	 Tree/crop interface 

The basic unit of all agroforcstry systcms is the combination of woody and non-woody 

species. The study of the interaction can be made at two scales of aggregation: 

the interface of individual trees with harbaccous plants, and 
o 

the interface between blocks of trees and the herbaccous component. 
o 

ICRAF's Design 
The study of the tree/crop interface is an important starting point. 

and Diagnosis Methodology is useful and should bo consuited at this stage. 

There are so rmany combinations of interfaces that observation will probably precede 

experimentation. Small cxploratory trials are valuable:, and once again models, such as 

those of light and :shade, should be useful in designing apropriate experiments. 

mnade at two levels:Interface experiments arc 

Development of co-production functions of the component species which can 

then be used directly for the design of nany varied systems involving these como 

ponent s; and 
Exp riments including micrometcorological observations which provide an un

o 	

derstanding of the compelitive and complementary interactions and hence for 

the more general tLsign of interfaces in agroforcstry systems. 

replicated and include directional variability
Experiments with interfaces must be 

Directional variability will not be a possibility in sonic systems, e.g. 
Where appropriate. 

on sloping land.
 

Experiment with interfaces should include and specify the management variables. 

Tihis isparticularly important with respect to the tree component which has the oppor

tunity to dominate the system. 
Tile inform:ation alrcidv available and the undcrstainding th.l has been d,:vclopcd 

of the performance of windbrcaks is an essential starting point in the design of block 

interface experiments. 
There is a need to acknowlcdge that interface sys'ems and their study will involve 

more than just plant-plant inter- actions. Their establishment will introduce other bi

otic considcrations - diseases and pests of many kinds (birds, insects etc). 
,ormulti-strata systems. The ex-

To date there arc no cxpcrimCnttl designs suitable 


tent to which they can bc studied separately and conbincd is unknown.
 

Models as tools for assessment of alternative arrangements,4. 
productivity, stability and environmental impact 

It was acknowledged that models, particularly comfprchcnsivc models, will play an im

- individual, regional and global 
portant role in the prcdiction of the long term impact 

zoal which will not, however, be
Their development is t 

-	 of agroforestry systems. 
arc poteitial conponcrits of agrolorcs!try models and 

quickly achievcd. Crop modelIs 
arc not yet used convincingly as predic

although simpler and rclativcly well advanced 

tive tools. Discussion of th,: available models of the whcat crop, for example, acknow

ledged their use in assessing the response of the crop to production strategies, weather 

a valuable glimpse of the possibilities of 
Such studies provideand climatic changc. 

models for the assessment of agroforcstry systems. 

18 
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Whilst the development of comprehensive predictive models is a long term goal itwas again agreed that in the meantime individual process modeis can play an importantrole not only in the design of agroforestry systems but also in "he prediction of their
performance.

The ultimate ase of models of agroforestry systems to assess environmental impactwill require a good coverage of climatic and other site specific data. The preparationofdata banks or, in the case of climatic dala, of weather-generating models, should notawait the availability of the models themselves because they can be put to other, e.g.classificatory uses, in the meantime. 
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REPORT OF WORKING GROUP III 

Environmental monitoring for agroforestrY experiments 

and interventions 

The working group comprised of eleven participants from seven countries representing 

the disciplines of agrometeorology, agroforestry, agronomy, statistics and crop physi

ology. Consensus was reached on practically all major issues discussed and the recom

mendations are divided into the following sections: 

1. Main objectives for environmental monitoring 

2. 	 Guidelines and considerations for field experiments 
techniques for wind speed, humidity, temperature,

3. Hardware and measurement 

radiation, soil moisture
 

current status and cost-effectiveness4. 	D.ta loggers 
5. 	Sampling procedures and data handling 
6. 	 Interpretations 
7. Training needs 

1. Main objectives for environmental monitoring 

are 
The main objectives for environmental monitoring for agroforestry experiments 

concerned with the modification of the environment at the meso or micro level by the 

presence of trees and how this may affect the yield of the understorey crops or vegeta

tion. Modification of both the above- and below-ground environment should be con-

Such information is required for the modeling of agroforestry systems, the 
sidered. 

sustainability of production and he interaction between trees and crops.
 

2. 	 Guidelines and considerations for field experiments 

The selection of a site which is close to a long established meteorological station 
o 	

with say 30 years of continuous data is essential so that a base line information is 

available for comparison with future trends in agroforestry systems.
 

Also the guideline for plot size will depend on the dominant environmental fac
o 	

tor likely to be modified by the presence of trees. For example, where windspeed 

is the dominant factor the fetch should be 10x to 20x the maximum height of the 

However, if the main modification is rain interception then the 
vegetation. 
diameter of the measurement area should be approximately twice the height of 

the trees. The optimum plot size for agroforestry therefore decreases in the fol

lowing order of environmental variables: wind, humidity, temperature, light. Of 

course, a reduction in wind speed and an increase in radiation will tend to in

crease the radiatioa load. 
o 	 In the first attempt the treatment should be reduced to the minimum of two, say 

re
crop with or without trees as plot size may be quite large and the minimum 

quirement for hardware may be a constraint. Replications of measurement in 

space is also highly recommended. 
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Soil problems: Large variation in soil physical and chemical properties is common in many areas and such inherent variability should be avoided or accountedfor by appropriate statistical designs. A good knowledge of soil variability couldbe obtained by using a cover crop prior to the laying out of the agroforestry plot.Common soil differences are due to changes in depth, fertility and pH. 

3. Hardware and measurement techniques see (*)
 

a) Wind speed

Cup anemometers are widely used but they only pick up wind above 600 cm/sec therefore sonic or hot wire anemometers may be used to monitor lower speeds. There appears to be no special difficulty in measuring wind speed.
 

b) Humidity

'here is very little technical problem concerned with humidity measurement usingeither ventilated psychrometer or other techniques.
 

c) Temperature

Leaf or stem ten zratures are difficult to measure because of poor contact withtissue or response time isnot satisfactory. Fine bead thermistors are most appropriate. 

d) Radiation
Filtered tube solarimeters suffer from high temperature and many authors reportedcondensation occurring in the tubes. Line quantum sensors are more robust and useful under humid conditions. 

e) Soil moisture
Soil moisture blocks are considered to be unreliable and sensitive to soil physicalcondition. Neutron probe techniques are still most widely used but installation of accesstubes pose a major problem in gravelly or strong soils. Gravimetric sampling is still themost popular for surface soil. Soil psychromcters and thermometers also give problemsbut this is probably due to poor quality control or local soil conditions. 

4. Data loggers 

Data logger is extremely cost effective even in developing countries and many smaller
units are appearing in the market which are competitively priced. Problems associated
with power supply have also been eliminated by low power consumption with 6 
- 12months battery life. 

5. Sampling procedures and data handling 

Sensors should not interfere with the microenvironment and transects across crop/treeinterface should be attempted. With data loggers frequency of measurement is not aproblem. Standard software packages for editing of data or format should be utilisedwhere possible rather than write your own software which is time consuming. 

* WMO Publication 8. 
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6. Interpretations 

All too often the accuracy or frequency of environmental measurements greatly exceed 

the requirement needed to interpret biological responses which are measured over a 

much longer time scale. If possible the measurement of biological response should 

match the time scale or vice versa otherwise it would be impossible to determine the 

significance of environmental modifications. A useful addition is to incorporate treat

ments which uncouple the effects of above- and below- ground changes. Root studies 

are usually neglected and techniques like placement of herbicides may be useful to de

termine rooting depth. 

7. Trsining needs 

These could be divided into three levels: 

(a) proper use of instruments for scientists, 
(b) technicians for maintenance of equipment and 

(c) for design and analysis of data collected. 

UNEP and WMO have regional training program which should concentrate on field 

These courses should be made available to 
work rather than on laboratory practice. 
technicians who could learn to service and repair equipment. It is recommended that 

there should be more frequent exchange of personnel and information between insti

tutes to encourage more efficient use of equipment. 
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REPORT OF WORKING GROUP IV 

Improvement of the microclimatic conditions by or withinan agroforestry system through management practices 

1. Aims 
The following aims in agroforestry with respect to the field ofmicroclimatology and micrometcorology were brought forward: 

0 to understand microclimate management and manipulation aspects of present
farming practices with agroforesrry components;o to see what we can learn in this respect from such practices, what their limitations are and how we caui contribute to the development of more viable systemsand practices with respect to prcscn!ly existing socio-cconomic problems such aspopulation pressure and land management changes;o to involve local extension agents and farmers in defining problems and validating solutions in our joint attempts to understand and control their agriculturalenvironment for specific management goals such as sustained timber and food

production;" to pay attention to appropriateness of instrumentation, site-specific conditions,det .;s of management, cost/benefit ratios and differences between long- andshort-term interests ir, agroforestry research design. 

2. 	 Problems 

The following main problems facing the application of micrometeorology and microclimatology to agroforestry systems planning and management were observed: 
" flow to get agroforesters to formulate the right questions in order to obtain appropriate information from metcorelogical data sourccs for their purposes;o 	 A lack of quantification of relevant phenomena in traditional and more recentlydeveloped systems (shifting cultivation, intercropping, allcy cropping etc.). Fewcause-and-effect relationships are adequately known.o A lack of biophysical knowledge at the specific requirements of the crops con

o 	
cerned in terms of micromctcorology;How to improve the capability in terms of trained staff and equipment of thoselocal institutions having to deal with th, above situations;o How to develop interdisciplinary teams that can effectively find operational so
lutions;" How to copL ,viti the present short-term funding situation considering the needfor incorporating differences over several seasons (seasonal distribution problems), the necessity to include the many effects showing up only after several yearsof treatments/practising and the time needed for some agroforestry systems tomature and stabilize; 
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How to decide between on-station and on-farm trials and on taking those obser

vat ions and measurements which will provide us with the relevant trends in space 

and time .:nd the level of quantification needeu. 

5. 	 Conditions for solutions 

The following conditions for solutions were brought forward: 

Leading farmers should be encouraged to demonstrate and explain their suc
o 

cesses to others by organization of meetings with extensionists and fellow-far

involved in on-station trials they themselves should 
When farmers arcmers. No farmer should be de

make the decision to get involved in on-farm trials. 

rnand.:d to do on-farm trials for the validation of modifications in his farming sys

tem man;agemcnt, when he runs any risk of failure for which he will not be com

pensated. 
Improvement of microclimatic conditions through management practices should 

be considered as being area-spccific (e.g. high potential highlands, high poten
season

scmi-arid lowlands), site-specific,
semi-arid highlands,tial lowlands, 


specific or system-specific. For each area one or severtl lImiting factors on which
 

the improvement is most imminent can be distinguished for each site, season and
 

system, which can all be very heterogeneous.
 
on 	their own. For example, 

o 	 Microclimatic management aspects do not stand 

competitional aspects within the syvsters with respect to light, water and nutrients 

of 	pests and diseases ask for 
occurrence 

crop space and changes in thein 

complementary attention in c:very management attempt.
 

Equipment to quantify cifects c'f managcment decisions is in respect to microcli
" a certain extent, 

mate only readily available for temperature, humidity and, to 

and PAR), soii moisture, plant 
Air movecment, radiation (t.oal

evaporation. 

moisture and surface temperature remain difficult to sample on a routine ba,lis
 

and sufficiently dense with respect to time and space. For some parameters such
 

as soil moisture at low ranges and plant moisture transport, reliable field me-

Foi many of the other parameters 
thodology is still lacking almost completely. 

operakionability of equiptcnt remains low. Basic research suffers less from these 

drawbacks but applied research is in need of increasing attention to equipment. 

In on-farm and on-station research, management results in actual farmers' con
o 

Simple monitoring of environmental trends in 
ditions have to be quantified. 

space and time may be sufficient to find the significant differences we are inter

and validation of simple operational methods for such 
ested in. Dcvclopment 

purposes therefore deserves priority, including phenological and other indicative 

plant aspects. 
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REPORT OF WORKING GROUP V 

Climatic aspects of soil conservation in agroforestry 
It is recognized that appropriate agroforestry techniques have an important role in rehabilitating degraded soils and in reducing or preventing degradation of soils subjectedto one or more degradational processes. The group deliberated on the possible role ofmeteorological considerations in proper planning of agroforestry management prac
tices for sustained productivity of these lands.

Following are the major types of degraded lands and lands undergoing degradation,
resulting in reduced soil productivity: 

o 	 Soils of low fertility (including soil degraded through mining activity, soils of shal
low depth etc) 

o Soils subject to water erosion
 
o 
 Soils subject to wind erosion and to drought conditions (soils of the dry regions) 
o Soils degraded through salinity, alkali, waterlogging 

The above degradation processes can be attributed to natural causes but are largely 
a result of human intervention in one form or another. 

1. 	Soils of low fertility 

In general, there appears little direct role of meteorological factors in planning foragroforestry for such soils. However, the meteorological parameters have an indirectinfluence on processes like accumulation and decomposition of litter/crop residues andsoil organic matter, recycling of nul rients etc. These processes are strongly influencedby such factors as soil temperature, microclimate of the surface layers etc.There is need to set up long term observation plots with selected agroforestry alternatives to monitor fertility changes, nutrient cycling, etc., on major soil groups. 

2. 	Soils subjected to water erosion 

Of the various meteorological parameters, rainfall has a profound influence on erosional processes. 
 Frequency, intensity, duration and structure of rainfall are particularly
important parameters.

There is need to refine and test quantitative expressions, e.g. the universal soil lossequation, for predicting erosional behaviour of soil in relation to alternative agro
forestry management techniques. 

3. 	 Soils subjected to wind rosion anJ drought conditions (soils of dry 
regions) 

In dry regions two factors that limit production and encourage degradation are erosiondue to wind and inadequacy of soil moisture during part or most of the growing season.MeteorologicMl parameters of importance for agroforestry planning include data onwind velocity and potential evapotranspiration. Data on rainfall characteristics wouldaid in planning for water-harvesting strategies which become important in areas with 
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limited water supplies. 	 Similarly, planning agroforestry on a watershed basis requires 

-ainfall characteristics.detailed information o' 
Its measurement and 

",i' can be substandard in many areas.
Contribution of dc, 

role in managing agroloicstry systems in dry regions appears important. 

Soil temperature and its management through appropriate practices is yet another 

important factor having a role in planning agroforestry techniques. 

4. Soils degraded through salinity, alkali, waterlogging 

All climatic factors that influence water balance of an area will also influence the accu

mulation and removal of salts in the rhizosphere and water shed. Efforts to predict 

water balance in response to selected agr )forestry practices will enable the definition 

of management alternatives for such soils. 
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- The environmental basis of agroforestry. A. Young 

- Some principles and problems of collecting and P.G. voninterpreting climatic data for the description of Carlowitz 
tree and shrub species. 

Agroforestry systems in major ecologic zones of P.K.R. Nair
the tropics and sub-tropics. 
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The environmental basis of agroforestry 

Anthony Young 
Intemational CouncilforResearch in Agroforestry

P.O. Box 30677,Nairobi, Kenya 

Abstract 
The phsicalenvironment affects and interacts with agrofores!tysystems through tree andcrop growth, anonial performance, management operations and interactions between thetree/shnib and non-tree components (abbreviated to tree/crop interactions). Interactionstake place niainlythrough tlIc'media ofmicroclinate, soil moisture and soil. 7They mayhave leCeficial or adverse effiects, for tree andfor crop. lt'lerethe ecological interactionsareon balance adverse, agiroforcstydcsigi. with a laige tree/crop interface, such as alleycropping,shoid be avoided. tlgroforesttvhas'"aparticularpotentialto help check orreversedegradationofsoil,forest and pasturet re('SOrces. A.n en vironmental basisfor agroforestiyrequires detailed information on climate, soils antd, for .slvipastoralsystemts, vegetation,tog'etherwith impo/lant basic, hbut less detailed, infonnation on landfomns, hvdrolofj,andfauna. Environmental infonMation in five ICRA F data bases is compared. "An environmental classification is l)rescnted,bas, d on climatic regions combhned with distinctive situationsoflIandformnsandsoils. -groforestrysystems could be designedto suit virtutally anyset of cnvironentalcon(litions in the tropics and subtropics. The greatestpotentiai coui-

, 

tribution that agroforestr , can make is in densely-populated steep land. 

Objectives 
The aim of this paper is provide an ovcrviv,, of th environmental basis of agroforcstryas a framework for the more detailed chapters in this volumc. In particular, it drawsattention to aspects which are primarily non-climatic, indicating how these interect withnieteorology. It also draws attention to sonic basic questions raised by such a review,and indicates the extent to which they can be answered. Part of what is said overlaps
with, or anticipates, later chapters. 

The role of environment in agroforestry systems 
Agroforestry systems 

Agroforcstry systems involve:
1. Growth: of trees, crops, pastures, animals;
2. Management: of climate, water, soil, plants, animals;3. Interactions: tree/crop, trce/pasturc, tree/animal. 

Under growth and management, we draw upon large fields of existing knowledge: treegrowth from forestry (e.g., the site quality concept); crop/climate and crop/soil relations 
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from agricuilture pasture ccology; nloisture c-,iscrviation in drylands; ,Oil erosion and 

v; trofic a livestock maniageimc [nt - cvcn sumnlarily listed, these 
conservat ion; soilIlrti it 

nissive areas of rclevant research.are nineBut it isthe in.:rictions thai arc the distinetixe fieid of agrof' estry. albeit that we 

a tenth rescarch area, that of intcrcroppig. Specific"y., or 
can already drilw upon 

tree or shrub) and non-trcc col
trade is thait of inLtractioiis bCtween the tree (I.e., 

This is rcprcscntcd in the phrase from the standard 
poncnts of agrofori.stry systCms. jitter

,Ich he:rc isboth an (C('loicaland all euumtin 
......
.rv hin
defhition ofarofrcsl 

coInponcit5'. I lercin lies the distinction from s. 
action betwen the Irce and no-t rec 

Iforcstry, desplitc tile large t,,crlap. Plant a block of trces along 
cial forestry and irm 

it largely or entirely for wood products, and
 
corner of a I'm, nnwc


roadside or in thL wood production for tile sake of 
Vou have social or farm forcstry; but coniprollisc on 

is tileessence ofAnecolo'ical inlractim Illthat
introduceforest graing, and "on 


agrofo!'cst ry. 
iust Cover clfecls of eLnvironment tpon
 

till basis for agcroforcstrySoi an cnviruirnt 
minals and their rIianagemeflt, plus the distinctive fcaturcs of intcrac

trees, crops arid 
tie tree (and shrub) and tile nr-trcc conmponenuts, referred to he nce

tions betwccn 

forth as trcc/crop iiir~itactions.
 

Elvironment ald !reccrop interactiots 
agr oloreslry.

trccciOP intcraclions of significance ini 
Table Iand Fignrc I shw <,sitcI 

and ncgativc effects iniav be in citlcr direction: tree upon crop 
Note that both pho-iti 
(scanl pasturei,animal) or crop uponl tree. 

. If the 
For the first fac.tor, c;allCd diSlplacCtriCirt,the effect is alvwavs mutually negativc 

tree is low, as ii allcy cropping, land under tIces c;iniot be undercropcd, and their corn-

NI ulti-laycr systcns Such ishomnlgardens can attain corn
billied aiCas add up to ttN)". 

crop coscrs of 2t)"; or morc.
bined tree ai.,d and soil are the twoMicrocliiiatc 

The rcniaildcr of the tahle is sclf-cxplamnatory. PositiVe interactions are nmerous, 
main are'as through which iriteractihis lire cff'cted. 

i\c ones:but there are four major lct 
l i;1. I)i.spla c c ti 

2. Shading; 
3. NIoist ure comnifctition; and 

4. Nutrient coniiiptit ion. 

of agroforcsiry deCgIn Should le 1t maximiz: positivc interactionis and mini-
Iicaim 

may tolerate negative ecological iitcractions for tie 
mile necgatlive ones. Sometimes we 

crop yield reduct ion for tile sake of 
ones, eC.., a.ccept sone

sake of positive ccololnie 
fodder produced. Intcraclions take place whe re trees and crops meet: itthe tree/crop 

net ccological inter
'hcyniav be side liv side, or one above the otlier. If Ilre 

interface. Blut if iig;ativc, and wc are tolerating 
action is Ib icidal, then let (Ishave it in plenty. 

iiuch as puissiil.
it for tie sake of ecnomnic gail, then let us reduce it as 

a laner or sriallcr tree/crop inter
y%These ends (an be ;ttatinCd b,designs that h\c 

indicate the orde.,rs of niiagnitude
in Section 2, but let ile 

face. I lu:xlcy expands on t,is 
if tour land under trees. 

atnl (say for econmiic rc:tsons) 251 
iiiolvcl. Suppoc \(o 

hich this car be achicved. I.ooking :it the 
Figure 2 shows five wa.ts (amongrin nmlaV) ii v, 

loliit of vicw, the lengths, as mIetres of inter
frol a 'side-by,-sidc'tree/crop interlace 

Table 2.
face per hiectare of land, are shown inl 
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Table 1. Environment and tree/crop interactions inagioforestry. 

Factor Agency Positive Interactions 
Negativ 

SPACE Displacement --- Crop by Iree 

Tree by crop 
CLIMATE Shade Tree on a few ciops Tree on re~ay 

cropsFree on animals 
Tree on man

Shclter Tree shelter to crop from 
wind 
Tree check to wind 
erosion

Water Trees to reduce Tree/crop 
evapoL ranspiration competition
Water from depth via --
tree leaf to livestock 

SOIL Organic matter Tree litter via soil to crop 
(physical conditions, 
nutrient relcase)

Nutrients N-fixing trees to crop Trec/crop com-
Nutricnt retrieval by trcc petition 
roots to crop, including 
mycorrhiza

Erosion control Role of trees in control of --
water erosion (Wind 
erosion, see above) 

VEGETATION Forest Reduce pressure, 
degradation, by tree sup
plying fuel, etc.

Pasture Reduce pressure, Bush 
degradation, by tree sup- encroachment 
plying fodder 
Plus many of,the above 
climate and soil effects 
applied to pastures 

HYDROLOGY River flow Stabilization, via role of 
agroforcstry in 
watershed planning 

FAUNA Animals Animal damage to 

Pests Tree inhibits crop pests 
tree 
Tree harbours 
crop pests 
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The results are striking. Contrary to common supposition, the system with the largest 

length of interface, for astandardized area of tree coer,is not scatered, i.olated trees, 

but alley cropping. So unless you are very sure that net bcnelits arise from the existence 

of an interface, try almost anything else. Wherever there are problems at the interface, 

then of all forms of agroforestry, alley cropping is the least likely to succeed. 

Environment and tree/crop interactions in agroforestry.
Figure 1 

Organic
Wind 

mnalter
 

ShadeNutns
 

Nutrients 
Nuret 

Windd 
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Cut-and carry 

ooShade Browse 
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'fable 2 Lengths of tree/crop interface for different agroforcstry designs,
standardized at 25% tree cover. 

AF practice Design Tree/crop 

interface 
(imper hectarC)

Rotational fallow Block 50 x 50 m 100 (to max. 200) * Boundary planting Belt 6.25 m wide 350 (to max. 750))*Shelterbelts 2 belts 12.5 m wide 40Trees in fields 10 trees, radius 8.9 m 560
 
20 " 6.3 m 790 
50 " 4.0 m 1250 
100 . . 2.8 m 1770Alley cropping Rows 2 m tree, 6 m crop 2500 

lIi ,3m " 5000
* Including effects on adjacent farms. 

Figure 2 Six ways of arranging a 25% tree cover on one hectare. Within-field lines 
are tree/crop interfaces. Based on the concept developed by Huxley

44(1985).
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Problems of the land 

We have already mentioned the role of agroforcstry in making better what has got worse 

in solving, or at least ameliorating, pi oblcnis. In the diagnosis and design approach, 
-
the primary focus is upon problems of the farmet: shortagcs of food, fuclwood, fodder 

or cash, for cxamiiple. 
Such shortages, however, are frequently linked with problems of the land. Table 3 

ms for which agroforcstry has a potential to assist. Most are 
lists environmental probl c

forms of degradation. The potential of agroforestry for control of water erosion and 
1986b. 1987a, 1989). 

soil fertility decline has recently bccn reviewed by ICRAF (Young 

The chapters that ',ollow addrcss questions of the control of wind erosion, as well as the 

difficult prob!e in of the extent to which agroforestry can assist, directly or indirectly, in 

meeting the drought plroblen in drlands. 

More generally, it is I('RAF's vie\v that one of the major contributions of agroforestry 

use systems; that is, inl maintaining systems at 
is in imnproving the ,ustainability of lIand 

a product ive level, throug'h conservation of tile natural resources on which that pro

dluctivitV dtCpcnds. 

Table 3. Envirolmental problems which agroforcstry has a potential to alleviate. 

-water erosionSoil erosion 
-wind erosion 

-physical degradation
Soil fertility decline 

-chemical degradation 
-biologicl degradation 

-forest clearanceForest resource loss 
-forest degradation 

Pasture degradation 

-flow regimeRiver degradation (?) 

-scdimcnt load
 

Pcst attack 

Drought (?) 

An environmental basis
 

Factors of the physical environment
 

a position to ask the question, What information on the physical
This summary puts us ill 

What kinds of infor
as a basis for research into agroforcstry?

cnvironmcnt is needed 
and in how m1uch detail?mation are relevant, 
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Table 4 shows the relevance of the major factors of the physical environment to fouraspects of agroforestry systems: tree and crop growth, land management, tree/crop interactions, and environmental degradation. Effects of one factor upon another areadded in the last column. Climate and soils are the factors of greatest importance, followed by vegetation in those land use systems that make use of it in a natural or seminatural state, primarily silvopastoral systems. Land forms appear mainly as a cause ofsoil erosion hazard: there is now an identifiable body of knowledge about land use, including agroforestry, on steep lands (Novoa and Posner 1981; Siderius 1986; Young1986a). Only the underlying geology is unrepresented: its effects are considerable, butoperate indirectly, via landforms, hydrology and soils. 

Table 4 Effects of the factors of tie physical environment on agroforestry systems.Fauna - ludes pests and diseases. The last column refers to initial letter
of factors in the first column. //= major effect, / = effect. 

Effects related toENVIRONMENTAL Land Environ-FACTOR 
 Plant system Tree/crop mental Other 
growth manage- inter- degra- factors 

ment actions dation(;EOLO(;Y 
L, H, SLANDFORMS 
 / 
 H, SCLIMATE // / // 
 H, S,V, FI IYDROLO)GY // / / S,-VSOILS II / / i V, FVEGETATION // / / /] FFAUNA 
 / / / V 

So as an environmental basis for agroforestry, we need: 

1. Substanlial detail! on climate and soils;
2. 	Substantial detail on vegetation for sylvopastoral systems;3. 	 Important basic information on landforms (mainly slope) and hydrology (mainly


drainage and depth to water table); and
 
4. 	 Information on fauna, pests and diseases; 

whilst those of us who arc environmental scientists cannot 'think interactions' without

knowing basic elements of the geology.
 

An environmental data base 
In 1983, ICRAF set up an Environmental Data Base (EDB) for agroforestry. This consistcd of a set of basic items of information, with descriptors and classification systems,together wilh a computerized base for input, storage and selective retrieval (Young1985). Recognizing the varied requirements of different users, three levels, or degreesof detail, were included: summary, intermediate and detailed. The input form to thedata base is given as Table 5 (Appendix), and examples of outputs at summary and 
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detailed levels as Table 6 (Appendix). Data input at any level can be output at the same 

or a less detailed level. 
The concept of how the environmental data base should be used is shown in Figure 

3. Having identified a site or area of interest, it should be possible to select five kinds 

of data, drawn from comparable environments around the world: suitable trees, suitable 

crops, existing agroforcstry systems, recent or current research work, and publications. 

This would form a first gathering of data to which, as with ail computerized data bases, 

the skill, experience and judgement of designers of agroforcstry systems could then be 

applied. 
Let it be said that this ideal has not yet been achieved: the data base, as a framework, 

It is possible that this may be done 
has not yet been expanded into a store or data bank. 


in the future, although substantial manpower and funding will be required. However,
 

the aims of the EDB may soon be achieved through the combined efforts of four other
 

data bases: those on agroforestry systems, multipurpose trees, experimental work and
 

the ICRAF Library (Nair, Section 1,this volume; von Carlowitz, 1985, 1986 and Section
 

1,thisvolumc; I-Iuxley 1985b; Labelle 1987). Tte agroforestry systcms and multipurpose
 

tree inventories both contain sections on environment, with a subst~tntial although not
 

complete identity with the ED13 on kinds of information collected and descriptors used
 

(Table 7). The data base on current agroforcstry experiments uses the EDB as part of 

its input, whilst the computerized library index allocates publications, where relevant, 

to a hi oad climatic zone, and makes use of environmental terms as keywords. 

By the end of 1987, it may thus become possible to achieve substantially the aim 

pictured in Figure 3: 

1. You have an environment; tell us this, this and that about it;
 

multipurpose trees, crops, existing agroforestry systems, current
 
2. 	 lerc arc 


research work, and publications, from similar environments around the world;
 

3. 	 Now start thinking! 

An environmental framework 

That is, do your purposes require a set 
Do you sincerely need a classification system? 

can be poured? I suspect 
of boxes, with defined boundaries, into which information 

that most rcaders, with respect to their climatic speciality, might answer 'no' - that they 

would rather be given basic climatic data for a site than be told it falls into climate XYZ. 
an Orthic 

And of course, the soil scientist cannot get very far by being told she has 

Fcrralsol, she needs full soil profile descriptions supported by analytical data. 

As a background to your biomctcorological analysis, do you 
But wait a minute ! 

Would it not be helpful to group your soil 
really want the full gamut of soil description? 

moisture research into results obtained 'on Vertisols', regardless of whether they are 
cona strong, coarse blocky structure? Well, 

or do or do not havePellic, Chromic, 

vcrscly, soil scientists are wont to group climates into a small number of broad classes,
 

within wlich the fascinating variety of soils occur.
 
when planning research programmes. To have 

come into their ownBroad classes al 	common problens, the 
several stations, in different countries, directing attention 

environmental framework within w),ich they are grouped has to be quite frighteningly
)Network for Africa ( AFRENA 

generalized. The ICRAF Agro'or,. try Research 

groups the immense variety of tropical African environments into just four very broad 

ccozoncs. 
With respect to soil classification, it has been said that 'scientists who are otherwise 

calm and reasonable people are liable to behave quite differently when discussing this 
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Figure 3 	 Using environmental information on agroforcstry. 
Modified from Young (1985). 

Collect ut data 
for Env,:onmenaaldata base 
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ENVIRONMENTdoes it have? , ,' 
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L~brary data base 

PUBLISHED on 
siminlar environments? 

treedata base grow well inthese conditions? 

Data on crop 
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(FA , CSIRO) 
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grow well inr 
these condtons? 

Environmeanalaz dhatasbe 

MultWEuTHINK WE CANRELP 
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Inventory of What AGROFORESTRY 
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0 
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and JUDGEMENT to 
analyze data 

-",. 

37
 



Meteorology and Agroforestry 

Table 7 Environmental information included in four ICRAF data bases. 
Items

Properties which can be derived from data collected are included. 

additional to those shown are included in somc descriptions in the Agro

forestry Systems data base. The Library data base allots a class only for 

ecozone (climate); other factors are represented by indexing terms, shown 

by asterisks. 

Environmental Agro- Multi

data base forestry purpose 
LibrarySummary Detailed systems tree 

data basedata base data baselevel levelVariable 
/Latitude 	 / ' 

Longitude / / 	 / /
 
/ /
Altitude 	 / / 

GEOLOGY: 
Iclass / 


LANDFORMS:
 
/ /class 


CLIMATE:
 
/ /general class / / 


K6ppen class / I / /
 

annual temp. / /
 
Imean maximum temp. 
/mean minimum temp. 
/absolute minimum temp. 


frost occurrence /
 
annual rainfall / / /
 

rainfall regime / / /
 

monthly rainfalls / /
 

HYDROLOGY: 
/ 	 /drainage class 


depth groundwater / /
 

SOILS:
 
/ /general class 

FAO class / / 
*specified class 	 / / 

/ 	 / * texture 

/ * reaction / 

shallowness / / 
/ / * salinity 

VEGETATION: 
class / / 

LAND USE: 
class / I / / 

* agroforestry / / / / 


class
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subject,' and it may wcll be that the same applies to climatic classificai.revicw of classifications of climate, soil and vcgetatin, was wrilten 

A recent 
;is
CGIAR review ofagro-ccological characterization (Young 1988). 

the basis for a 
ladies set upon by robbers in 'The Wallet of K;M 

Let us, like the young
Lung', rush away from this subject,screaming loudly to conceal the direction of our flight.
Table 8 is an attempt at 
a set of broad cnvironuent al classes, intended for thosewhose pirposcs require 'large boxcs'. Twre is no doubt that climate must be ihestarting point, with all else superimposed (an I speak as a soil scientist!). The principle is to start from the basic climatic regions, with their associated vegetation; thenfor each of them, :*oconsider what is the 'normal' :;iiuation with respect to the otherfactors, and what conditioIs constitute ;pccial casces.Taking first climate, let us start with the three worlds of the tropics: the humid or rainforest lands, the subhumid lands or savannas, and the .*,v lads.Some people show a
strange relaclance to recognize (itmtontlisehuidor 'wet-and-diy' trop

ni- as a disdinct zone snhuid Slo'le oics, best described by K"ppe n's unt raslaial term, nchanging-ct'(as opposed to imincrfr'/hen,alwa ys wet).This gives thrce large boxes for the tropics.Med;terrancan and Ic:rpcratc climates would be added to extend such a basic classilication beyond the tropics.
Next, we have the indispulablc fact that conditioms at 2U0()
Salle m ali'udeas at sea are not tihehxC l. But where to draw the line' Koppcn splits A, hot, from C, warm,climatcs whcre the mean tcnIpcra Inrc lr the coldest niotlh drops below 18FA() agro- ccohgical zones syslm puts file limit at 
C'. The 

a mcn (24-hour) tempcrature of(l)V
during the growing period (FA() l)78,'8 I). From a,physiological viewpoint, thereis an argument f"I lie (StdS alltiaihy hig'her) point where frost appears. Ifyou must usean altitude surrogac, some 1200 11at the equator, falling to sea level near 30' latitude,is a crude apprximiati,m, corresponding to what many would loosely call the 'highland'
tropics.Finally, take out tlie cl Imates with two clear dry seasons as distinctive, and we have9 boxes for the tropics. Sad to relate, IITA lies very close to the dry boundary of thehumid tropics, v.'hilst ICRAF's Machakos ficld station could be put as highland or lowland, and oscillates from year to year between bimodal subhumid and that rather rare
climatic type, semi-arid with 
 two crop failures instead of,me.Now Jlt ts dispose of all the other factors with as little complexity asVegetation may be subsuLCd under climate. 

possible.
 
For landforms, 
 let gentle to moderale slopes be considered 'normal', i.e., tacitly
assumed unless specified otherwise. There are three dislinctive conditions: steeplands,
with steel) and moderate slopes dominant; flait lands, the alluvial areas, with landformsof depositional origin; and valley floors, the dambos, Inbtgas, fadanias and the like ofAfrica.
For soils, the 'normal' circumstance can be taken as the zonal soil: ferralsols and acrisols (US Oxisols and Ultisols) for the rain forest zone,
savannas, luvisols (US Alfisols) for tiheand the various kinds of calcimorphic soils forattribution, the semi-arid zone. By
,ccp lands have zonal soils together with shallow lithosols, and flat lands
have Alluvial soils and gleys. This leaves tlie following as special cases, on which thereis known, cr believed, to be a distinctive role for agroforestry: 

1.Soils developed from basic rocks (nitosols, no US equivalent), which are usually
more fertile;2. Soils developed from fclsic rocks and/or on erosion surfaces, which are usually
less fertile (not well identified in FA() 
or US classification systems; variously 
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A simplified classification of tropical cnvironiaents as a basis for agro-
Table 8 

forestry. Modified from the ICRAF Environmental Data Base.
 

(Young 1985).
 

Three worlds of the tropics: climate and vegetation.
Stage I 

SUBHI IUMII)IUMID 
TR)ICS"OROPICS 

zone Savanna zone
Rtain 	forest 

Forest Broadleaf trees 
tall grassland 

Kppen Af, Am Aw 

c.6 0 0 mm
Ann. rainfall: c500i mm 75 days120 days
Growing periode: 270 days 

Climate: rainfall, temperature and seasonalitv. 
Stage 2 


IIUMII)
('fa 


Af, Am 

IIIGlIt.AN1) TROICS 

SUIIlIUMII) 
CwCfa CW18 

Cw" 
IIIMOI)AI 

Aw" 

Aw 

LOWLAND 

c. 	1500 mm 
270 days 

Stage 	3 Landforms and soils. 

'Normal':LANDFORMS 

Special cases: 

'Normal':SOILS 

Special cases: 
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TROPICS
 

S 'MI-ARil) 

"I'It)ICS 


semSi-arid zon e 

treesThorn 
short grassland 

S1 


c.2 50 mm 

SFNMI-ARIID 
BSk 


BSh
 

c. 600 mm 	 mm 
75 days120 days 

Gentle to moderate slopes 
Steeplands - steep slopes 
Flatlands - alluvial landfoi nis 

Valley floor sites (dambos,fadamas, etc.) 

Normal landforms: zonal soils for climate 
zonal soils plus lithosolsSteep lands: 
alluvial soils and gleys

Flat lands: 
Valley floors: alluvial soils and gleys 

Soils derived from basic rocks 
Acid sandy soils 
Vertisols 
Saline and alkaline soils 

c.25 0 

ARII) ZONE 
13W 

,-MPERATE 

CI, Cc, I) 

CnldcstonthoC
 

orrS"
 

mean growin perio. 
(annuals)20 
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called weathered ferrallitic soils, granite sands, sandveld soils, leached pallid soils or ecrrado soils; (Young 1975, 1976 p. 142);
3. Vertisols; and 
4. Saline soils. 

But remember, all these are boxes; they are thus made of ticky-tacky - and they all
don't exist! 

Land evaluation and agroforestry 
Following upon the principles set out in the 'Framework for land evaluation', sets ofdetailed guidelines h.",c been published on evaluation procedures for rain-fed agriculture, forestry, extensive grazing and irrigated agricultture. How simple it might appearto be, by combining these, to devise a system of land evaluation for agroforestry! Whatneeds to be done, and why it is not so straightforward, has been set out elsewhere (Young
1984, 1987b).

The present discussion will be restricted to the two basic questions asked in land 
evaluation: 

1. A piece of land in mind: what best to do with it?2. A kind of land use in mind: where best to practise it? 

On the first of these, a substantial part of the efforts of ICRAF and others has beendirected at showing how well-designed agroforestry systems, provided they function asit is hoped they will, are an improvement on present forms of land use. This has beenappraised in terms of economics, sustainability and the welfare of the people.The second question might be rephrased in our context as, 'Which agroforestry system, where?' If an agroforestry system is specified in detail (as what is called, in landevaluation terminology, a land utilization type), there must logically be a set of environmental conditions where it functions very well  the trees grow, the crops grow, and theinteractions are mutually beneficial. It other environments, the same system will workrather less well, and in many others not at all - the trees will (lie of drought, aluminium
toxicity or attack by pcsts.


Neither the agroforestry land utilization types nor their optimum environments have
yet been system.itically described and evaluated. There are sonic obvious relations:homegardens work best in the humid tropics, windbreaks in the seni-arid zone.
cropping, did you say? Alley
Somc think it is a system primarily for the humid zone, whereresearch has been concentrated until recently. Others believe that its potential may beas high or greater in the savanna or even the semi-arid zone. Can agroforestry providea solution to the intractable oroblems of the sandveld (cerrado) soils? Research inprogress should provide support for our presently unsubstantiated assertions.Finally, the 10-million-dollar question (the cost of a typical development project).You cannot invest in agroforestry development everywhere at once. Where will it giveyou best value for money? I rc arce three deflections of this question, followed by one 
answer. 
1. The question cannot be answered in terms of environment alone. The potential ofagroforestry, for any given environment, becomes higher where the problems that 
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arise under present land use are of particular kinds (e.g. fuclwood shortage, soil 

fertility decline). 
2. 	 Almost everywhere. Rarely does an :tgroforester reply, when called in to help 

with problems, 'Sorry, wc can't help you'. Plausible agrolorestry systems could 

certainly be dcsigned for every environmental box in Table 8.
 

are known for rice paddy lands,

3. 	 Not on fllands. At least two viable systcms 

intcrcropping of trees grown as an 
boundary planting (on field bunds) and 

()n balance, ho\wcvcr. this is not a priority environment. (The most 
annual. 

unsuitable crop for agroforcstry? Sugar cane
 

as an improvenent over present 
So where is the nCCd for agroforcstrv, and its potential 


land use, greatest? In dctnselv-poplulated steeplads. In more detail:
 

In areas of humid or sublumid, lowland or highland, climate, dominated by 

moderate and steep slopes, thlt arc densely populated. Soils are of moderate, 

somcimes quite high, natural productivity, but have bccn degraded by erosion 

Forest has becn Itrgcly cleared, what remains is degraded
and over-cultivation. 

by overcutting, and there is a fuclwood shortage. The remaining pastures are de-


The 
graded and fodder shortage is endemic. There is less base llow to the rivers. 


young men are leaving.
 

for agrol'orestrv in the control of soil erosion',
In such conditions, t here is potentiAl 

improvement of soil fertility, plroduction of fuclwood, fodder and casth products, and 

(given a powcrful institutional framework for planning) improvement of pastures and 

o),you know of such lands? 
watershed managemcnt (Young 1986a). 
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Table 5. 	 ICRAF Environmental data base: sites file, 
input form (Young, 1985). 

ICRAF ENVIRONMENTAL DATA BASE: SITES FILE, INPUT FORM. 

s Type of data ......................................
 
Title ......................................................
 
Subtitle .....................................................
 

Date: D .......Y........
Input by ...... M ......Number .................
Reference: Letters .......... 

Suitability level ......................................


Sources ..................................................... 


LOCATION 
Location ............................................................
Country ...........................................


Rel...............
 - EW ....................
NS Longitude .......... 	 ......Latitude 	 ........ ....... Rl.........
...........
Sliud . 

.. R . ..... .....................................
.......................... 

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

.......
S Class. .......... 

Descripti n .................................................................................................. 


..............................................
....... nLe c ipt-I G rain size.................................... 

Lithology ..............................................
...............
Age. .. .................. 


.
LANDIFOkNIS	 ...............
Rd............
n ....................................................................................................
..............................
D esc ip tio 	 th log......Class . ... .. ............................................
S 

...................
 .......degrees or .............
Slope angle . 
R elative relief ....... m
.................. 


Slope Position ........................................
Slope shape ................................
L 2 _.daWa 


CLIMATE R d..............
 
S C lass: general ...............................................................................................
Rd............
:.........................
class ...............................
S K6ppen: code ....... 


Rainfall regim e ........................................
 ....
. . .....mA lt. zone .......... 

C
..................
A nn. tcm p .......... 
 dry monthswith ..... .... -.................
Ann. rainfall .......... mm 


Level 2data 
-

Mean temp.: Hottest month ....- .....C Coldest month ...........C 

O ccurence of Frost .....................................................m mD riest m onth.................... 

mm By which method? ................................
 . ..........
Mean annual Eo .......... 


-.. days.........
Growing period ...............
-.................
= ............
Humidity index r/Eo 

Mean Monthly Rainfall, mm 
DEC YEARAPR MAY JUN JUL AUG SEP OCT NOVJAN FEB MAR 	 ........ ......................
.......
........... 


km Altitude ...............
 
.......... 


..........
Distance from siteClimatic details for .................... 


-Reliability...................................
S - Summary level data 	 Rci 
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(Table 5 continucd) 

HYDROLOGY 
S Class. ..............................................
 RI......Groundwater ............................ 

Level 2(la Groundwater depth: 
Dcpth: Average........... 

lowest ........ highest .... 
. 

.. 

. m 
m 

R ivcr regim c ................................................... D egradation ........................................... 
Flooding ............................................ 

S Class: general ........................................
 Rel......).Code............l.........................
g ...... Rel .......

Other. ...........................
 on .................
classification 
Properties: Texture..................Reaction...........................
 

Drainage...................... ................Other............... 
 . . ............
Level 2 dala Texture class: topsoil........ ... subsoil ................
 
): topsoil......... ...
Reaction (. . subsoil .............
 

Drain a g e ........ .. .......................... . .L im.h o rizon. .... .....
 
Degradation: Serity ......... 
 ....... 
 Type........... ...... .............
 

S Class: gcn. Area ............................................................... 
 Rcd........
site ...........................
 
Unesco................... 
 ....................... R ..............
 

Description . everity....................................... Ty.c........................................................
Associalion .......... ................................................................................ 
 ..............
 
L 2Ueldata Degradation: Severity...........
 
Type.......................................................
 

FAUNA AN[) I)SEASE
 
A ffecting plants.............................................................................................. 
 ...............
 
Affecting animals...........................................................
 

LANI) USE 
S Class. ........... . . ...................................................................Rd .............
 
S AF class ....................... .......... ........................Rd ......
 

Ds i i .................................................................................
 

NOTES 
...... ............................................................................................. 
 . . . .................................................................................................. 


...............
 
AIDITIONAL DATA Name of variable Value 

1: 
2: 
3: 
4: 

August 1984 revision 
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Examples of outputs from the ICRAF Environmental Data Basc. 
Table 6 

A. Summary I,.,vcl. 

ICRA F Environtmntal Data Base: EXPERIMENT STATIONS 

Suanza, level 

ICRI F A-i CIA KOS FIELD STA TION 
Date 11.09.84 

Ref.EXPTI I Source Input by .IY 

LOCATION Reliability 

KENYA Location MAICttAKOS, 60 KM ESE NA IROBI 
Country 

1
Latitude 1.30S to Longitude 37.1OE to 

(;EOLOGY CRYST,.LLINE 

GENTLE TO MODERATELAN I)iORNIS 

1CLIMATE SUBtUM!D TROP'ICS 
I

SUBttUMID TROPICS, TWO WETSEASONSKoppcn Aw" 


All. zone 1500-2000
 

IIYI)ROLO(;Y 

ISOILS L.A TOSOLS 
ORTtIC,FERRIC LUVISOLS, SOME LITHOSOLS 1 

FAO 


VE(;E'rATION
 - INNATHORN S,-I 

THORN SA] l-1NN,-. P/A RTS PLANTED 
Area: 
Site: 

I 
FORMERL Y GR,.ZhN(;, NOWV,.AGROFORESTRYLAN I) USE 1,4IRIOUS TECINIQUESAGROSYLI TCULTURE:Agroforcstry 
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Table 6 B. Detailed level. 

ICRAFEnvironmental DataBase: EXPERIMENTSTA TIONS Level 2 
IC'RAFAIlA ClAKOS FIELDSTA TION 

Rc[EXPT/ I Source Input by A y bate 11.09.S4 

LOCATION 

Country KENYA ReliabilityLocation AIR. AM CHAKOS, 60KM ESE NAIROBI
 
Latitude 1.30S TO Longitude 37.OE TO 
 I 
Altitude 1500 TO 15 9 01m 
(;EO! 9,(;Y 

Class CRYS7ILLINE 
Description BASEMENT COMIL EX GNEISSES 

1 

Grain size Formatio,;

Age PRECqIBRLaN lithology BIOTITE GNEI S
 

LANI)FORNIS 
Cl1ss 
 GENTrLE TO AIODERA TE
Description 1 ,ILLEYSIDE, FROM CRE. i, TIIRCU(GII CONVEX SLOPE TO 

RI,"ER
Slope anglc 0-- 13 degrees or (0-,,2%)
 
Rel. relief 90 TO in
 
Slope shape CONIt-',V Slope Position 

CLIMIATE 
(glass: gen SUBIIUMAID IROPICS I 

K-ppcn Aw" SUBttUMID TROPICS, 7"0 WETSEASONS IAlt. zone 1500- 2000 in Rainfall regime BIIODAL 
Ann. teup. 21 -- C
 
Ann, rainfall 750- mm with 7-- dry months

Mean temp. Ilhtotcl nith 23. C 
 Coldest nionth 19. C 
Driest month 
 3 nm )ccii.-rcricc of Frost NEVER
 
Ann. cv;apotn 1)3(1-- mm by PAN
 
Ilumid. index r,
Eo -(.3') -- (rowing period 9()- + 9(0 days 

MeCan Nhomthlv Rainfall, mm 
JAN FFI3 MAR APR MAY .IUN JUL AU; SEP (O."NOV DEC37 .44 9o 137 74 8 4 3 4 (1 185 95 

Clir;tic (letailsfor EST.FOR STATION from site 0 kin, alt. 1580 in 
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Table 6 conti'ued 

IIYDROLOGY 
NO WATERLOGGINGClass 

Groundwater 	 FRESH 
- m Lowest . HighestDepth: Average 

River regime SEASONAL Dcgradation ABSENT 

Flooding 	 NEVER 

SOILS 
Class: gen. LMTOSOLS
 

FAO Lolf, I: ORTHIC FERRICLUISOLS, SOME LITItOSOLS
 
on KENYAN classification 

or UNrhni, UNr2m, UNb4p 
LOAMY TO CLAYEY Reaction ACID 

Properties: 	 Texture 
Other SHALLOWVPATCHESWELL D.INEDDrainage 

SCL - Subsoil 	 SC-
Texture class: 	 topsoil 

Subsoil 6.2 - 6.4 
Reaction (pl ): topsoil 6.0- 6.5 

Lir. horizon - cm
WELL DRAINEDDrainage 


Degradation: severityABSENT Type
 

VEGETATION 
Class: gen.Area TIORN SA 1IA NNA
 

Site TttORN SA ['NAt , PA PTS PLANTED
 

Unesco IIIB , INLY 	DECIDUOUSSCRUB 

A INLY TTHORN, PART BROADLEAF
Description 	 SA I/ NNA, 


AC. TORTILIS, COAIAIPIIORI AFRICANA; ERAGROSTIS,

Association 

TItEMEDA 
TypeDegradation: 	 Severity ABSENT 

FAUNA AND 	 ISEASE 
NO DATAAffecting plants 
NO DATAAffecting animals 

LAN) USE 
FORMERLY GRAZING, NOWA GROFORESTRYClass 


Agroforcstry A(CROSI'Ll"ICULTURE: L,.IRIOUS TECHNIQUES 


AGROFORESTRY DEMONSTRATION STATION, MANY
 
Description 

- LLEY CROPPING,TECtlNIQUES INCLUDING 

SOIL CONSER I 1TION, AIPTs 

BIMODAL UPL-IND SUBIIUMID CLIMATE, CLOSE TO 
NOTES 

BOUNDARY I 1TH SEMI A RID, DROU(;HT HAZA RD 

INCREASED BY TWO IWFET SEA SONS, BOTH SHORTAND 

KOPPENA w" BUT CLOST TO BOUNDARIESUNRELIABLE: 
Cw". SUBSTAlNTIAL EROSIONJt'ITH BOTH BS .IND 


HAZARD ON STEEPER PARTS.
 

ADDITIONAL DATA 
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Some principles and problems

of collecting and interpretingclimatic data
 

for the description of tree and shrubspecies
 

P.G. von Carlowitz 
hIternationalCouncilfor Research in Agroforestry (ICRAF)

P. 0. Box 30677,Nairobi, Kenya 

Abstract 
77e development of climaticprofilesfor woody perennialsused in agroforestry is indispensable. H'ithou them anydescription ofspecies would be incomplete and render speciesselectionsfor identifiedsites impossible.Based on the eiperienceofseveralyears of data collectionfor ICRAF's MultipurposeTree & Shnib (MPTS) DataBase the considerationsandproblems of obtuiningclimaticdataare outlined. One ofthe considerationsis associatedto the objectives of the databasefor which climaticdata arecollectedandused. ICRAF'sAPTS DataBase deliberatelyinchtides as wide a range ofspeciesas possible,most of which arelittle known. It mutst, therefore, be restrictivein itsselection ofparameters.A carefully consideredbalance betweendatathat are desirableandthose that are indispensablefora reasonablyreliableclimaticspecies descriptionmust be maintained.Even if restrictedto a ninimun set of clintaticdata,fhe problemsofobtainingthem aremanifold. T/iey rangefrom iniai'ailabilit'vofeven the basicdata inthefield, to the absenceor insutfficiencyi of clintiaticdata in relevant literature. Coiseqtuentl),it is recontmlendedtopromotethe importanceof climaticdata,particularlya/nongnon-climnatologyimfornants.It is furiher advocated that species trials shon/hl be equipped with climatologicalinstntmients. As a mneans of closinggaps in climatic species descriptions,informationsrelevanttop-lant growth shouldbe calculatedfrom easilyobtainableactualdata. 

Introduction 
In comparing conventional agriculture with agroforcstry systems, the distinctive featureof the latter is the deliberate i:itroduction and management of woody perennials fortheir expected beneficial environmental and economic effects.From the topoclimatic and microclimatic point of view, the presence of trees andshrubs, so different in stature from most crops, isbound to make a considerable impact.This is well demonstrated by the effect of shclcrbclts, on which a substantial body ofresearch rcsults exists. Also the negative or positive tree/crop interface, often observedbut not yet well understood or researched, demonstrates microclimatic implicationsassociated wit h the introduct ion of woody perennials.Unlike the situation in forestry with a comparatively small number of species to consider, restricted production objectives and a clear lead with regard to related research, 
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tile woody perennials considered for use inagroforestry systems encompass awide array 
one is faced with a situation inThercfore

of species, most of which are little known. 


which are site-specific choices of most crops based on a rather high level of knowledge
 

whereas for most multipurpose trces and shrubs, in the absence of such knowledge,
 

dccisions are largely left to speculation.
 

In order to close this wide-open gap, substantial research is required. Data necd to 

on topics such as, taxonomy, morphology, phcnology, response to tree 
be collected, 
nanipulation and managemenil, environmental rcquiremcnts in general and climatic in

are dealing with a previously neglected 
formation in particular. Considering that we 

part of the plant community, there is a wide range of problems. Information on climate 

as an important prercquisite for plant growth is one of the most crucial. 

Based on several years of experience in designing and operating a multipurpose tree 

and shrub data base it is the intention of this paper to expose some of the principles, 

considerations and problems of data collection with particular respect to climate. 

Objectives and principles 

Not only in agroforcstry situations but also in general terms, the description of woody 

percnimils,their properties, uscs and limitations would be incomplete, if not to say of 
and tolcr

little value for all practical purposes, should environmental requirements 
as to where and under which 

Without the oIucstions answered
an1cCs not be included. grow, any furthergiven speciesconditions any can 
soil, hydrological and climatic 


qualifications and properties of a species are of anecdotal rather than practical value.
 

has to be given, among other factors, to the collection of 
Thcreforc duc consideration 
climatic data. an agroforestry 

Basically, climiatic aspects in connection with woody perennials inl 

sittation have to be approached from two different angles. ()ne set of information deals 

with the specific requircments and tolerances of tree and shrub species, another set with 

the topoclimnatic and microclimatic impact which the tree/shrub component makes on 

its environment. Although both aspects deserve an equal ranking, only the one deaing 

with species-specific requirements is discussed here. 

With this restriction in mind and considering that relevant information has to be ob

tained from various sources which include non-specialist informants, the following prin

ciples are to be observcd: 

to non-
I.The questions asked to obtain data should be simple and comprehcnsible 

specialists in climatology. 
2. The Ivcl of detail in obtaining climatic data has to be decided on by taking into con

hand the scope and range of species dealt with, and on the 
onesideration on the 

other the likelihood of data availability in 'field' situations. 

3. The minimum data set decided upon must be sufficient to allow any given species to 

lie assigncd to a delined climate type.
 

Obviously the level of detail with which climatic data are collected, interpreted and
 

used for the assessment of climatic requircments and tolerances of plants depends on 

the following considerationas: 

1. The objcCtivcs of the data collection and conse(uently the focus on certain aspects 

(e.g. taxonomy oriented, spccilic-use oricntatcd, environment orientated) will deter

mine the degree to which climatic data assume importance. 
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2. An inventory-type data base (e.g. ICRAF's Multipurpose Tree and Shrub DataBase), which is intended to provide an overview over as wide as possible a range ofspecies, will have (o be less detailed in climate description, as opposed to a data basedirected towards a selection of a few species in which more elaborate data could be
employed.

3. The general level of knowledge on the plant material to which the data collectionrcfers may influence the level of detail applied to collection of climatic data. Aimingat a maximum set of climate-oriented information for plant material which in themajority of cases is characterized by a general lack of knowledge appears to beSul)erfluous, inappropriate, unbalanced and unnecessarily burdensome. However,in the case of a data base, such as ICRAF's on multipurpose tree and shrub, in whichthe species covered range from 'little known' to 'much known', either a multilevelapproach (discussed briefly hereunder) or an acceptable compromise has to be
adopted.

4. For data collections restricted to woody perennials it may be acceptable to describeclimatic aspccts in broader terms as compared to such an exercise directed towardscrops. The more robust stattnre of woody perennials and their distinctive rootmorphologyv provides in most cases a higher degree of flexibility tovards climatic
variability. 

The abovc-menlioncd considerations are indeed rcflected in various data bases andtheir respective conceptual approaches. Ilackett (1983), in his modular system of describing the qualities of plant species, not only allows for a description of both woodyperennials and non-woody annual plants, but also goes to greater length in his choiceand number of descriptors, as is the case with data bases which are restricted either inthe kind of plant material dealt with (e.g. woody perennials only), or in the ecologicalzone to which description of the plant material is limited. In the latter case certainclimalic aspTets, as, for example, ani(unt of precipitation and Kocppcn classes, are narrowed down, already; and consequently the climatic description may dispense with someof the otherwise necessary (lcscriptors.
SEPASAT (Wickens 1986), adata base which originally had been limited to arid andscmiarid environments, provides an example. Climatic descriptors are restricted tototal rainfall, rainfall (list ribut ion, daily and seasonal temperature variation, and occurrence of frost. The INSPIRE Data Base (Wcbb et al. 1984) isanother example in as faras the self-imposed limitation lies in tlie exclusion of all non-woody plant material.Climatic descriptors are reduced to mean annual rainfall, seasonality of rain, number
of dry months, hottest and coldest months and mean 
annual temperature, obviously inan attempt to provide an overview which allows a comparison of many species, ratherthan to extend into detailed climatic description of a few well-known and betterresearched species.

In view of the pros and cons of detailed climatic description of plants and of thevarious arguments provided in this connection, the multi-level approach, as adopted byYoung (1985) in his concept of an Environmental Data Base for agroforestry, appearsto be particularly aittractive. In climatic terms the lowest or summary level confines itself to a gcncralizcd climatic class, as 
classes. 

for example, humid tropics, and to KocppcnThe highest, level 2, adds to these the following descriptors: altitude zone,rainfall regime, mean annual temperature, mean annual rainfall, nlmbcr of dry months,mean montlly rainfall, hottest and coldest montis, driest month, frost occurrence,cvaporation, huiimidity index and growing period.Because this method caters for the whole range ot'possible levels of data availability,it isccitainly less exposed to criticism of being either too elaborate for certain purposes 
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or too vague for others. However, from a practical point of view and considering that 

an output programme may be designed aimed at comparability with a view to species 

selection for certain site specifications, this method also has its disadvantages. 

ICRAF'S multipurpose tree and shrub data base 

ICRAF's multipurpose tree and shrub data base is an inventory-type data base. Its ob

jectives can be summarized as follows: 

rapid screening of many species in a comparable manner;o 

o 	 gauging the bioph,-ical range of these species; 

providing the basis, by objective criteria, for the identification of priority species for 
o 

further development;
 
providing guidelines for pre-selection of species by site-matching;
o 

responding to requests for information on multipurpose trees and shrubs. 
o 

Within the boundaries of these objectives the use of Koeppcn climate classes proved 

to be reasonably satisfactory for the following reasons: 

the Koeppen class sy.,cm is acknowledged and applicable world- wide;
o 

o 	 the climatic parameters required to determine Koeppen classes are fairly simple; 

the probability that the required basic climatic data (rainfall and temperature) are 
o 

available also in 'field' situations is relatively high;
 

the system allows each species to be assigned to a defined climate type, although with
 
o 

some limitations discussed below. 

on rainfall and 
Apart from determining the Koeppon class by processing the data 

temperature by means of a computer subroutine programme, some additional informa

to plant growth and to assessing the climatic requirements of individual 
tion relevant 
species can also be generated from the information contained in the data base. Day 

length, an important aspect with regard to such phenological criteria as flowering and 

as part of the geographic site 
fruit-setting, can be determined by the latitude obtained 

Lengths of dry periods, wherever applicable, can be extracted from the 
definition. 
values of mean monthly rainfali that are provided. Based on these monthly means, con

tained in the data base as part of the description of any one species in a given location, 

the Kocppen class-specific range of rainfall can be narrowed down to the actual rainfall 

reported, thus refining the assignment of Kocppen classes to individual species. 

Limitations and problems
 
in the collection and interpretation of climatic data
 

As mentioned earlier, the number of descriptors by which climatic data are collected 

is restricted and comparatively simple. Nevertheless, in the course of the actual data 

collection a number of drawbacks and problems have been experienLed. 
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Availability of climatic data in field situations 
Site-specific records, as loaded into the computer, are formatted descriptions of a treeor shrub species growing at a particular site. Such data, obtained from informants inthe field, are original and authentic and are particularly suitable for gauging thebiophysical range of individual species describcd at various sites. Records of this kindform the backbone of the data base.As the bulk of the species concerned are not well known and not yet subject to species trials, they are described in either their natural range or in farmland and pasturesituations where the availability of meteorological equipment is the exception ratherthan the rule. Consequently the climatic data provided by informants arecomplete, based on estimates with often inan undetermined &grce of reliability or obtainedfrom meteorological stations at varying distances from the growing site of a species described. Anticipating the problem of unavailability of climatic data on site, informantsare requested to name !hc location of the nearest meteorological station from whichdata are quotcd and to state its distance from the growth site. This may allow a roughassessment of the applicability of data provided, but the position relains doubtful asconsiderable differences in climatic conditions may occur over short distances if thearea ismarkcd by a heterogeneous topography. Even with descriptions obtained underexperimental conditions there is often acertain degree uf unreliability of data, with theexception of meteorologically wcll-cquippcd research stations.Species field trials may be equipped with at least a minimum set of instruments, suchas rain gauges and minimum-maximum thermometers, and monitoring may be doneregularly. However, due to limited project durations the observation period with regard to climate is often too short to take account of long-term variability, particularlyof rainfall. Means obtained from short-period observations may deviate from the actualaverage condit ion and could, particularly inborderline cases, lead to a wrong Koeppenclass assignment and subsequently to inappropriate definitions of species-specific

climatic requirements. 

Availability of climatic data in literature on wo:dy perennials 
The site-specific records mentioned above are complemented by species recordsgenerated from the literature. Most contain relevant information on taxonomy, morphology, phonology and uses which constitute valuable additions to the data base.
However, this information is usually not accompanied by a description of climatic requirements and tolerances. Ifin some cases reference is made to climate, it often suffers
from so broad a generalization that it does not permit derivation of Kneppen classes
for the species.
 

The relationship between altitude, latitude and temperature 
Those publications which represent already a summary description of species and arebased both on references to competent secondary literature and/or research resultsusually prove to be a valuable source of information. Publications like the ones by theNational Academy of Sciences (1980, 1983), Webb et al. (1984) and Litle (1983) areformatted in a way that provides guidance for species selection by various criteria andtherefore include environmental information, although at varying levels of detail.A common feature, often observed in screening literature of this kind, is the assignment of altitude ranges to individual species that isnot fully crompehensible. If a widealtitudinal range of, for example, 0 to 1800 m asl is combined with a wide latitudinal 
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range of 30P and more, this summarized information on altitudinal tolerance of a species 

is reduced to an almost anecdotal status as it ignores the correlation between altitude 
to 

and latitude with regard to temperature. ltowcvcr, if a specific altitude related 

species tolerance is mentioned in combination with a specific latitude it may offer an 

opportunity not onlyto support temperature data which for whatever reason suffer from 

a low degrce of reliability, but also to estimatc temperature ranges, within tolerable 

margins when data are not available at all. 

Conclusions and recommendations 

It has to be acknowledged that the effect of certain climatic events on the growth per

formance of woody perennials is not as yet always fully understood and researched. For 

a tree species which grows well in one location, described by annual rainfall,
example unannual temperature, may be 
seasonality of rains, length of dry period and mean 

successful at another site although these specific climatic characteristics arc the same. 

The reason may be water stress, recognizing that deining a dry season only by its length 

and wind velocity during the dry period,
is i.,ufficient; with higher temperatures 
evapotranspirationi may cause an earlier and more intensive water stress at one site than 

at another, thus exceeding the drought tolerance of a species at one site but not at the 

The conclusion is that more clinmte-oricnted research is necdcd to assess not 
other. 

only the site-specific climatic conditions, but also the impact that different climatic
 

parameters make on individual species.
 

However, until considerable progress has been achieved in this vast field of agrocli

matic research, ICRAF's multipurpose tree and shrub data base is faced with the prob

lem of categorizing a large number of mostly lesscr-known species of woody perennials 

by comprehensive, brc id climate types to which the species can be issigned. 

Considering the generally low level of knowledge on most species that still prevails, 

such a strategy probably provides the best summary assessment of multipurpose tree 

species presently available. The assignment of a large number of species to standard 

climatic types allows a quick comparison of these species, at least in broad terms, and 

a shortlisting of candidate species for defined climatic conditions. 
condi-

With regard to the lack of availabiliiy of even simple climatic data in 'field' 

tions, it could be argued that the density of the network of meteorological stations is 

However, it is likely that financial co istraints will prohibit the 
sometimes insufficient. 

establishment of many more. Furthermore, it is doubtful whcther a greater density of
 

stations would result in a high degree of reliability of climatic data at the growing sites 

What has to be done is to promote awareness among non-climatology re
of trees. 
searchers engaged in data collection that climatic data are indispensible components 

of plant description and that special efforts to obtain them arc therefore justified. 
equipped, as a matter of 

It also should be stressed that species trials should be 

routine, with climatological instruments. 
For arriving at more and better climatic description, another possibility which needs 

to be explored is to derive information relevant to plant growth by means of calculation 

One such example is to assess the possibility
from actual data that arc easy to obtain. 

of developing an equation or formula to establish the interdependence between latitude 

and altitude in determining site-specific temperature data. The practical relevance of 

the successful establishment of such an equation is obvious for reasons which have been 

mentioned earlier. 
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National meteorological institutions and their staff and all climatologists should accept the challenge to help and cooperate in this field. Such cooperation is certainly ofmutual interest and is I-kely to be beneficial for both parties. 
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Agroforestry systems in majorecological zones 
of the tropics and subtropics 

P.K.R. Nair 
InIcnationalCouncilforResearch in Agroforestry (ICRAF)

P.O.Box 30677,Nairobi,Kenya 

Abstract 
Duringthepastfiveyears,ICRAF,throughits Agroforestry Systems Inentory (AFSI),hascollected, evaltated, synthesized and disseminatedinfonnation on existing agroforestry(AF)systems andpracticesfrom differentpart s ofthe tropicsandsubtropics. The systemshave been classified according to various criteriasuch as theirstnucture,funiction, socioeconomic aspects, ecologicalspread,andso on. But the primarystep in classifyingthemis onl the basis of theirstnicture;thus there are three basic types ofAF systems 

" agrosilvicultuval(cropslandtrces) 
o silvipastoral(treesandpasturelaiials),and
 
" agrosilvipastoral(crops + pasturt/aninals+ trees).
 

Undereach ofthese majorAFtypes, severalsystems have been recordedin the AFSI database. But the distinctAFpracticesthat constitutethese systems areonly afew; these are
discussedin the paper.

Ani ecologicalanalysis of tie spreadof various AF systems shows that the existence /adoptionofanA Fsystem in agiven areais determinedprimnarilyby tle ecologi-alpoteitialofthe area,but socio-culturalandeconiomicfactors detenniiethe complexity oftie systemandthe degreeofitensityofits management. From apurelyecologicalpoint,certaintpesofsystems can be identified as characteristicof each majorecologicalregion. Examples
are: 

humid/subhumidlowlands  home gardens, 
- plantationcrop combinations, 
- multilayertreegardens, 
- alley croppingandother itercroppiigsystemssemi-arid/aridlands - silvipastoralsystems 
- windbreaks/shelterbcIts, 
- MPTsforfuel/fodder 
- MPTs on farmlands.highlands - soil conservationhedges 
- silvipastoralcombinations 
- plantationcrop systems. 

There arecertaintypes ofsystems thatarepresentin alnostall ecologicalregions;however,the nature of components ;Ii each will vary from region to region depending oi theecologicalpotentialofthe regions. 
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Introduction 
IRAF has just completed a global inventory of existing agroforestry systems and prac

tices in different parts of the tropics and subtropics. Initiated in September 1982 with 

partial financial support from the United States Agency for International Development 

(USAID), the project had the general objective of increasing the understanding about 

the extent of existing agroforestry systems, and their various productive and protective 

roles in land use systems in the developing countries. The exercise consisted of collec

tion, collation, synthesis, evaluation and storage of data, and pul)lication of various re

sults and outputs concerning the existing land use systems of relevance to agroforcstry, 

a large number of institutions and individuals interested in and knowl
and it involved 

the world. This project has gathered infor
edgeable about agroforestry from all over 

on a few hundreds of agtoforestry systems, and this information is available in 
miation 
the form of: 

1. Agroforestry System Descriptions, being serialized in Agroforestn'Systems (pub

lishcd by Martinus Nijhoff, The Ilague). A list of the system descriptions is at

tached (Appendix page 93-94); 

2. A computerized Agroforestry Systems Register at ICRAF containing data entries 

on about 150 systems and/or practices; 

3. 	 Various miscellaneous publications from the project (Appendix page 94-95); 

4. 	 Unpublished records at ICRAF. 

this vast information base on agroforestry systems. Additional 
This paper is based on 

can be obtained from the author. 
details of any aspect of the project 

Types of agroforestry systems 

In order to evaluate the existing agroforestry systems and develop action plans for their 

improvement, it is necessary to classify these systems and thus provide a practical and 

Depending on the main purpose to be served by a classification 
realistic framework. The most common 
scheme, various criteria can be employed to classify the systems. 

are the system's structure, functions, socio-economic scale and level of 
among these 

management and ecological (environmental) spread:
 

refers to tile composition of the components, including spatial
-1. 	Structural basis 

admixture of the woody component, vertical stratification of the component mix 

and temporal arrangement of the different components; 

refers to the major function or role of tie system, mainly of 
-2. 	 Functional basis 

the woody components (these can be productive, e.g. production of food, fodder, 

fuelwood and so on), or protective (e.g. windbreak, shelterbelt, soil conservation 

and so on); 
refers to the level of inputs of management (low-input)-3. 	 Socio-economic basis 

or intensity or scale of management and commercial goals (subsistence, commer

cial, intermediate); 
-	 refers to the environmental condition and ecological suitability

4. 	 Ecological basis 
of the systems, on the assumption that certain types of systems are more common 

in/appropriate for certain ecological conditions. 
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A classification scheme of agroforcstry systems based on these approaches is summarized in Table 1. These underlying principles of classificalion arc by no means independent or mutually exclusive. Indeed it is obvious that they have to be interrelatedbecause the structural and functional bases relate to the woody components in the systens whereas the socio-economic and ecological stratifications refer to the olganization of systems according to certain defined conditions (socio-cconomic or ccol,,gical).And in any defined socio- economic or ecological situation, the systems should still havespecific structure (composition and arrangement or components) and function / role.Nevertheless, in ajgroforcstry land-use systems, there are only three basic sets of components that are managed by man, vi/., woody pcrennials, herbaceous plants and animals. Therefore, a simple and logical first step in classifying ; groforcstry systems is touse this component composition as tile basis, which will give three basic types ofagroforcstry systems (Nair 1985): 

1.Agrisilvicultural (crops - including tree and shrub crops - and trees);2. Silvopastoral (pasture with animals and trees); and3. Agrosih'opastoral (crops 4 pasturc with animals + trees). 

Other specialized agroforcstry systems such as apiculture with trees, aquaculture inmangrove areas, multipurpose trc lots, ;:,idso on, can also be spccificd. A generalizedpicture of tile component composition ,)fthese basic types of agrofores ry systems is
given inFigure 1.This catcgoriiation of agroforestry systems ibio three major types is so fundamentalthat any one of these can cOntelnienlly be used as a prefix to other terms emanating fromotlher efforts to classify or group agroforestry systems in order to explicitly express thebasic composition of constituents of any such system. For example, there can be anagrisilvicultural system for food production, a commercial silvopastoral system for foddcr and food production in lowland sub-lmid (or dry) tropics, an agrosilvopastoralsystem for food production and soil conservation in highland humid tropics, and so on.Therefore it seems logical, compatible and pragmatic to accept the nature of components as the basic criterion in the classification of agroforestry systems. 

Agroforestry practices and technologies 
A further evaluation of the organization of these various agroforcstry systems shows
that an agroforestry system involves extensive application of agroforestry practices, thus
forming a significant form of land use in a locality or area, described according to the
system's biological composition and arrangement, level of technical management, 
orsocio-economic features. An agroforcstry practice, on the other hand, denotes a
specific agroforcs!ry combination in a land-management unit, and consists usually of
arrangements ofagroforestry components in space and/or time. Several such practices
arc involved in the constitution andi maintenance of an agroforcstry system.
Although scvcral agroforestry systems have 
 )een recorded from around the world,the distinctive agroforestry practices that constitute tIL. :.systems in various ecoregionsand locations are few in number. These most commonly found agroforcstry practicesand their essential characteristics are listed in Table 2 (Appendix page 72-77).The scale of management and extent of adoption of these different practices in anyparticular system will vary considerably depending upon a number of factors. Any ofthese practices can become ai, agroforcstry system when it is developed or spread tosuch an extent in a specific local axa so as to form a distinct land utilization type in that 
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Table 1 Major approches in classification of agroforestry systems and practices (Nair 1985) 

OF SYSTEMSCATEGORIZATION 
Based on their structure and function 

an C T 

Nature and arrangement of components especially 
woody ones 

Nature of components 

Agrisilviculture 
(crops and trees incl. 

shrubs/trees and trees) 

Silvipastoral 
(pasture/animals and 
trees) 

Agrosilvopastoral 

(crops, pasture/ 

animals, and trees) 


Others 
(multipurpose tree lots, 
apiculture with trees, 
aquaculture with trees, 
etc). 

Arrangement of 

In pa (Spatial) 
Mixed dense 

(e.g.: Home garden) 

Mixed sparce 
(e.g.: Most systems of 
trees in pastures) 

Strip 
(width of strip to 
be more than one tree) 

Boundary 
(trees on edges of 
plots/fields) 

hji (Temporal) 
Coincident 
Concomitant 
Overlapping 
Sequential (separate) 
Interpolated 

F U N 10 INE 

F U N C T 10 NAM 
Role andor output 


of components, 

especially woody ones 


Produc 
Food 

Fodder 

Fuelwood 

Other woods 

Other products 

Protective Function 
Windbreak 
Shelterbelt 
Soil conservation 
Moisture conservation 
Soil improvement 

Shade 
(for crop, animal, and 
man) 

OF SYSTEMS 
According to their spread and management C_ 

GROUPING 

Ar;ROECOLOGICAL/ 

ENVIRONMENTAL 

smsinf 

lowland humid tropics 

Highland humid tropics 
(above 1,200 m a.s.l; 
e.g.: Andes, India,Malaysia) 

Lowland subhumid 
tropics 

(e.g.: savanna zone of 
Africa, Cerrado of 
South America) 

Highland subhumid 
tropics (Tropical 
highlands) 

(e.g.: in Kenya, 
Ethiopia) 

SOCIO-ECONOMIC 

I 
AMD 

MANAGEMENT
LEVEL 

Based onel 

tcchnoloL input 

Lcw input (Marginal) 

Medium input 

High input 

Based on costbenefit 
rLdalJ. 
Commercial 
Intermediate 
Subsistence 
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Figure 1 Categorization of agroforestry systems based on the nature of components
(with examples of common sub-systems and practices under each system.) 
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land-use system theas prefix; thus, agricultural technology, wood production technology, agroforestry tcchnoloy, and so on. The word or suffix 'technology' in this sense 
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indicates an improvement or innovation, usually through scientific intervention, that can 

be applied with advantage in the management of the system or practice concerned. Tile 

for developing such technologic:, can sometimes be the most 
inputs that are used 
significant aspects, and these are called input technologies; e.g., improved varieties of 

plants, agrochcnmicals, and so on. 
Most, if not all, of the practices mentioned in Table 2 (Appendix page 72-77) need 

to bc improved scientifically and developed into modern agroforcstry technologies. 
an agroforestry sys-

The success potential of an agroforcstry practice (and therefore 

tem) depends on tile extent to which such technologies have been perfected, and made 

use of in the managcmcnt of the practice (or the system). 

Ecological spread of major agrororestry systems 

Ecological zones of agroforestry significance in the tropics and
 

subtropics
 

The major physical parameters tha. determine tile ecology of a location in the tropics 

are rainfall (quantity and distrihution) and temperature regimes. Altitude also is impor

tant because of its influence not only on temperature, but also on land relief charac

teristics. The FA() Agro-Ecological Zones inventory divides tropics into 'warm', 

'moderatcl\' cool', 'cool' and 'cold' climates depending on the climatic (mainly tempera

ture) rcgimc during tile 'growing period'. These growing periods refer to a few selected 

agricultural crops (that are seasonal) and therefore do not necessarily reflect the grow

ing periods of perennial species (although it can be argued that the agricultural growing 

period represents the peak growing seasons of the perennial species also in most cases). 

From the agroforcstry point of view, the major ecological regions recogni/ed in the 

are more relevant: these are 
FA() State of I lod and Agriculture Reports (SOFA) 

temperate, mCdi,crrancan, arid and semi-arid, sub-humid tropical (lowland), humid 

tropical (lowland, and highland. These classes, excepting the first (and possibly the 

he tropical and subtropical lands of agroforestry significance where 
second), represent 

a potential. These major ecological regions of the 
agroforestry system. exist or have 

tropics and su'btropic. are presented in Figure 2, and the main characteristics of these 

Young (1986)) are summarized in 
major agro-ccological icgions (adapted mainly from 


Table 3.
 

Agroforestry systems i:) lowland humid and sub-humid tropics 

or 
Characterized by hot, humid cit. ".tcs for all or most of the year, and an evcrgrcn 

,nd humid and sub- humid tropics (but referred to 
semi-evergreen vegetation, the lo\N 

as humid tropics) is by far the mosi *mportant ecological region iii terms of the total 

and diversity of agroforcstry and other 
human population it supports, extent of area 

land-use systems. Because of the climatic conditions that favour rapid growth of a large 

number of plant species, various types of agroforestry plant associations can be found 

in areas with high human population. Various forms of homegardcns, plantation crop 
in areas with 

combinations, and multilayer tree gardens are common in such regions. 

as the low selvas of Latin America, trees on rangelands
low population density, such 

and pastures, other silvopastoral systems, improved fallow in shifting cultivation areas,
 

are the major agroforestry systems. Examples of 
multipurpose trcc woodlots, etc., 


agroforestry systems in humid tropical lowlands about which ICRAF has data entries
 

in the computerized AFSI database are included in Table 4 (Appendix page 78-92).
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Figure 2 Major ccological regions of the tropics and subtropics. 
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Table 3 Main characteristics of the major ecological regions of agroforestry 

importance in the tropics and subtropics. (Adapted from A. Young 1986; in consultation with A. Young.) 

Characteristics 

Climate 

Vegetation & Soils 

Major geographical spread (of 
areas with AV importance) 

Humid/Sub-humid Lowlands 

Hot, humid for all or most of 
the year, rainfall > 1000 mm; 
sometimes one or more ex-
tended dry periods per year; 
K6ppen Af, Am and some Aw, 
esp Aw". 

Evergreen or ser.ii-evergreen 
vegetation; Ultisols (Acrisols) 
and Oxisols (Ferralsols) and 
other acid, low-base tropical-
soils. 

All tropical continents, espe-
cially Southeast and South Asia, 
West Africa and Central and 
South America; about 35% of 
tropical land. 

Dry Region (Semi-arid and arid) 

Hot, one or two wet seasons 
and at least one long dry pe-
riod; rainfall < 1000 mm; 
K6ppen Aw' (some), Aw', and 

B climates, 

Savannas with low or medium-
high trees and bushes (Aw); 
thorn scrub and steppe rass-
lands (BS), Vertisols, Alfisols 
(Luvisols, Nitosols) and Enti-
sols. 

Savanna and sub-Saharan 
zones of Africa, Cerrado of 
South America, semi-arid and 
arid parts of Indian subconti-
nent; approx. 45% of total 
tropical land. 

Highlands0 

Cool temperatures, sub-humid 
or humid (arid highlands are of > 

low AF potential); altitude 
over 1000 m; K6ppen Ca, Cwo 

agricultural growing period 
over 120 days). 

Evergreen to semi-evergreen 
vegetation depending on 
rainfall. Oxisols (Humic Ferral
sols) and Ultisols (Humic Acri
sols) Andosols (volcanic soils). 

Asia (Himalayan region, some 
parts of southern India and 
S.E. Asia), East and Central
 
'\ frican highlands, Andes;
 
about 20% of tropical land.
 



Table 3 page 2 

Main land-use systems 

Main land-use and ecological
problems 

Major agroforestry emphasis 

Commercial forestry, agricul-
tural tree crop plantations, ricepaddies (esp. Asia), ranching 
S. America), shifting cultiva-

tion, arable cropping. 


Excessive deforestation (and
consequent shortening of fal-
lows, etc.) over-grazing, soil
acidity and consequent prob-
lems, low soil fertility, high
rainfall erosivity. 

Improved fallows, soil fertility 
improvement and conservation, 
food production, 

Arable farming, extensive 
ranching or nomadic pasto-
ralism, perennial crop husban-
dry towards the more humid 
areas, 
forestry. 

Drought (in areas with less
rainfall), soil fertility decline 
caused by over-cultivation,
over-grazing, degradation of 
deciduous wood-land, fuel
wood/fodder shortage. 

Fuelwood/fodder production, 
soil fertility improvement, 
windbreaks and shelterbelts, 
food production, 

Arable farming, plantation agri
culture and forestry, ranching
(in S. & C. America), shifting
cultivation. 

Soil erosion; shortening offal
lows; over-grazing, deforesta
tion and ecosystem degrada
tion; fodder/fuel shortage. 

Soil conservation, fodder/fuel 
production, watershed manage
ment, ecosystem stabilization 
and protection of rare species. 
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The lowland humid tropics also represents areas under natural rain forests. In such 

areas, cutting of rain forest at rates much faster than natural or managed regeneration 

This causes shortening of fallow periods in shifting cultivation 
is a common problem. 
cycles and resultant loss of soil productivity and accelerated soil erosion. The potential 

of appropriate agroforestry systems to combat these problems needs to be exploited in 

future land-use strategies in this zone. 

Agroforestry systems in semi-arid and arid tropics 

Extending over the savanna and Sudano-Sahelian zones of Africa, the cerrado of South 

America and large areas of the Indian subcontinent, the semi-arid and arid tropics are 

characterized by one or two wet seasons (K6ppen Aw or Aw", respectively) and at least 

one long dry season. Drought is a hazard in the drier parts of the zone. 

The main agroforestry systems in this zone also depend on the human population 

pressure; homegardens and multilayer tree gardens are common in the wetter areas 

But generally speaking, the predominant agroforcstry
with high population pressure. 

systems in this zone are:
 

1. Various forms of silvopastoral systems; 
2. Windbreaks and shclterbelts; and 

3. Multipurpose trees on crop lands, notably Acacia albida-basedsystems in Africa
 

and Prosopis-basedagrisilvicultural systems in the Indian sub-continent.
 

Fuclwood shortage is a major problem in most parts of the semi- arid and arid tropics. 

Agrofores'ry potentials in fuclwood production are well documented (e.g., Nair, forth
the other major ecological-

coming). Similarly, desertification and fodder shortage 
extent through the agroforestry- could be tackled to someproblems in this zone 

approach.
 

Agroforestry systems in tropical highlands 

Approximately 20% of the tropic.l lands are at elevations from 900 to 1800 m,in about 

half of the Andean highlands of Central and South America, parts of Venezuela and 

Brazil, the mountain regions of the Caribbean, many parts of East and Central Africa, 

the Cameroons, the Deccan Plateau of India and some parts of the southeast Asia main

land. The altitude exceeds 1800 m in about 3% of the tropical area in the Andes, the 

Ethiopian and Kenyan Highlands, northern Bum ma and parts of Papua New Guinea. In 

the subtropical regions, the most important highlands are in the Himalayan region. 

These highland tropics with significant agroforestry potential are humid or sub-humid, 

such areas with dry climates being of very low potential. 

Land-use problems in the highlands arc similar to those in humid or dry lowlands 

depending on the climate, with the addition that sloping lands and steep terrains make 

soil erosion an issue of major concern. Moreover, annual temperatures arc low in the 

m increase in elevation in the tropics, there is a decline of 
highlands ( for every 100 
0.60DC in the mean annual temperature), which atfect the growth of certain lowland 

tropical species.
 
The main agroforestry systems in tropical highlands are:
 

1. Production systems involving plantation crops such as coffee and tea in
 

commercial as well as smallholder systems;
 

Use of woody perennials in soil conservation and soil fertility maintenance;

2. 
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3. Improved fallows; and 
4. Silvopastoral combinat ions. 

Agro-ecological analysis of existing agroforestry systems 
The existence of an igroforcstry system or practice in a particular area is determinednot only by the cnvironmental and agro-ccological factors, but also by socio-cconomicconsiderations. In diffecr'nt areas with identical agroclimatic conditions, factors suchas human population prcssurc, availability of labour and other production resources,proximity and accessibility to market sources, etc., are the main detcrminants of thetypcs and forms ofagroforcstrysyscnis. Even in the case of systems that are widespreadin most ecological and geographical regions such as shifting cultivation and taungya,these systems have very many variants that are specific to certain defined situations. Asa general rulc, it can be said that while the ecological factors determine the major typeof an agroforcstry sys;tcn in a given locality, the complexity of the system and the degreeof intensity of its mnanagc metit increase in direct proportion to the population intensityand land productivity of the area. A typical example is the spread of the multi-specics,multi-storied homcgarden systems. Though found mostly in humid lowlands, the homegardens are common in pockets of high population density in other ecological regionsalso. Analysing the structural and functional aspects 10 selected hornegarden systemsfrom different ecological regions, Fcrnandcs and Nair (1986) found that although theaverage size of tbc honiegardcn units is less than 0.5 ha, the units are composed of alarge number ofwoody and herbaccous species, carcfully structured to form 3-5 verticalcanopy strata, and each conlponLnt having a slccific place as well as function in themultispecies complex.
There are sonic functional aspects of specific agroforestry practices that are emphasized or necessitated in specific agroccological situations. For example, the functionalemphasis of agroforestry systems in sloping lands is erosion control and soil conservation; in wind-pronc areas, woody species are successfully .,ed in agroforestry practicesof shelterbelts and windbreaks; the emphasis is on fuclwood production in areas withfuclwood shortage; therc are also specific agroforcs!ry approaches for the reclamationof degraded lands and other waste lands (such as highly eroded lands, areas with highlevels of salinity or alkalinity, etc.)The ecological potential of an area is undoubtedly the prime factor that decides theadoption and spread of specific agroforcstry systems in different parts. The prepondcrance of honicgardens and other niulti-spccies mixes in fertile lowlands and highpotential areas at one end of the ccological scale and extensive silvopastoralism at theother end, with various systems in bctwccn gives a spectrum of agroccological adaptability and spread of various agroforcstry systems. Figure 3 shows the general pattern
of the major agroforestry systems in various ecological regions. 
 It does not include allagroforcstry systems, nor does it fully portray the relative spread (in terms of areas involvcd) or the level of manageenict of the various systems. A further step in this direction is to indicate the major known 
areas of concentration of important agroforestry
systems in the tropics and subtropics, i.e., something like a 
 'map of the agroforcstrysituation in the tropics anid subtropics' (Figure 4).This 'map' rcprcscnts areas with relative abundance of specified agroforcstry systems, but does not identify localized systems as well as systems whose presence is relativcly less significant in an area. For example, as mentioned carlicr, 'multipurpose treeson farmlands' can be found in almost all ecological and geographical regions. But therearc only a few such systems that make them distinctly unique agroforestry systems.Examples include the arid zone systems involvingAcaciaalbida(Miehe 1986; Poschen 
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Ecological spread of major agroforestry systems.
Figure 3 
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Legend for system names in Figure 3 and Figure 4 
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1986) and Prosopis (Shankarnarayan and Harsh 1987). Thus, only some such multipurpose trees on farmlands' systems have been studied and/or described in some detail,and thus gone into ICRAF's Agroforestry Systems Inventory (AFSI) data records. Themention of the existence of any of these systemsindication that AFSI records 
on Figure 4 therefore is mainly anare available. Indeed, innumerable location-specificagroforestry systems and practices do exist all over the tropics and subtropics and manyof them are important in various ways. But most of them may not often be significantenough in terms of their individual importance in the overall economy and land-ute pattern of the area where they exist, and thus may not merit a special mention on such acondensed and abstract global map.This 'map' is an improvement over Figure 3 in that geographical spread of the systems is shown in relation to the ecological conditions in different places. One significant feature that emerges from this isthat irrespective of the socio-cultural differencesin different geographical regions, the major types of agroforestry systems are structurally similar in areas with identical ecological characteristics. The level of intensityat which these different systems are manaLed will, obviously, be different in various

situations. 
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Figure 4 	 Major agroforestry systems in different ecological regions of the tropics 

and subtropics. 
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Table 2 Major agroforestry practices 0 
'1 

0 

Agroforestry 
practice 

Brief description 
(of arrangement of 
components) 

Major groups of 
components 
w: woody 
h: herbaceous 

*Main types 
of com-
ponents inter-
actions in 

Primary role of woody 
component 
Prt: protective 

Agroecological 
adaptability 

0 

-

f: fodder for 
grazing 

space(s)/ 
time(t) 

Prd: productive > 

a: animals 

- and trees)- including shrub/vine/tree crops
A. AGRISILVICULTURAL SYSTEMS (Crops 

Prt: soil fertility in shifting
Woody species w- fast-growing, t: sequantial

1. Improved fallow 
(in improvement cultivation areas 

preferablyplanted and left to 
grow during the leguminous rotational-

Prd: wood products
'fallow phase' h: common cyles) 

agri. crops 

Prd: addl. income from in all ecol. regionss: concomitant
2. Taungya combined stand of w: usually planta 

agric. crops; also (where taungya is 
woody and agric. tion forestry 

management care practised); several 
spp. t: sequentialspecies during improvements(in rotational for plantation

early stages of h: common agri. possiblecrops cycles) species
establishment of 
plantations 
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3. Alley cropping 

hegerowintercropping) 

woody species in 
hedges; agri. spp.in alleys in be-
tween hedges;
microzonal or strip 
arrangement 

w: 

h: 

fast-growing 
leguminous
that cop pice 
vigorously 
common agric. 
crops products 

s: 

t: 

zonal (strip) 

concomitant 
to inter-
mittent 

Prt: soil improvement, 
and/or soil
conservation 

Prd: addl. products
from hedges 

sub-humid to 
humid areas with
high human popu
lation pressure
and fragile (pro
ductive but easily 

4. Multilayer tree 
gardens 

multispecies, 
multilayer dense 
plant associations 
with no organized
planting 
arrangements 

w: different 
woody corn 
ponents of 
varying form 
and growth habits 

h: usually absent; 

shade tolerant 
ones sometimespresent 

s: 

t: 

mixed dense 

coincident 

Prd: various types of 
outputs 

Prt: soil conservation 
and protection 
efficient nutrient 
nutrient cycling 

degradable) soils 
areas with fertile 
soils, good availa
bility of labour, 
and high human 
population 
pressure 

5. Multipurpose 
trees on crop
lands 

Trees scattered 
haphazardly or 
according to some 
systematic patterns 
on bunds terraces 
or plot/field 

boundariesanimals 

w. multipurpose 
trees and other 
fruit trees 

h: common agri. 
crops 

s: 

t: 

mixed 
sparce 

interpolated 

Prd: prod. of various 
tree products 

Prt: fencing, social 
values, plot 
demarcation 

in all ecolological 
regions especially 
in subsistence 
farming; also 
commonly 
itegrated with 

Z 
z° 
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6. Plantation crop 
combinations 

1) Integrated multi w: 
storey (mixed, 
dense) mixture of 
plantation crops 

2) Mixtures of 
plantation crops in 
alternate or other 
regular 
arrangement h: 

3) Shade trees for 
plantation crops; 
shade trees 

plantation 
crops like coffee, 
cacao, coconut, 
etc., fruit trees 
(esp. in 1); 
fuelwood/fodder 
spp. esp. in 3 

usually present 
in 4, and to some 
extent in 1; 
shade tolerant 

s: mixed dense 
(1,2,4) or 
mixed sparce 
(3) 

t: 
1) interpoated 
2) coincident 

or overlap 
ping 

3) coincident 
4 intermittent 

Prd: 

Prt: 

prod. of a large 
number of pro 
duces 

soil surface pro
tection shade and 
windbreak 

in humid lowlands 
or tropical 
humid/ sub-humid 
highlands
(depending on the 
adaptability of the 
plantation crops 
concerned); 
usually in small
holder subsistence 
system 

> 

scattered 
4) Intercropping 

species or 
concomittant 

with agric. crops 

7. Home gardens Intimate, 
multistorey 
combination of 
various trees and 
crops around 

w: 

h: 

fruit trees 
predominate; 
also other woody 
spp; vines, etc 
shade-tolerant 

s: mixed dense 

t: coincident 
to interpolated 

Prd: 

Prt: 

prodn. of various 
products 

soil surface 
protection 

in all ecol. regions 
esp. in areas with 
high population 
density 

homesteads crops 

8. Trees in soil con-
servation and 
reclamation 

Trees on bunds, 
terraces, raisers, 
etc with or without 

gorass strips; trees 
or soil reclamation 

w: multipurpose 
and/or fruit trees 

h: common agri. 
species 

s: zonal (strip) 

t: intermittent 

Prt: soil conservation 

Prd: various tree pro-
ducts 

in slopping areas 
esp. in highlands, 
reclamation of de
graded, acid, alkali 
soils- and sand 
dune stabilization 
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9. Shelterbels and 
windbreaks, livehedges 

10. Fuelwood 
production 

Trees around 
farmlands/plots 

Interplanting 
firewood species 
on or around 
agri. lands 

w: combination of 
tall-growingspreading types 

h: agri. crops of 
the locality 

w: firewood 
species 

h: agri. crops of 
the locality 

s: zonal(strip/ 

boundary) 

t: coincident,
interpolated 

s: zonal (strip/ 
boundary) 

t: coincident 

Prt: shelterbelts/ 
windbreak;
fencing 

Prd: usually firewood 

Prd: firewood 

Prt: fencing; 
shelterbelts; 
boundarydemarcatin 

in wind-prone 
areas 

in all ecol. regions 

B. SILVOPASTORAL SYSTEMS (trees + pasture and/or animals) 

11. Trees on 
rangeland or 
pastures 

12. Protein banks 

Trees scattered 
irregularly or ar-
ranged according 
to some systematic 
pattern 

Production of 
protein rich tree 
fodder on 
farm/range lands 
for cut-and-carry 
fodder production 

w: multipurpose; 
usually of foddervalue 
f: present 
a: present 

w: leguminous 
fodder trees 

h: present 
f: present 

s: mixed 

sparse 

t: coincident 

s: zonal 

t: coincident or 
interpolated 

Prd: trees as fodder 

Prt: shade; 

environmental 
protection 

Prd: fodder prodn. 
Prt: soil and 

environmental 
protection 

depending on 
arrangement 

extensive grazing 

areas 

usually in areas 
with high man: 
land ratio. 

i 
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13. Plantation crops 
with pastures and 
animals 

example: cattle 
under coconuts in 
southeast Asia and 
the south Pacific 

w: 

f: 
a: 

plantation 
crops 
present 
present 

s: mixed 
sparse 

t: intermittent 

Prt: 

Prd: 

shade and in areas with less 
protection to human pressure on 
fodder and animals plantation crop 
plantation crop landsproducts 

5' 
2 

) 

C: AGROSILVOPASTORAL SYSTEMS (trees + pasture/animals) 

14. Home gardens 
involving animals 

Intimate, multi-
storey combination 
of various trees 
and crops, and 
animals, around 
homesteads 

w: 

a: 

fruit trees 
predominate; 
also other woody 
spp. 
present 

s: 

t: 

mixed dense 

interpolated 
to coincident 

Prd: various products 

Prt: soil surface 
protection; 
organic recycling 

in all ecol. regions 
with high density 
of human popula
tion 

15. Multipurpose 
woody hedge rows 

woody hedges for 
browse, mulch, 
green manure, soil 
conservation, etc 

w: fast-growing 
and coppicing 
fodder shrubs 

and trees 
h: (similar to alley 

cropping and soil 

s: zonal (strip 
or boundary) 

t: intermittent 
to coincident 

Prt: soil conservation 

Prd: various products, 
mainly fodder 

humid to sub
humid areas with 
hilly and slopping 
terrain 

conservation) 
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D. OTHERS 

16. Apiculture with Trees for honey
trees w: honey produc s: boundary,production Prd: honey production depending on theing trees mixed, sparse feasibility of(other compo- (or any other) Prt: location specific apiculturenents may be

present) t: (variable)17. Aquaforestry Trees lining fish w: trees and s: boundary Prd: fish production lowlandsponds, tree leaves
being used as shrubs preferred plantingby fish (other
'forage' for fish Prt: bund stabilizationcomponents may t: coincident around fish pondsbe present) to intermittent18. Multipurpose for various pur- w: multipurpose s: zonal orwoodlots poses, (wood, fod-

Prt: various protective variousspecies; special mixedder, soil protec- location specific
tion, soil Prd: variousspp (other t:reclamation etc.) separate orcomponents may overlapping 

be present) 
*T'FNPORAIAl RA NGMMrF COP\Dp FOpREMflY SYSTEMS 

COINCIDENT-
----------- CONCOMIIANT 

.... . . ---------.......... 

- -

...........T I I
------------------------- T NT.- -NE ...................
_WrW------------------------- - -----rrjrJ OV R A P NOVELAPPING ' 
--- SEPARATE 

.......... ...........- - - - . INTERPO LATED 
---.------ Woodyspecies-------- non-woody compoent 

'-1 



Table 4 Major agroforestry systems and practices in different ecological zones of the 

tropics and subtropics ( Source: AFSI Database, ICRAF) 

,b 
01 

0 

System/Practice Major output/ 
function 

Country/Region Socio-economic 
scale of 
production 

Major woody species 
involved 

Remarks 
ri 
=. 

CL 

1. HUMID/SUB-HUMID LOWLANDS t 

1.1 Adisilvicultural Systems 

1. Improved 'Fallow' 
(in shifting cultiva-
tion areas) 

Food and wood 
production; Soil 
fertility improve-
ment 

Indonesia Subsistence Aleuriles molucana 
Erythrinaspp. 
Styrax spp. 

Nigeria 

Also being tried 
in many other 
places 

Subsistence Acioa barferii 
Anthonothamacro 
phylla 
Gliricidia sepium 
Various fruit trees also 
being tried 

'Forest villages of 
Thailand"; Boon
kird et al., 1984; 
AFSD-2; Annex. I. 
Allen, 1985; 
AFSD-9; Annex. I. 
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2. 	 Hedgerow inter-
cropping (Alley 
cropping) 

3. 	 Multispecies 
mixes (Tree gar-
dens) 

Production of food 
and firewood; Soil 
fertility improve-

ment and soil con-
servation 

Production of 
food, fodder andwood products forhome consump-
tion and sale for 

cash 

_Qz
 

S.E. Asia 

Nigeria 

Now being tried 
in very many 
places, mostly on 
experimental basis 

Nigeria 

Pacific Islands 

India Sri Lanka 

Paraguay 

Subsistence 
(Experimen-
tal) 

Subsistence 

Subsistence 

Subsistence, 
Intermediate 

Subsistence 
Intermediate 

Calliandracallothyrsus 
Leucaenaleucocephala 
and several other
 
species
 

Danielliaoliveri 

ca
Gliricidiasepium

Parkiaclappertoniana 
Plerocarpusafricana 

Inocarpus edulis 
Morus nigra 
Spondiasdu!ce 
Arecacatechu 
Artocarpusspp. 
Cocosnucifera 
Mangiferaindica 
Zyzygum arornaticum 

Melia azedarach 
Leucaenaleucocephala 

'Compound 
o fnigardens of Nigeria'

(Okafor and 
Fernandes, 1987; 

AFSDAnnf;x.24;1). 

'Homestead 
agroforestry .in 
Kerala, India' 
(Nairand 
Sreedharan, 1986; 
AFSD-18; 
Annex. I). 
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S.E. Asia Subsistence-
Intermediate 

4. Multipurpose
trees/shrubs on 
farmlands 

Prodution of 

PrdCinDfBai 
food, fuelwood, 
other wood pro-

ducts; Sustainabil-
ity of production; 
Soil conservation 

Brazil 

India 

Intermediate 

Subsistence 

Subsistence 
Intermediate 

Kenya Subsistence 

S.E. Asia Subsistence 
Intermediate 
Commercial 

Albiziafalcataria 
Artocarpusspp. 
Bambusaspp. 
Cinnamomum aromati-
cum 
Duriozibethinus 
Nephelium lappacium 
Cassiaexcelsa 

L. leucocephala
 
Mimosascabrella
 

Derrisindica 

Emblica officinalis 

Moringaoleifera 

Tamarindusindica 


Anacardium occiden
tale 
Ceibapentandra 
Mangiferaindica 
Manilkaraachras 

Acacia mangium 
Artocarpusspp. 
Duriozibethinus 
Gliricidiasepium 
Sesbaniagrandiflora 

CD 

Agoforestry 
garden system of 
Sumatra' (Michon 
et al., 1986; AFSD 
21; Annex. I). 

Jambulingamn and
 
Fernandes, 1986;
 
AFSD-15;
 
Annex. I.
 

Nair and
 
Sreedharan,
 
1986;AFSD-18;
 
Annex I.
 



Table 4 page 4 

5. Crop combinations with 
Plantation crops 

tionswithPlantation crops
ivleinvolvedAnacardiumocciden

(i) Integrated 
production of 
plantation crops
and other crops 

Production of 
plantation crops
For sale (cash); 

tale 
Carmelliasinensis 
Cocos nucifera 
Coffea arabica
Elaeisguineensis 
Hevea brasiliensis 
Pipernigrum 
Teobroma cacao 

0AFSD-11; 

Production of 
subsidiary (food) 
crops;
Sustainability 

(ii) Mixtures of 
plantation crops 

~Annex. 

Brazil Commercial 
to subsistence 

Bertholletiaercelsa 
Copemiciaprunifera 

Cordiaalliodora
Ingaspp.
Orbignyaspp.
Sam aneasaman 

Alvim and Nair, 
1986; AFSD-13; 

Annex. I.
Johnson and Nair,
1984; AFSD-8, 
Annex. I. 
May et al., 1985; 

1. 
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(iii) Shade trees 
for commercial 
plantation crops 

Costa Rica 

India, S7 i Lanka 

Commercial 
to subsistence 

Subsistence to 
commercial 

Cordiaalliodora 
Erythrinapoeppigiana 
Gfiricidiasepium 
Ingaspp. 
Albizia spp. 
Cassiaspp.Erythrinaspp. 

Grevillearobusta 

Liyanage et al., 
1984; AFSD-7;Annex. I. 

o 

0. 

> 

S.E. Asia Commercial 
to subsistence 

Various fruit trees 

West Indies Subsistence 
Intermediate 

Inga vera 
Various spice trees 

Western Samoa 
Eiythrinavaregata 
Gliricidiasepium 
Leucaena leuccc-phala 

6. AF for fuelwood 
production (Inter-
planting firewood 
species on or 
around 
field/farms) 

Production of fuel-
wood; Production 
of other products 
like food, poles, 
fodder; 

Fencing, shade, 
shelterbelts, etc 

India 

Indonesia 

Subsistence 

Subsistence 

Albizia spp. 
Cassiasiamea 
Casuarinaspp. 
Derris indica 
Emblicaofficinalis 

Albiziafalcataria 
Calliandracallothyrsus 
Seshbniagrandiflora 
Tremia orientalis 

Nair (forthcoming) 

Jambulingam and 
Fernandes, 1986; 
AFSD-15; 
Annex. I. 
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7. 	 Shelterbelts, 

windbreaks, soilconservation 
hedges 

Protective roles 
(shelterbelt wind-
break, etc.) Soil 
conservaLion; Pro-
duction of food, 
fuelwood 

India 

Indonesia and 
other parts of S.E. 
Asia. 

1.2 Silvopastoral Systems (Humid/sub-humid lowlands) 

1. 	 Protein bank 

Multipurpose 

trees on or 


around farmlands 

2. 	 Living fences of
fodder trees and 
shrubs 

Production of 
fodder/livestock 
and food crops 

Service function(fences); 
Production of tree 

products 

India 
Nepal, 

Sri Lanka 

Costa Rica 
Ethiopia 

S.E. Asia 

Subsistejice 

Intermediate 

Subs;stence 

Intermediate 


Mostly-

subsistence 


Subsistence 

Subsistence 

Caina equisetifoliaSyygittm cltii
 
S.z'z iiniC
 
Glircid,,isepium
 
Leucaena leucocephala
 
Sesbaniagrandiflora
 

Artocarpusspp.

Anogeissus latifolia
 

Bombax nalabaricurmCo-c..Z dichotoma
 
Dalbergiajambolana
 
Samaneaspp.

Zizyphusjujuba 

DiPhysrarobinoides 
Eiythrinaabyssinica 

Sesbaniagrandiflora 

-

71 

00 
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3. 	 Trees and shrubs Production of Brazil 
on pastures pasture/ livestock 


and wood 


Costa Rica 

india 

1.3. Agrosilvopastoral Systems (Most Ecological Zones) 

1. 	 Home Gardens Production of South and 

Tree-crop-live- food/fodder/fuel- S.E. Asia 

stock mix around wood, etc. for 
homestead home 

Mostly 
subsistence 

Subsistence 

Subsistence to 
intermediate 

Subsistence to 
intermediate 

Acacia spp. 
Anacardiumn occiden-
tale 
Cedrelaodorata 
Cordiaalliodora 
Various palms 

Enterolobium 
cyclocarpum 
Erythrinapoeppigiana 
Samaneaspp. 

Derris indica 
Emblicaofficinalis 
Psidiumguajava 
Tamarindusindica 

0 
0 

Johnson and Nair, o
 
1984; AFSD-8;
 
Annex. 1.
 

0, 

00 

Escalante, 1985; 0-

AFSD-1O;
 
Annex. I.
 

'Kandyan k dens
 
(Jacob and Alles,
 
1987; A-2;
 
1987; AFSD-23; 
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(these dense asso-
ciations are found 
in almost all 
ecological regionsand countries; 

consumption, and,
sometimes, for 
sale (cash) 

Nigeria 

Latin American 
countries 

Mostly 
subsistence 
Mostly 
subsistence 

only some ex-
amples are given 

Tanzania 
(Highlands) 

Subsistence to 
intermediate 

'Chaga homegar
dens' (Fernandes 
et. al. 1984.)AFSD

2. Woody 
hedgerows for 
browse, mulch, 
green manure and 

Production of 
food/fodder/fuel-
wood; Soil 
conservation 

Indian sub-conti-
nent S.E. Asia 

Mostly sub-
sistence 

Erythrinaspp.
Leucaenaleucocephala 
Sesbaniaspp. 

1; Annex. I). 
'Homestead agro
forestry in Bangla
desh'(Leuschne-

Soil rand Khalique, 

1987; AFSD-25; 
Annex. I). 

OU01 
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2. (DRY) SEMI-ARID AND ARID REGIONS 

2.1. Agrisilvicultural Systems 

Subsistence Caesalpiniaferrea
(same as in Brazil1. Multipurpose Prosopisajuliflora 

trees and shrubs lowlands) Ziyphusjoazeiro 
on farmlands 


Central African Subsistence Adansoniadigitata
 
In many places, BalanitesaegvptiacaRepublicstrips of trees are Borassusaethiopium 
planted along the 
edges of contour 
terraces India Subsistence Cajanus cajan Shankarnarayan 

Denis indica and Harsh, 1987; 
Prosopiscineraria AFSD-22; 

Annex. I.Tanzarindusindica 

Kenya Subsistence Acacia spp. 
Balanites aegptliaca 
Cajanuscajan 

Poschen, 1986;
Sudan & Sahelian Subsistence Faidherbiaalbida 

AFSD-17,countries Annex. I. 
Miehe, 1986; 
AFSD, 1986; 
Annex. I. 
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2. 

3. 

AF Fuelwood 

production 

Shelterbelts and 
Wind-breaks 

Fuelwood 

Protection of 
agri. fields 
fields from winds;
Production of fuel-

wood 

Tanzania 

Chile 

India 

Sahel 

India 
Pakistan 

Subsistence 

Subsistence 

Subsistence 

Subsistence 

Subsistence, 
Intermediate 

Acaciaspp. 
Combretum spp. 
Prosopistamarugo 

Albizia lebbek 
Cassiasiamea 
Prosopisspp. 

Acacia albida 
A.senegal 
A. tontilis 
Azadirachtaindica 
Cajanuscajan 
Cassiasiamea 
Eucalyptusspp. 
Pithecellobiumdulce 
Popultsspp. 

Shankarnarayan 
and Harsh, 1987; 
AFSD-22; 
Annex. I. 

2.2 Silvopastoral Systems (Dry Regions) 

Protein bank Same as in other 
regions 

India Subsistence Acacia nilotica 
Ailanthusexcelsa 

Opuntiaficus 
Prosopisspp.
Rhus sinuata 

Jambulingam and 
Fernandes, 1986; 
AFSD-15; 
Annex. I. 
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Same as in other East Africa Subsistence Acaciaspp. 	 o 
2. Living fences 	 Commiphora africana 

regions Euphorbiafirucalli 
Zizyphus mucronata 

Subsistence Acacia spp.
3. Trees and shrubs Same as in other India 	

0 

Prosopisspp. 	 o 
on pastures regions 	 Tamarindusindica 

Middle East Commercial 	 Acaciaspp. 
Ceratoniasiliquaand 
Haloxylon spp.Mediterranean 
Prosopiscineraria 
Tamarixaphylla 
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3. TROPICAL HIGHLANDS 

3.1. Agrisilvicultural Systems 

1. Multipurpose Food production;
trees and shrubs Soil conservation 
on farmlands 

India 

Kenya 

Nepal 

Paraguay 

Subsistence 

Subsistence 

Subsistence 

Subsistence 

Albizia spp.
Bauhinia vafegata 
Dalbergiasissoo 
Ceibapetandra 
Eriobotryajaponica 
Grevillearobusta 

Bauhiniaspp. 
Eryhfina spp.
Ficusspp. 
LitseapolyanthaMelia azedarach 

.0 

Tanzania Subsistence Albizia spp. 
CordiaCroton aficanamacrostachys
Tremnaguineensis 

'Hill farming in 
Nepal' (Fonzen 
andOberholzer, 
1984; AFSD 4; 
Annex. I). 

'Gigante woodlots' 
(Evans and 
Rombold, 1984; 
AFSD-5; 
Annex. I). 

Z
 



0 Table 4 page 13 

2. Crop combina-
tions with planta-
tion crops 

Brazil 

Costa Rica 

India 
Sri Lanka 
Kenya 
Papua New 
Guinea 

Rwanda 

Tanzania 

3. AF Fuelwood 
production 

(same as lowlands) India 
Nepal 

Subsistence, 

Intermediate 


Subsistence, 

Intermediate 


Subsistence 


Subsistence 

Subsistence, 

Intermediate
 

Subsistence 


Subsistence 


Subsistence 


Alnus acuninala 
Entcrolobiuif contorsil
iquunW
Erythrinav-utina 

Alnus acuninata 
Eryprinapoeppigiana 
Ingaspp. 

Albizia spp. 
Grevillearobusta 
Grevillearobusta 
Casuarinaolygodon 

Bourke, 1984; 
AFSD-6; Annex. I. 

o 

0 

. 

Albizia spp. 

Cordiaafricana 
Grevillearobusta 
Tremaguineensis 

Albizi stupulata 
Bauhiniaspp. 
Grewiaspp. 
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4. Sheltcrbclts. 

Windbreaks, 
Soil cop ervation 
Helgcs
 

3.2. Silvopastoral Systems (Tropicai Highlands) 

1. Protein Bank Production of fod Indian sub-conti-
der/animals and 
fuelwood; Soil co-

nent 

servation 

2. Living fences Service roles Costa Rica 

Ethiopia 

East Africa 

Mostly Sub-
sistence 

Commercial 

to subsistence 

Commercial 
to subsistence 

Commercial 
to subsistence 

(sameas inlowlands)
 

Albizia stipulata 
Bauhinia spp.
Ficusspp. 
Grewiaoppositifolia
 
Monks alba
 
Glincidiasepium 

Erythrinaabyssinica 

Donyaliscaffra 
Euphorbiatirucalli 
Tboza multiflora 

z
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3. Trees and shrubs 
en pastures 

Fodder/animal
production; food 
production 

Brazil 

Costa Rica 

Mostly
subsistence 

Mostly
subsistence 

Desmanthus variegatus 
Desmodium discolor 

Alnus acuminata 0, 

> 

Indian sub-conti-
nent 

Mostly 
subsistence 

Albizia stipulata 
Alnus nepalensis
Grewiaspp.Robiniapseudoacacia 
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Climate and plant responses:
 
the use of phenological data to help with
 

the choice of woody species for agroforestry systems
 

P.A. Huxley, E. Akunda and A. Repollo* 
Inteniational CouncilforResearch in Agroforestry (ICR,,IF)

P.O.Box 30677,Nairobi,Kenya 

Abstract 
77e vahte of interjrcting a woody plant's behavioural characteristics in relation t envirolinientalchanges, both aerial and edaphic, is briefly discussed in relation to under'
stan'dingspeciesadaptabilit. Possibilities for 'nana, ing the avtenialen vitonmnent at:Jiorthe plant itself so as to sy'chronize vegetative growth and flowering/fruiting patternsfavourably in relation to cywected imaticsequences, cnntso be an outcome ofstch stidies. The meth ods ofinvestigatingphen ological behaviour are outlined, andtwo evalnplesare given from a prelininay brand phenolov stud) carried out at ICRAFs Field Station 

to illustrate the results ofsuch in vestigations. 

Introduction
 
Plant phenology is the study of changes in the plant's behavioural characteristics in relation to environment. Thcrc is an extensive literature on this subject (e.g., Lieth 1974;1luxlcy 1983), including many papers relating to the phenology of tropical woody spe
cies (e.g., lluxlcy and Van Fr.. 1974).

The practical value of understanding the relations bctwc,n climate and crop growthphases has bccn discussed, with examplcs, by Watts Padwick (1979), and the 'heat unit'or day-degree summation approach to predicting crop plant responses has also becaextensively reported in the literaturc (e.g., hwala 1975). Although many of the commcnts that follow apply to plants in general, the present paper is specifically concerncd

with the phenology of woody Fcrennials.


Phenological studies on areas of vegetation can present problems b"ecause indi"•'.alwoody plants can sometimes be out of phase with others of the same species, dIepending on the influences imposed by the site, other external influences and by internalrhythms. Large samples are often required, therefore, for the pui'pose of describingthe behaviour of vegetation complexes (Grouzis and Sicot 1981). However, providingthe limitations of the method are recogaizcd, recording behavioural responses and climatic sequences for just a few specimens of any woody species can certainly be informativc, as long as the interaction with site characteristics can be clearly defined. Such an activity can provide information on adaptability of woody species, as well as clues 
Profcssor A. Repollo Jr., ).MMMSU, t3acnotan, La Union, The Philippincs. Visiting Senior 
Fellow at ICRAF during 1985-86. 
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help plan field 
suitable plant management operations. This type of information can 

trials, especially for newly-introduced exotics and/or indigenous species that are being 

tried in new regions. 
This paper first briefly discusses these aspects, then describes the simple methodolo

gies that can be used to obtain phenological information from the field, finishing with 

two examples of records that have been obtained from a preliminary study at ICRAF's 

Machakos field station. 

Phenology and species adaptability 

Plant strategies 

Plant species possess a very wide range of strategies to help them establish their place
 

in particular ecological niches (or clines). For well-adaptcd species the necessary steps
 

have become adjusted and properly 
se
in growth and development ('phenophases') 

quened both to seasonal changes in climate, and to influences such as the phenology 
At the extremes in

of associated species competing for a place in the same niche. 

dividual spccics can bC found either confined to a highly specific ecological situation or 

obviously, the factors underlying the distribution of a 
they may traverse a wide range. 
plant species in space can be extremely complex. 

The ultimate control of morphological and physiological characteristics that enable 

plants either to be best-suited to a specific niche, or to spread to others, depends upon 

However, even species that are restricted location
their genetic 'Fitness' or 'flexibility'. 
ally will be so confined through some particular set of evolutionary circumstances; yet 

Ihey may still possess a useful degree of morphological and/or physiological plasticity. 

This isan underlying feature that needs to be borne in mind in species selection proce-

A comparison of the growth and development patterns as expressed by any
dures. 
woody species in different environments is,clearly, avaluable procedure to provide in

formation on such matters. 

Edaphic and climatic requiretnents 

say that a woody species is 'adapted' to a particular environmental situation 
When we 
we mean that: (a) the range of soil conditions under which it finds itself is, for each and 

every soil factor that affects tie plant, within the limits that encourage normal growth 

and dcvcl,nipent; (b) there are no climatic extremes that will eliminate the species; and 

(c) the probability of obtaining a suitable length and sequence of climatic conditions 

for growth and development processes in any one season ishigh. The absence of other 

detrimental biotic factors (e.g., pests and diseases organisms) is also important, of 

course. 
Assuming that soil conditions encourage growth, then plants that are adapted to a 

particular climate will progress through their various phenophascs in a regular and ut-

Species will vary in these patterns of response, perhaps
impeded way (lluxley 1983). 
quite markedly, but each can be expected to behave according to the particular strategy 

Thus regulatory
inherent in the pattern originally established at its centre of origin. 


controls will be triggered by appropriate climatic conditions to result in leaf initiation,
 

bud development and leaf expansion at an appropriate part of the season; and similarly
 

for flower initiation, anthesis, pollination, fertilization and fruit growth and maturation.
 

Growth cessation, if it occurs, will similarly be brought about by a combination of in

ternal (c-idogenous) and external (exogenous) factors. The climatic conditions during
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each phenophase will also need to be such as to maintain all the different physiologica
processes at a balanced rate. 

Phenology and ill-adaptation 

Ifa woodyspccics isill-adapted, then it is usualyclear at an carlystage that the sequenceof phcnophases is not properly sequenced or entrained to climatic changes, either (a)because what might be expected from its normal behaviour at its origin does not occuror (b) it behaves in a way that suggests that it will not be able to make good use of theclimatic pattern in which it now finds itself. Of course, in the latter case, it may bepossible, by using suitable management practices (c.g,, lopping or pruning), to adjustthe sequence of phenophases to a more suitablc entrainment, and the phcnological information gained by studying its behaviour in the field will provide information aboutthe best times at which to make such management interventions. In these circumstances, there may be a case for recording the phenological behaviour of the woodyspecies as modified and conditioned by a set or sequence (if manipulations (lopping atdifferent parts of the season), or to obtain soinm clues about this through plant or branchmanipulation on individual plants. This isdiscussed further below. 

Plant management and the manipulation of phenophases 
Management of the external environment 
Management practices which most obviously effect plant phenology are those that impose, or alternatively relieve some degree or another of environmental stress. This isoften done by manipulating soil faclors.For example, as with climatic factors, soil conditions can enhance, slow or interruptthe proper sequence of plicnophases; in this case by modifying water and/or nutrientsupply. In temperate regions the application of nitrogen fertilizers to apple trees in theautumn in order to affect flowering next spring, isan intercsting example of this.ditionally, detrimental soil conditions such as toxic effects of excess 

Ad
aluminium/mangancse, or heavy metals, or waterlogging markedly affect the phcnology of woody

species.
With trees/shrubs wC are, however, much more limited than with high-value annualcrop plants in the ways that we can attempt to modify the soil environment in order tomanipulate plant bchaviour for production purposes. The most feasible way is through
site selection. The choice of soil management practices is often limited although, in
agroforestry, we can 
add or retain plant residues and, perhaps, add some fertilizers.Where soil conditions operate to change the phenological pattern by prolonging thevegetative phase, as when there is added water or nitrogen, such 'surpluses' can sometimes act disavantagcously with regard to the objectivcs for manage(] systems, particularly when they cause a delay in reaching the flowering/fruiting phase which may reduce

yields.
Irrigation can ,iimulatc rain andl both enhance soil water status and, to sonic extent,improve aerial humidity profiles. It can thus initiate and/or prolong vegetative growth.There arc many examples where 'sequence optimization' of the growth of different agricultural crops isachieved in this way. Ilowever, it isusually not feasible to use irrigation with multi-purpose trees in most agroforestry systems.Manipulation of environmental stress by controlling exposure isanother way to modify phenological behaviour. Although suljcct to the same factors, woody species are 
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as 
usually used to create the stress-allevlating conditions for lower storey crops (e.g., 

Shading will alo affect the sequence of phenophases
windbreaks, shade trees, etc.). 

The most likely situation in agroforestry is an in
(i.e., prolong the vegetative phase). 

creasing level of shade in the lower parts of a multi-storey canopy, or at a tree/tree 

interface,. 

Direct plant manipulation 

Most of what has been discussed so far has emphasized the external controls over plant 

behaviour as imposed by either suitable or unsuitable climatic and soil conditions. In

ternal (endogenous) regulatory processes can be important also, and these can be mod

ified to a greater or lesser extent by various fornis of plant management. They are mort 

feasible with trees and shrubs than attempts at climate or soil modification. 

For example, by far the most useful management procedure to consider for multi

purpose trees is some form of removal of plant parts. This can be by (a) the removal of 

above-ground vegetative parts by pruning or lopping (the most usual practice); (b) the 

removal of flowers and fruits (usually done by removing also the vcgctative parts on
 

root removal by some form of trenching or other
 
which flowering takes place); and (c) 

root pruning proccss. Each of these is briefly discussed below. 

Pruning/lopping of acrial parts 

Pruning or lopping of aerial parts will affect the annual biomass increment produced 

(usually by reducing it according to the sevwrity of lopping), and it will affect the sub-

It will also act to modify the initiation, duration and 
sequent distribution of dry matter. 

cessation of the subsequent vegetative phenophases. These effects can vary very much 

both between species, and depending on the time at which the shoots are lopped. They 
This will k'u

promoted to occur sooner than normal, or they may be delayed. 
may be 
pend on the condition of the lateral lud!;, the level of stored materials in the shoot, and 

the responses engendered by cessation of any hormone supply from the removed shoot 

apex. 
a powerful management tool for multipurpose trees. 

Pruning/lopping is, therefore, 

However experiments to test the factors involved (time, intensity and frequency of lop

ping, type of plant part removed) must be rationally thought out in order to take advan

tage of the known patterns of climatic change at the experimental site, and their likely 

effects on the phasing of plant growth. Some preliminary information about the plant's 

a much more precise approach
phenological iesponses in its natural state will enable 

to be taken to this forim of experimentation which, otherwise, will remain a; partial 

guesswork. Indeed, lopping times for experiments must be defined in terms, not of cal. 

cndcr periods but of actual weather patterns and the plant's phenological response if 

they arc to be meaningful. 

Removal of flowers and/or fruits 

Removing flowers, fruits or vegetative material on which flower initiation is known to 

nave two effects. The first effect is similar to that mcntionc,2 above for re
occur will 
moving vegetative parts; the second is that of removing a future significant and power

ful sink for assimilates and nutrients. 
- stored or current 

When woody perennials produce fruit, the drain on resources 

can markedly affect the pattei n of subse:qcent vegetative growth depending on the de
- This, in turn, is affected 
gree of fruiting experienced in rcation to resources available. 
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by favourable or unlavourable climatic sequenccs during the fruit maturation periodand, perhaps, by the way in which a previous favourable or unfavourable season has affected the plant's levels of stored nutrients and carbohydrate. In some cases biotic factors can also be involved (e.g., damage toi he leaf canopy by pest and disease organisms
after a fruit load has been established).

It is not uncommon in the tropics to see two plants of the same species at the samesite completely out of phase with one another because a prior set of factors broughtabout a prolific flowering in one but not in the other. The subsequent development ofa heavy fruit load on the first specimen was, in these circumstaoces, sufficient to disrup,its expected sequence of phenophascs. This may occur even to the point where it enters a bi-annual or bi-seasonal flowering/fruiting cycle or, in all extreme case, has flower
ing delayed for several seasons.

The management of flovcring in order to adjust fruiting levels is, therefore, anotherpossible tool with which to manipulate climatic 'entrainment'. 

Root pruning 
Root pruning can modify subsequent phenology. In some cases (e.g., with some temperate fruits) root pruning is used to promote flowering when this is unduely delayedby an extended stage ofvcgetative growth in the carly years. When this occurs it is probably a result of a change in the balance of plant hormones which are produced by roots(e.g., cytokinins and gibbkrellins) and which regulate growth in other parts of the plant.Removing roots can cci Lainly modify the subsequent extent of nutrient and water removal from the adjacent soil. The practice of root pruning is common in many agroforestry situations because tillage relatively close to trees or hedges can help restrict

their competitive influence. 
There seems to be relatively little information about how root pruning may affectsubsequcnt within-scason phcnophases of multipurpose tree species growing in thetropics and sub-tropics, but it could be a useful area to look into as a potentially useful 

management proc.,dure. 

Other practices 
Other management practices or situations that can influence the phenology of woody
plants in the tropics are those that can indirectly affect stress patterns. For example,
planting density, choice of site to affect exposure or shelcr, aspect, slope (inasmuch as
it affccts run-off and soil water) and, of course, the association of woody perennials with
 
crops and/or grasses.


With what has been said so far, there 
seems little doubt that phcnology records canusefully be included in all agroforestry field trials in order to establish information about
the basic phcnological sequences an 
 to compare the effects of different treatments. 

Methods 
The mc'hods for obtaining phonological records of above-ground sequences of plantbehavic ur can be extremely simple. It is, therefore, surprising that more use is not madeof this approach. Obtaining information about patterns of fine-root growth are moredifficult and time-consuming, although they may well be of considerable value. 
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Phenological methods for above-ground parts 

Whenever phenological data are to be collected, concurrent meteorological informa-
It should be remembered,

tion must be gathered either from the site itself or nearby. 


in this respect, that topographical changes can bring about quite a large difference in
 

local climate in the tropics, especially with regard to night temperature, humidity and 
(especially nightSuch topoclimatic variation 

dew point (Huxley and Beadle 1964). 


temperature differences) can affect the phenological progress of crop plants, although
 
Bearing these points in mind 

little is known with respect to tropical trees and shrubs. 

we can collect phenological intormation in three ways. 

Whole tree phenology 

A set of very useful information can be obtained simply by taking weekly or two-weekly 
This should always be with undisturbed
 

sets of observations of whole tree behaviour. 


specimens growing in a representative site (the 'control'), but it can be extended to 

include similar trees in different kinds of sites, or under particular experimental condi-

Tie observations can be made 'y
 

tions or management practices, if this is of interest. 
An indication of
 

a trained field assistant and they can be quickly and easily checked. 


the intensity of each factor being recorded can be obtained by scoring I to 5 (Huxley
 

and Van Eck 1974).
 over which the following 
Obs-rvations would normally be to identify the periods 

occur: 

Leafy shoot extension is cas'ly observed as 'flushes', identified by looking to see if 
o 

new leaves are expanding at the tips of shoots.
 

Leaf fall can be seen by observing if any senescent leaves are present in the canopy,
 
o 

and by looking under the tree for freshly- fallen leaves. 

o Flowering is the period from anthesis to petal drop. 

Fruit growth will obviously follow flowering. Itcan be difficult to observe in tall trees. 
o 

Although the whole period of fruit growth up to final maturation (and fruit fall) is 

usually easy to see, sampling has to be done if different stages of fruit growth need 

to be identified. 

Branch phenology 

A close scrutiny or a branch will often expose details of how it has grown over the past 

few seasons, as well as providing information about where and what kind of fruiting sites 
can be rather 

Making measurements on individual branches 
are formed (Figure 1). 

time-consuming so that this exercise has to be carefully thought out. Such a study can
 

some manipulaon which may piovide clues relating to tree management by 
include 
lopping or browsing. 

Usually, a number of representative branches are chosen at the start on a random 

5 trees of the species under investigation that are growing in the 
sample of about 3 - it will not be 

Unless a large amount of replication is possibki
selected site conditions. to obtain 
possible to make rigorous statistical comparisons, and any replication is j!L 

If branches on individual trees do not behave similarly this, too, 
a better sample mean. 
is useful information. Only large differences in phcnologicai patterns will emerge from 

this kind of investigation, but at least they can be presented as a tabular or graphical 

record. 
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Figure 1 Changes ii length, leaf number and the occurencc of flowering and 
fruiting on a primary braich of a (hypothetical) woody species. Portions 
being observed over three seasons (A-C) are indicated. Arrows show 
original 'base' mark and in C, the new position to which it has bcen moved. 
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their position in the tree (as repre-
Branches need to be selected in relation to (a) 

scnting, for example, an actively-growing part of the canopy); and (b) their ease of access 

for subsequent observations. If lie canopy is not similarly active in all parts this will ne

cessitatc taking replicate samples in each 'tone'; but usually this is unnccessary. It is 

are too close to the ground, ncar to a path, or where 
wise not to chose branclcs that 

bccause they may inadvertently be re
arc being unIdertakcn,agricultural operationis 

moved or damaged. 
a suitable intcrnode, not 

Once selected, branches are marked with a paint spot at 
that the internodc is mature. It is 

too far from the apex but far enough back to be sure 
toxic paint, such as at watcr-solulle plastic emulsion, making

important to use a non-
certain that it is not placed on green, tender tissue. Ustally the mark can be made just 

below the 7th or 8th nodc from tile shoot apex. 

The branch should be labelled to indicate its number and/or location in the tree and 

that is to be imposed, usin-t a label that will persist in a rea
any Subsequent trcatment 
sonable staltc over several scasons. Thc label must I e :,ccurcd in a way that will riot dam

an extra length of colourcd string or
 
age the shoot. We haivC foIund it useful to at tach 

moved after a 
twinc so that each label c;a, be quickly found. The datlill spot can be 

branch has grown to a point where it involvcs too much work to count tlhe nodes and/or 

it exceeds the length oftlie ruler. It is ncccssary to note in the records the point to which 

and record both the old and new lengths.
it has bcn re-located, and to measure 

)ne set of branches should be mailitaincd as a control, wiIi tretatiiciits imposed on 

For example, the removal of the shoot apex at different parls of tile scason 
Ot her sets. 

ties as to the species' pot ential for re-sprouting at these periods. This 
ma, prcvidc 
approach has to oc treated cautiously as the growth rcgulitory mechanisms of Ilhc 

ircated branches may be over-riddIeii or compensated for by adjace nt ones. Thus a posi

tive response of a si'igec shoot to apex removal will indicate that the whole tree or bush 

is likely to respond in the same' way at that part of the seasons. I howevcr, a negative 

of the branch still remains Suppressed, and i more 
response may indicate t',at ,rowtL: 

lopping treatment of the whole plant will be needd to test its potential for re
severe 

plk s if flower or frtiit-r,_moval is to Ibce!cstcd as a mcthod of chang
growth. The samc a 
ing the plant's plhcnoogical entraininicnt. 

to 
Records should be taken at s(IICnitiai iIrL'vals, the actual lime being related 


periods of climatic chatnge rather thn calender dates, as follows:
 

tilcr from di.- dattim spot to the shoot apex 
o Shoot extension can Ic mcasurc \ it Ii 

in millimeters, Cxpressed later as a rate of.grtvth (cm/standaird period). 
any node. It 

o Node ntimier.Should also iiiclId tile prcsencc or absence of leaves al 

is best to record otly leaves ol a si/c greater Iihn a st ated length (e.g., Icm) in order 

as and When these are produced fromcoUit Cd isa 'lCe',to standardiie what is beiii 
buds sprout (i.e., swell observably) fromn a lcaf axil this 

a shoot apex. When late ral 
isUalty sufficient just to record tlie subsequent increase 

should be recorded, aid it is 

in length of each lateral. ( )thicrwisc a new sct of records for cach branch has to be 

this will ... it n - r......hd :,lt ion of tile aniiotrit Of data bCing col
established anti 
lected. The rate of increase in nodc number and (totat) lateral sltiott extension per 

branch with tinie can bc calcutated subsequie nitly. 
De-

Flowering should be noted for each identitied node at which flowering occurs. 

tle species this will be as single flowers, inflorcsccnccs or short flower
pending on 

at which a shoot apex
ing ",hoots. It may also be necessary to indicate the time 

Where flowers are 
terminates in a flower, if this is a characteristic of the species. 
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borne on short shoots (e.g., Burseraceae)they can be treated as separate sites to berecorded along with the supporting branch itself.Fruiting can be added to the record if there are easily ideatifiable stages of fruit
growth (as with many commcrcial fruits). Otherwise one can merely identity the pre
sence of a fruit (or fruits) until it matures and falls. 

There is obviously a limited period during which branch phcnological data can betaken before the structure becomes too complicated to record easily. The method istherefore best-suited to invcstigations that are limited to just a few seasons. 

Leaf or flower initiation studies 
As the study of an individual woody specics progresses it may become nccssary tounderstand more about the way the plant's development sequences rclale to climaticand/or managcment factors, especially the progress of leaf initiation over time (theplastachron), and the appcarance of expanding leaves with time (the phyllochron)(Figure 1). Tlhcsc two may or may not be closely correlated depending on whether aperiod of vegetative bud dormancy occurs; but thcy arc both key stages strongly affectedby climatic factors, e.g., by availablc soil walcr and atmospheric humidity (or both), andby ambient temperatures. Although results of such a detailed investigation can helpwith the intcrprctation of the plant's responses to managcmcnt, it is essential first to decide whether or not tlis level of detail is really required. Phyllochron records will beobtained from branch phenology st udies (see above), but the plastochron can only bedefined by dissection of vegetative apices sequentially with time. This is not difficultand it can be done with a high-powered binocular microscope, taking care to sample

representative shoot apices.
Similarly, a knowledge of the time at which flower or inflorescence buds are initiatedcan be esscntial to the proper understanding of the way seasonal climatic variationsaffect sul)scqucint flowering and fruiting. Woody plant species differ considerably inwhere (i.e., on what part of the branch) and wihen flower initiation take places (Huxley1985). It can be in a previous season, or only just a short time before anthesis (floweropening). If knowledge of the effects of climatic or management factors on flowerinitiation is required, samples of appropriate buds should be dissected. Buds that have
progressed from the vegetative to the developmental stage can nearly always be detectcd because their morphology changes, and the primordial shoot apex becomes flattened with flowering initials becoming evident. A prior investigation of this formativebud and development pi ocess has to precede the main investigation if such morphological changes have not been previously characterized for thc species under test. Again,
this is not difficult or particularly time-consuming. 

Phenological met!,ods for below-ground parts 
Methods for studying roots are described in several publications (e.g. Bohm, 1979;Schuurman and Gocdcwaagen,1971.) All of them are time-consuming and laboriousand rcquire special facilities or cquipmcnt. For most phcnological studies, patterns ofbelow-ground activity may be as important (although much less easily observed) asabove-ground activity. Indeed, it is to be expected that tropical woody perennials haveas wide range of bclow-ground root growth strategies (for fine roots, at least) as theydo for above-ground leaf production. Furthermore, the ecological success of manytropical woody species may well depend, at least in part, on the differential phasing ofroot and shoot growth if they arc to compete stccessfully with associated species of one 
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example of root-shoot growth 
kind or another (see Huxley and Turk 1975 for an 

phasing). 
It seems likely, therefore, that at some stage many investigators of multipurpose trees 

will wish need to incorporate a study of what ishappening below-ground. Probably the 

simplest approach that can be suggested at present is to make a succession of observa

tions and/or measurements of topsoil root activity by taking core samples and looking 

for the the presence of live, actively- extending fine roots. This procedure would ini

tially be purely qualitative; but it can be made quantitive by washing, collecting and 

measuring the length of different root fractions (Ford and Deans 1977). At the same 
The 

time the presence or absence of root nodules can be observed, if appropriate. 

effectiveness of nodules can be defined quantitatively by estimating potential rates of 

di-nitrogen fixation, using the ethylene acetylene reduction technique. Such observa

tions may provide useful clues as to whether or not a more detailed below-ground study 

is needed later. 

Examples 
We give here two examples from apreliminary branch phenology study on seven woody
 

species that commenced in 1985 at ICRAF's field station at Machakos, Kenya. The
 

objectives were to test the feasibility of this approach and to-assess its value for the prac-

The methods used 

tical assessment of woody species introduction and management. 

were as outlined in the section above and, although sample sizes were very small, the 

data generally coincide with the observable behaviour of all similar specimens in the 
for an example of a long

plot. The reader is referred to Huxley and Van Eck (1974) 

term study of single whole plant phenological observations on a number of woody 

species at one tropical site. 

A comparison of three species 

Growth of uncut lateral branches 

Figure 2 shows the periods of extension growth of typical primary laterai branches of 

young trees (4 years from planting out) of Psidiumguajava(guava), Acacia stuInannii, 
three rainy seasons from August 1985 to 

and Leucacna Icucocephala cv. K.8, over 

February 1987. Monthly rainfall totals are also shown. The first period of rains (short 

rains) started in October 1985 and continued through January 1986; the second (long 

rains) was from March to June 1986; and the third (short rains) was from October 1986 

to January 1987. Intervening periods were virtually dry seasons. This bimodal pattern 

isnormal in this region. The elongation growth of intact primaries (branch A) is shown 

as well as the continuation of primary growth by a secondary after removing the apex 

(branches C & D). 
Guava originated in the American tropics but is quite widely spre;ad as a fruit crop 

through tropical and sub-tropical regions; it has been cultivated in various parts of 

Kenya for many years.A. stulmannii isan indigenous species common to the drier areas 

of Kenya. Leucaena is native to Central and South America and is usually considered 
mm of annual rainfall (Brewbakermore than 10(X)

best adapted to higher areas with 

1987). 
These three species exhibited quite different growth patterns of uncut primaries. 

Branches ofA. stulzaniigrew in length mainly during the rainy periods but ceased, as 

is common with many tropical tree species, prior to the end of the rains. However, in 

108 



P.A. Huxley et al. 

Figure 2 Seasonal changes in rate of terminal extension growth of typical primary
lateral branches of three woody species in relation to rainfall. Somebranches were left intact (branch A - means of 6); others had approximately 15 cm of the original apical portion removed either prior to theshort rains in August 1985 (branch C, means of 3); or during the shortrains in November 1985 (branch D, means of 3). Monthly rainfall totals(cm) are shown at half scale. Flowering times: Psidiumguajava: November 1985, February 1986, August 1886; Acaciastunanii:September 1985,August 1986; Leucaena letcocephala:November 1985, February 1986,

August 1986. 
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the short rains of 1986/87, a second phase of growth extended into the dry season. The 

most vigorous extension growth was in the short rains. A small amount of branch exten

sion also occurred during the dry period in September. 

Guava showed a great dea; of pre-rains extension growth of primaries in each of the 

two seasons), or slowed (last 
three rainy periods, and extension again ceased (first 

season) before the end of the :ains. Branches of lcucacna grew vigorously on these 

young trees well before the short rains, started in October 1985 and again, briefly, post

short rains (February 1987). Very little extension growth occurred cubsequently. In the 

last season shown, extension growth began, weakly, in the dry season well before the 

start of the short rains of 1986/87, and continued, in the samc way, into the start of the 

next dry season (February 1987). 
the previous season's vegetative flush and, if a period of 

A. stuhnanii flowers on 


environmental stress sets in, may or may not set fruit and/or shed young fruits. If not cut
 

back, guava flowers on short lateral shoots arising on maturing parts of a branch and/or
 

on 'spurs' found in the axils of leaves on older wood. Flowering accompanies or follows
 

a period of vegetative growth. Leucaena forms infloescences on new-shoot, lateral
 
season's 

branches arising near the apex of extending.primary shoots, i.e., on current 

growth. Its flowering was erratic and badly timed. 

The phenological patterns show that both guava and A. siulynaniiare adapted to tl, 

environment at this site. There are no particular soil problems, apart from a generally 

low level of soil fertility on these Oxisols; and, at least from the three seasons of obser

vations reported here, they could be seen to be suitably entrained to the climatic pattern. 
Flowering occurred only 

an entirely different case, however.
Lcucaena presents 

towards the end of the first short rains of 1985 (November). It co-incided with the early 

start of the long-rains ol 1986 (February), but another flowering occurred at the end of 

these in May, and yet again in the following dry season (August). There appears to be 

no mechanism whereby leucacna can shed developing fruits, and the depletion of plant 

reserves during the fairly long fruit growth and maturation periods were not supported 

a very weak and intermittent
A consequence was, eventually,

by vegetative flushes. 

vegetative flush starting early in the pre-short rains of 1986, which continued into the
 

start of the dlry season. The sCquence shows clearly that Leucaena 
February 1987 be forceably 
leucocephala is not inherently adapted to this site. It can, of course, 

entrained by a suitable lopping treatment to be somewhat better suited to it. This has 

been done at Machakos, so that its non-adaptability is unlikely to be a consequence of 

unsuitable soil (e.g., low p 1) at this site. 

Renewed apical growth on cut branches 

In order to obtain some evidence on plant response some branches on each tree had 

15cm or so of the apex removed at specific times in the season (see methods sections 

above). For all three species shown in Figure 2 it took approximately a year before apical 

growth on the primary was continued (Branches C and D) by a suitable (i.e. proximal) 

Nor did it make much difference whether the primary apex had been 
lateral shoot .
 
removed prior to or during the short rains of 1985/86.
 

Growth of primaries and secondaries in one species 

Figure 3 details the initiation and growth of secondary laterals of another well-a'lapted 

species, Grevilla robusta. The uncut primary lateral branches (branch A) grew vigo

rously in the first and third rainy seasons (Figure 3a). Primary branch extension almost 

completely coincided with the start of the short rains in October 1985. Some pre-long 
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Figure 3 Branch plonology of 3-year-old Grevillea robusta. 
(a) Rate of terminal growth of typical primary laterals, branch A intact;branchcs C and D cut prior (August) and during (Novembcr) the shortrains of 1985. The extension of shoot apex, where shown, i,,. by a replacemcnt proximal lateral :;hoot. Grevillca (lid not flower in i,., period.(b) Rate of emergence ol young lateral shocts, branches A and C treatedsimilarly. Note that, on occasion, some small lateral shoots died back
(negative rates).
(c) Rate of extension of all laterals on the recorded portion of the branch(scc text), branches A and C treated as before. Scales for rainfall adjusted 
as necessary. 
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rains growth occurred in the dry ecbruary of 1986 (but there was still probably sonic 

soil water storage at depth then). For some reason, there was little extension of primary 

laterals in the long rains of 1086. Rapid ext(-nsion started again well before the short 

rains beginning in November 1986. with another flush towards the end and into the dry 

season (cf. A. stul,:anii). 
As with the other three sp.cies, there wa,; a long dclay in rencwal of terminal growth 

once a pi iniary shoot has been cut (branches C & D, Figure 3a). 
on primarics 

Counts of secondary lateral buds and their extension growth arc also shown in Figure 

young growing laterals (identified when longcr than one centimeter) died back 
3. Som 

on the uncut primaries (branch A) in Greoillcain the short rains of 1985/86 (Figure 3b).
 

A few more sprouted when these rains had ceased in January 1986. A similar pattern 

occurred prior to and at the start (fthe short rains of 1986/87. The example of a cut 

primary (e.g., in August 1985 - branct, C) shoAcd that nothing ippencd until April of 

the following year. There was litue dicback of young laterals but some subsequent inter
s were all

md January and February 1987. These trc 
mittent sprouting in August 1986, 

healthy and very vigorous. The rate of cxtcnsion of secondary laterals (an expressio, of 

) is shown in Figure 3c. The few secondary lateral shoots that had 
their gro\ th 'vigou 

in the short rains of 1986), perhaps
been formcd gcw significantly much lalcr (i.e. 

the uncut prinary (branch
slightly more vigorously on the cut (branch C) rather 'han 

A). barrier or decorativean excellent
Therefore, although Grevillea robtsta can form 

hedge, the characteristics shown by these branch phenology observations suggest that 

it will be somewhat unproductive in terms of biomass production, at least from the sides 

where these samples branches were chosen. 

Conclusion 
Thcse few examples illustrate the kind of information that can be obtained by a careful 

A major advantage of branch phenology
study of the phonology of woody species. 

studies, even on such small samples, is that it forces the researcher to make the kind of 

combined phcnologiral/morphological obscrvations which, otherwise, would probably 

more clearly- focussed treatments can be det ived if 
be overtooked. Potentially, much 

experiments have been tprcccded by ouch simple studies or, if they are included in field 

experimentation, much more useful information can be acquired about the responses 

to treatments. 
What is now needed is the coilcction of information from larger samples in order to 

can then be made on the size 
assess the variability in such data sets. Recommendations 


of samples needed for analysis by appropriate statistical techniques.
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Abstract 
ICRISa T's work on n'odelingsorghum, pearlmillet, andgroundnutis summarized,andIhe iplicationsforagroforcstO,systems areexamined.Trees can improve waterinfiltrationrate and by utilize deeperprofile water not accessibleto conventionalcrops. it thispaperwe have studiedhow the introductionof tree species in crop systems would affect overallwater u.se andproductivity. We have analyzed climatic dataoffive selected locations inaridand semi-aridIndia in tenrs of the distributionand dependabilityof rainfallandthetrendin seasonelrainfallpattern in the recent years.

Probabilitiesof availablesoil water (ire sinulatedfor these locations.A vailble waterholdigcapacitvofthe soils(re assumedas25, 5/, 100, and 150 mni, ateach ofthe selectedlocationsto accountsoilsfor rangingfrom viC shallow to meditm deep. Grainyields and,totald , matteraresimulated.forthese agroclimaticconditionsto outline the en vironmeltts
where agroforesin, isfeasible. 

Grainyieldv and total di, matteroj the crops at variouslevels of shadingby the treecomponlelt are simulated. These results are expected to give some insipglt as to how thetree-nlailagement will affect tile imicroclimate and productivity of tie crop. Effects ofchanges in microclimate such as canopy temperatureand radiation intercepted (by mailipulatingrow width, plant density canopygrowth) on productivity basedon inforniationfrom imtercropl)inttamdfortmystudiesarediscussed.Simulationresultsarecomparedwiththe experimental data from ICRISA T and elsewhere on appropriatecropping systems
under variousagroclinaticconditions.

Minimum data sets that need to be collected from specific experimnents designedfor 
agroforestrystudiesare identified. 

Introducti,, 
Crop simulation models are useful tools to examine the feasibility of agriculturalmanagement systems and can be used to examine the effect of trees within croppingsystems. Trees can utilize water in deep layers of the soil profile not accessible to theroots of conventional crops. I this presentation an attempt is made to study how theintroduction of tree species into cropping systems is likely to affect the overall use of
environmental resources. 

This paper has been divided into three parts:° a comparison of the performance of the two crops, sorghum Somghum bicolor (L.)
Moench and pigconpea Cajatuscajan (L.) Millsp., in sole and intercrop systems and
relating their performance to agroforcstry systems; 

.. 
 ..... 
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an analysis of the climatic and soil water data for five selected locations in India to 

examine where agroforestry systems may be feasible; and 
a sorghum crop model and the implications for agroforestry

0 	a simulation using 

systems. 

Intercropping 
Kassam and Stockinger 1973; Willey and Lakhani 1976; 

Many investigations (e.g., 
Natarajan and Willey 1981; Rao and Morgado 1984; Natarajan and Willey 1985), have 

shown that intercropping can give rise to substantial increases in yield because the com

ponent crops complement each oilier and make better use of environimcptal resources 

We have used the performance of two crops sorghum
than when 	grown separately. 

a simple model of an agroforestry
and pigeonpea in sole and interc:op systems as 

systemn. 
Figure I illustrates the cumulative dry matter per unit area of a sorghum/pigeonpea 

intercrop during the growing season (Natarajan and Willey 1981). In intercropping, 

sorghum was the dominant component, and grew at a rate comparable to that of sole 

sorghum. In contrast, pigeonpea in the intercrop experienced severe competition from 

sorghum plants which formed a canopy very rapidiy. 

Figure 1 	Dry matter accumulation in sole sorghum and pigeonpea and in
 

sorghum/pigeonpea intercrop on Vertisols in 1977 at ICRISAT Center
 

(after Natarajan and Willey 1981).
 

10000 

Intercrop 


sorghum
 

75/ 
sorghum
7500Sole 


/i*', SORGHUM HARVEST 

.
.
 

500. 


/ 
Intercrop 	pigeonpea
 

0 
 170
140
110
80
50
0 	20 

Days after emergence 

116
 



A.K.S. Huda et al. 

At only30 days after emergence, sorghum intercepted more than 70% of the incidentradiation and by about 55 days the peak interception of 84% was achieved (Figure 2).Canopy development in sole pigeonpea was much slower: at 30 days, this crop wasintercepting only 10% of the incident light; and at 00-65 days, it had reached a nearmaximum value of 70% which was more or less maintained until about 110 days.Figure 3 illustrates the efficiency with which the intercepted energy was convertedinto dry matter throughout the growing period. Comparing the sole crops, the fitted 
regression linecIsshow that tie sorghum (1.5 g MJ" ) was more efficient than the pigeonpea (0.6 g MJ ). The intcrcrop converted the intercepted light energy before sorglumharvest at a rate of 1.7 g MP, which was more efficient than sole sorghum. After thesorghum harvest, the efficiency of conversion of the intercrop pigconpea reverted to avalue virtually identical to that of sole pigconpca.Natarajan and Willey (1981) reported that intcrcropping altercd the ratio of transpiration to evaporation from the soil surface. Thus the yield advantages of intercropping were achieved simply by channeling a grcatLr proportion of the water through thecrop. These data on sorghum/pigconpea intcrcropping were collected from one location (ICRISAT Centcr, Patanchcru). Analysis of agroclimatic data from other locations is a necessary first step to identify Ircas where the reported success of double

cropping is likely to occur. 

Figure 2 Light interception by sole sorghum and pigeonpca and sorghum/pigeon
pea intercrop on Vcrtisols in 1977 at ICRISAT Center (after Natarajan
and Willey 1981). 
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Efficiency of conversion of intercepted light energy into dry matter on 
Figure 3 

Vertisols in 1977 at ICRISAT Center (after Natarajan and Willey 1981). 
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Climate and soil water 

We analyzed climatic data of five selected locations in arid and semi- arid India in terms 

and the trend in seasonal rainfall 
of the distribution and dependability of rainfall 


pattern. Annual rainfall of five locations (Jodhpur, Anantapur, Hyderabad, Dharwad,
 

and Indore) in India, based on data from 1941-70, ranged from 382 mm (Jodhpur) to
 

1001 mm (Indore); and the coefficients of variation ranged from 20% (Hyderabad) to
 

42% (Jodhpur).
 
We exam;ned the mean weekly rainfall distribution and the probability of receiving 

at least 10 and 20 mm rainfall in each week for these five locations. The number of 

in Jodhpur, 10 in Anantapur, 16 in
rainfall was 11

weeks receiving at least 20 mm 
The continuity of rainfall is important 

Hyderabad, 22 in Dhai wad, and 16 in Indore. 
season. The consecutive weeks receiving at least 20 

for determining length of growing 

mm rainfall were 11 in Jodhpur, 5 inAnantapur; 15 in Ilydcrabad; 15 in Dharwad; and 

16 in Indore. at the beginning of 
Probabilities of available soil water (ASW) stored in the profile 

post-rainy seasons were simulated using the Ritchie (1972) soil water model to indicate 

the possibility of growing a second crop after iainy season cropping. 

Soil water was simulated assuming a sorghum crop in the rainy season and using 

to 1970 ( Figure 4 ). Available water-holding capacities 
_!*matic data from 1941 

mm, respectively. For 
(AWHC) of soils for Anantapur, and Jodhpur were 50 and 1) 
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Figure 4 	 Probability of (less than a given amount) simulated available soil water atthe beginning of postrainy seasons after a rainy season sorghum at fivelocations in India. Data base is 1941 to 1970. 
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ing two crops in a \,car with out hlus growirrigation inv-olvecs high risk. The reasons aire not only
thle anliount and dlist ributiloll of rainfall, but also the poor water-hol1ding capacity of the
soils. 

Sinmulat ion n]IO(leIS based on soil, crop, and weal her factors are useful to characterize environnts q.(uatitaiitivecly in terms ofproduction poitntial an(J can he used ats toolsfor planning alternate strategies for cropping and land use.for simulating No nmodels are yet availablelie performance of intereropping and agroforestry systems. However, 
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itTexas A&M 
used in this study a sorghum simulation model developed 

we have 

University and modificd at ICRISAT for use in the semi-arid tropics.
 

Mod(eling 

'lie sorghum simulation model, S()R(F. developed by Arkin ct al. (1976) and modified 

Tie S()R(F model requires daily rainfall, 
used in this study.

by I luda (1987) was 


milximum and minimum air teinpe rat ures, and solar radiation as weather input data,
 

Ihe plant and soil im',rmaltion needed includes date of 
and latitudc of the location. 

sowing, depth of sowing, row spacing, plant density, potential number of lcaves and their
 

sowing.
 
maximum size, water-holding capacity of the soils and available soil water at 


The model calculates the daily growth and developuin! of at andard grain sorghum

and recommilierdledsuflic'lInt plant protection, 

plant under adequate mainagemclnrt, physical aind physiological
 
a field stallnd. Itaccoulnts for the 


doses of nutrients in 

processes such as phcnology, leaf area development, light interception, and water use
 
epollial dry mailtter
 

as sub-models. Thtc 

which are 
independently computed and used 

is calculated from radiation intercepted and the net dry nat ter is calculated accounting 

for water and temperature stress. Partiloning of dry mattcr into different plant parts 

is based upon the stage of dcvelopnle at of the plant. The final biomass and grain yield 

per unit arca arc calculated by multiplying plant density with the lionlass and grain 

Weight per plant at physiological maturity, respectively. 
of 

Bccausc our an:ilysis dcals with soil water availalbility and the feasibiity sI tiis 
sub-rout ie 

to describe briefly Ihc soil vatier bilatI t 

agruforcst ry systems, it is pertine nIt data on 
Daily soil water is simulated in tile nmodel using th 

of tile SC)RC;F model. 
rainfall and irrigation, initial water conltelt in the soil profile, and tile available watcr

holdingcapacily of Il: soil, followilg tlc approitch of Ritchic (1972; 1')73). Evaporation 
- 1

and transpiration are calculated separately to obtain evapotrailnspiratioll vaporation 
F i
E) and the number

evapotranspiration...... 

is primarily dependent upon tile pott 

Potential evaporation below even. 
of days since the last significant rainfall.irrigation 

is calculatcd idtcr sintlating the potential citaporaition from bare 

itplant canopy (-C)S) values. E() is cdculaicd in the 
and relating it to the leaf area index (1.AI)

soil (EC)) Net radiation is calculited from albcdo, 
model using net radiation as input data. 

,itchic (1973) 

naximum solar radiation rec,,hing the soil :,urfacc, and sky emissivity. 
PET and tile rclivtt\c soil water level, 

rcportcd that transpiration is depeldent upon0 

RS\V,defined as tIlc ratio of available watcr on iiiv aly to tIlllixilllull 1VAiitble water 
w icr-stress

Arkin ct al. (10)70) dclcild the 
holding capacity of tle rooted profile. tile cocfficicnl 

no droug hlt-str c s s) if RS \V is above 0.4., 
1.0 (suggestingcoefficient as 

there to ,Jwhen RSW is0. 
hilnl atdecreasing linearly fron 

ot idbiomlass produldion of sor 
was Used to sitliulatc

Thc SCOIRCF model wcre used. Sinliulatlions xcrcriladc 
ICRISAT Center. Climatic data from 1974 to 19'18( 


for three soil types. 50111 (Shallow
was takcn assoils 
Available watcr-holding caplacity of these 

(\crtisi l:.). Siltilations wcrc iade 

Alfisols), 150 11 (Vcrtic Ineeptisols). and 251)m1 

year (.1Lii1e to September, ( )ct obcr to Jainlary, and February to 

for three periods in it ianuary is tile post-rainy)ctober to 
May). Juine to Septeber is tile rainy seasOW, 

Because of insufficicnt avail:ible season. 
season, and February to May is the summer 

durin l'83/84.
water in tie soil profile, it wis difficult to support a second crOp on the Alfisol in all the 

on all tlie soils in almost all the years except 
and a third cro)pyears

Ilowcver we assumlied arl established stand (trees) in the beginning tl" the second (for 

Alfisol) and third seasons (flr all soils). 
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Huda (1987) used a simple relationship of 3.0 g of dry matter accumulation for eachmcgajoule ( MJ ) of radiation intcrccption. This coefficient was derived from anirrigated sorghum grown during post-rainy season. The coefficients for dry matteraccumulation efficiency used in the simulation study were 25% higher for the rainyseason, when saturation vapour pressure deficit is usually less than 1kPa; and 25% lowerin the summer season, when saturation vapour pressure deficit is usually greater than 2kPa (Monteith 1986), as compared to the values used for the post-rainy season. The introduction of separate light use cfficicncy coefficients in the SORGF model for rainy,post-rainy and summer seasons needs further investigations.
Figure 5 shows available soil water simulated for three soil types at the beginning ofeach crop season for three periods at ICRISAT Center. It is apparent that in ShallowAlfisols there is very little soil water available for crop use over extended droughtperiods. In Vcrtic Inceptisols and in Vertisols, there is fairly good degree of storagefor a longer time. Results show that in 70% of the years simulated soil water at thebeginning ofpostrainy (after rainy season sorghum) was nearly full in all three soils. Atthe beginning of summer season the simulated soil water was zero in the shallow Alfisolin all years and was less than 15 mm in Vertic inceptisol and less than 95 mm in Vertisol

in 70% of the years, respectively. 

Figure 5 Probability of (less than a given amount) simulated available soil water at
the beginning of each of three periods in three soils having different avail
able water holding capacity (AWIIC) at ICRISAT Center. Climatic data 
from 1974 to 1986 were used. 
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Figure 6 shows the simulated biomass of sorghum in three periods in three soils atICRISAT Center. The range and variability in biomass across three seasons and threesoils are noticeable. In Vcrtisols, for example, simulated biomass production decreasedfrom the rainy to the post-rainy season; and in the summer season simulated biomasswas zero in 42% of the years. In the rainy season there was no difference between 
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Vertisol and Vertic Inceptisol, but in Vertic Inceptisol simulated sorghum biomass was 
Simulated 

considerably lower in the postrainy season and zero in the summer season. 

sorghum biomass in the Alfisol was lower and more variable than in the other two soils 
Zero biomass 

in the rainy season and was zero in the postrainy and summer seasons. 

simulation 	of sorghum resulted from an extended period of drought when simulated 

available soil water in the profile was virtually zero for more than 15 days and the model 

assumed the complete senescence of the crop. 

Figure 6 	 Probability of (less than a given amount) simulated biomass using a
 

sorghum simulation model, SORGF for hree periods in three soils having
 

diffeient available water holding capapcity (AWHC) at ICRISAT Center.
 

Climatic data from 1974 to 1986 were used. 
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Considering an established stand (tree) in an Alfisol during the post-rainy and the 

summer seasons, and in a Vertic Inceptisol during the summer season, we report the 
These were simulated 

corresponding simulated biomass of sorghum in Figure 7. 
became 

biomass values of sorghum at the time when the soil in the crop root zone 

of sorghum occurred when zero soil water 
senescencecompletely dry. Complete 

Under such circumstances we made assumptions
continued for more than 15 days. 
that the model allowed sorghum crop to senesce but permitted trees to use water from 

deeper layers in the soil profile for their sustenance. We made these assumptions based 

on our experience with sorghum. However, further research is needed to understand 

how a tree species behaves in a situation when zero soil water continues in crop root

ing zone for a number of days. The mean biomass (tree) in a Shallow Alfisol was 13, 4, 

t in rainy, postrainy, and summer seasons, respectively. Mean biomass in a 
and 2 t ha
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Vertic Inceptisol was 14, 8, and 2 t ha "1 in rainy, post-rainy, and summer seasons,respectively (Fig. 7). Mean biomass in a Vertisol was 14, 11, and 3 t ha-1 in rainy, postrainy, and summer seasons, respectively. Thius, trees could provide some biomassduring the summer season which could be used as fuel and fodder, unlike sorghum
which stopped growing. 

Figure 7 Probability of (less than a given amount) simulated biomass of tree using asorghum simulation model, SORGF for three periods in three soils havingdifferent available water holding capacity (AWHC) at ICRISAT Center.
Climatic data from 1974 to 1986 were used. 
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Simulation results using a sorghum model showed some promise to generate first
hand approximation information about the alternate 
 land use systems for three soil
types in one location. Such studies need to be extended to other locations. However,
validation of the simulation results in respect to agroforestry systems is an essential stepfor extending this work further. 

Validation 
The validity of this simulation will be examined by comparing actual values beingcollected on Leucacna based systems at ICRISAT. Important values to be consideredare the depth of water uptake by trees, the competition for moisture between trees andcrops, the rate of canopy formation of trees following pruning and the efficiency in whichintercepted energy is converted into biomass. 
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Abstract 
Environinentaldata can provideuseful informationin a statisticalanalysisbut only if theinfonnation is collected at meaningful time inter'als. A statisticalmethod to assess thestability of mixed speciessystems is describedandits modificationfor use with perennial 
crops is considered. 

Introduction 
The stability of intercropping systems has been considered by a number of researchworkers although published work on this subject is rare. A useful paper isby Rao andWilley (1980); a statistical paper reviewing the available assessment techniques and presenting a new approach is Mead et al. (1986). In this paper, I shall present and examinethe concepts of this recent work and consider its extension for use with agroforestry
systems.

Most work that has involved the statistical assessment of stability has used variation,dependence upon environment, or risk to descri? . the degree of stability. The use ofmeasures of variability such as the coefficient of variation assumes that 'stable' meansunchanging or constant in return. This need not be so, for a farmer will surely not objectto a large increase in yield provided his yields do not fall below a desirable minimum.However, the main fault with such an approach is that the structure of the data in termsof temporal or spatial differences is usually ignored which may give rise to spuriois

results.


The idea of dependence upon environment rests upon the technique developed by
Finlay and Wilkinson (1963). 
 The success of this method depends largely upon thechoice of the environmental index on which to regress the yields. In monocroppingsituations, the index isusually taken to be the mean yield of all the genotypes at that environment. In intercropping however, this means that the index iscomposed of the intercrop yield, and its two corresponding sole crop yields all of which are interdependent;any comparison of regressions based upon such indices will not be valid since the
regressions will be interdependent.

The risk approach to the assessment of stability has been used by Rao and Willey(1980) who examined sorghum and pigeonpea returns from different farming systemsat a range of environments and related them to the minimum required levels of returnthus producing estimates of risk. Although this method ignores the structure of the datait is well-defined and permits the idea of stability to be seen in a more realistic way. 
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A new approach 
Mead et al. (1986) develop this risk approach allowing for the possibiity of temporal 

Using a set of data consisting of 
and spatial components of variability in tie data. 

sorghum/pigeonpea intercrop returns and sole sorghum returns, each from one of 51 

site x year combinations, they examine the variation from site to site and from year to 

year for the 51 pairs of values, using bivariate analysis of variance. The patterns of 

variation for the site year and interaction effects appear consistent so the data set is 

Still relying upon the idea of 'bivariates' the intercrop returns are 
used as a whole. 
plotted against the sole crop returns, as in Figure 1,and the overall scatter is considered 

in terms of a bivariate probability distribution. 

1 Intercrop returns plotted against sole crop returns for 51 sorghum/pigeon-
Figure 


pea combinations.
 

10 

09 

+
08 

+0.7' 

+ ++
0.6 

+. +;-++ 
+ ,+205 

04 *+
 
+. + 

0.3 + .W 

+02 

+
 

0.1 

00 
02 03 04 05 06 07 0.8 09 10

0,0 0.1 
Solecrop Yield 

To examine the size of risk for the two farming systems over the same range of site x 

year combinations the empirical relative risk is calculated for any possible minimum 

level of return. The range of values obtained for each farming system al e plotted against 

each other, giving the stepped risk curve in Figure 2. Clearly, the risk for intercroppimg 

is only half that for the sole crop system for risks up to 50%. The calculation of this 
If the data can be 

is useful but dependent upon large data sets.
empirical curve 
described in terms of a fitted bivariate distribution then the probabilities of fallingbelow 

any pre-determined minimum level can be calculated and plotted against each other to 

If the method is appropriate for large
1,relative risk curve.give a smooth, not stepp 

samples it may well be applicable to smaller samples. 
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Figure 2 Empirical relative risk curve. 
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Statistical model fitting 
A bivariate distribution is fittcd to the data in Figure 1 by considering the marginal andconditional distributions of functions (sum and difference) of the two return variates,intercrop and sole cr'op. Using a sophisticated computer package (GENSTAT (Aiveyet al. 1983), although GLIM (Baker and Nder 1978) will serve equally well), normaldistributions are fitted to the sum of the two return variates and to the difference of thetwo variates. Suitable integration, then provides the bivariate distribution of the twooriginal variates. The contour plot for the fitted 'ivariatc distribution is in Figure 3.Using this distribution the probability of the return for each system falling below anyvalue can lo calculated; these two sets of probabilities when plotted against each othergive a smooth relative risk curve as in Figure 4. Note the similarities between Figures1 and 3 and between Figures 2 and 4. This exercise, when repeated for intercrops ofsorghum with cowpea, greengram, groundnut and soybean, showed for each crop thatthe intercrop was less r;sky than the sole crop system and that a good fit was obtained 

in the choice of bivariate distribution. 

Adjustments for environmental differences 
In the initial stages of data assessment it may be deduced that large variability existsfrom site to site or from year to year or from both sources. This will prohibit the use ofthe data set as a whole but can be dealt with in one or more of the following ways. Thechoice of sites, which may bc a subset of the total number, should be made for the areafor which recommendations are needed and only those sites included, provided the siteto-site vari;ibility is acceptable. Abnormal patterns of variability will be reflected in theresiduals from the bivariate analysis of variance; adjustmcnts to the data can be made on the basis of these residuals. Collection f environmental data such as altitude and 
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Figure 3 Contour plot for fitted bivariate distribution.
 

''' 

-110 

0PIGEONPEA ~'4' 
90 


80
 

J0470 
r0 

60 J. 

/ //50 

40 

30 

10
 

90 100 11050 60 70 8010 20 30 40-20 1 


-210 

-
soil type and climatic data such as rainfall and temperature can provide apossible 

explanation for the variability and can also be used to adjust the data. 

Applicability to agroforestry systems. 

Agroforestry systems differ from intercropping with two (or more) annual species since 

the perennial component may exist for many years before providing the farmer with any 

return. The method can bc used, however, for '1e following data sets: 

1. For final returns from the tree component (e.g., timber) and accumulated returns 

from the crops species, over a range of sites; 

2. For intcrncdiate returns from the tree component (e.g. fodder) and crop returns up 

to or at that tiec, o',',r arange of sites; 

3. For ieturns from the tree component and from the crop components for a rotation 

system at the end of the time period in terms of final yields for different sites or plots; 

4. As in 3,but with intermediate yields not correlated within species or adjusted for 

previous bearing patterns; and 
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Figure 4 Estimated relative risk curve. 
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5. As in 3, but with responsc curves fitted to the pattern of growth over time andparameters of these curves used for different plots (or sites) as one return variate
and the crop returns as the other. 

Other situations can be identified for use of the method which can be tested forsuitability by close examination of the data. 
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Abstract 
Thispaper deals with the suitabilityofagroforestrysystems as aprotective/productive landuse alternative forsome regions ofthe tropics.

To support this statement the following considerations are briefly drawn:
" the fragilityof tronical soils
 
o 
 the eapansion ofagriculture at arpense offorest land" the improvement ofproductivityandpreseri,ationofeni'ironnzentalconditioisofmis

used cropland.
Both econotnic and social role offorest trees and crops in combination (spatial and/orsequential) for the production ofthe rural poor is pointed out.Special attention is drawn to the environmental conditions for detennining the potentials and limitations of agroforestO, systeins, notably: soil, clnate, and microclitnate,
vegetation, pests and diseases.


Perspectives of the use 
 of agroforesty systems in soil consen,ation programs are
anahzed. 

Introduction 
Factors influcncing the agricultural production systems like the agroclimatic conditions(distribution and amounts of rains, soil fertility, soil drainage, slope, microclimate
among others), land tenancy, crops scqucnce and culture practices, must be sufficiently

known.
 

In the tropics the different systems of agricultural production and cattle raising predominant in each ecological region, are strictly related with the type of soils and the
social pressure on the land.

In tropical Latin America, on soils of high fertility, dominant production systems are
pcrennial cultures like paln, coffee, cacao, sugar, cotton, banana and grasses for livestock. All these akc stable systems which need renovation only after 15 or 20 years.
On poor soils, the small farmer produces basic grains for his subsistence, utilizing
shifting agriculture. This was efficient in the past when the population density was lowand the requirements of the people were also low. The interval bctween seccdings waslong enough to permit restoration of the soil. 

"',, .ZZX.'' -
Irk, 
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Under ever-higher demographic pressures and the growing need to produce crops 

at a commercial scale, it was forgotten that basic grain agriculture on poor soils and 

steep land is stable only when it is part of a systcm that provides soil restoration. Such 
At.roforestry 

a system is one that simulates the various slorcys of a natural forest. 

systems appear to approach this condition and I-; reforc have been favord l)y various 

research and donor institutions to demonstrate their cfficiency in rural cnvironments 

is a protective/productive land use stratcgy. 

The problematic of land use in the tropics 

Fragility of Soils 

Many soils of the humid tropics are characterized by high acidity, aluminium toxicity,
 

and low levels of available phosphorus, potassium and organic matter, all properties
 

which indicates low fertility and limited potential for crop growth. Many of the nutrients
 

utilized in traditional agriculture are naturally availablc from burning and from decom

position of organic matter rather than stored in the soil.
 

are locatcd in the above ground living biomass and in 
Nutrient cycling mechanisms 

the top roots. Under continuous vegetatin cover or permanent cropping systems, very 

few nutrients ae lost due to the closcd system of bioclcment recycling. Hlowever, as 
level is 

above ground biomass decomposes or is continuously disturbed the nutrient 

reduced due to leaching, soil erosion and nutrient export by crop harvest. Therefore, 

ils of the humid tropics do not support continuous cropping under natural 
most ' 


condi.ions. If crop yields are to be maintained, then fertilizer inputs, crop rotations and
 

adaptive cropping systems will be required, such as: sustained annual crop production,
 

pastures, plantation crops, forestry, alley cropping and the like.
 

Expansion of agriculture at expense of forestland 

There is widespread agreement concerning the scarcity of high quality agricultural land 

Generally speaking, agricultural production will be 
in developing tropical countries. can grow by at 
able to keep tup with population growth in the next decade provided it 

- 3 percent per year without putting more and not always suitable - land-
least 2.5 
into crop and livestock production. 

The pressure to expand and intensify the crop land in the humid tropics has resulted 

estimates the deforcstation rate 
in increasing demands on for,.st lanid. Sommer (1976) 

in a study for the National 
of tihe humid tropics at 1100C knf/year while Myers (1980) 

Academy of Sciences of tie United States estimates high conversion rates from forest 
km 

to agriculture in almost all tie tropical countries studied, notably Brazil (4,(., 

km. year); Pcru(3(0,000kmby theend of the century); 
in few years); Colombia (2 


and Ivory Coast (35,80W km converted in 10 years).
 

Forest areas will continue to be exploited and converted for agriculture and cattle 

or internal pressures. This procedure has the following 
raising as a result of foreign 


effects:
 

The progressive destruction of natural forests;
1. 

The replacement of balanced ecosystems and ecologically adapted farming methods 
2. 

(i.e. agroforestry, nomadic animal husbandry, native shifting cultivation with long 

fallow periods, etc.); 
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3. A decrease in soil productivity as a result of soil erosion on one hand and of decline
in soil fertility on the other hand;

4. Loss of gcrmplasn;
5. Loss of the capacity of self regulation; and6. Presence of poor farmers without capacity to improve their incomes and their quality

of life. 

Forest Plantations 

The gcncral picture in tropical America and perhaps in some parts of Africa is thatafforestation is largely out of proportion with deforestation. Arguments for improvinghigh-yicld forest plantations intensively managed on suitable land, have never beenmore justified than now. Known examples are those from Venezuela (200,(M ha ofPinuscarihacaon lowland) and Brazil (more Ihan 2 million ha of eucalyptus managedfor pulp production), holi on savannd landscapes. In mountainous land, however, thesituation has not always ben satisfactory and has cvcn been disappointing. Privateowners have reafforcstcd large areas mainly wilh conifers thinking in terms of incomerather than in improving the cnvironnicnt( )n volcanic soils the yields o r these plantations have been satisfactory but the costs of exploitation (harvesting and transportation) are onerous so that there exists a 'bottle neck' to industrialize such plantations.The growing demand for wood in the tropics, along with intensifying competitiveland use pressures, calls for a revision of land use planning in order to concentrate woodproduction on the most appropriate sites. 

Forest trees and crops in land use planning 

Trees and crops to do the job 

Selection of trees and/or crops to improve soil productivity while preventing soilerosion, requires careful consideration. Planting unsuitable species or tree/crop combinations can result in wasted effort and money and possible loss of time, if failures are 
slow to appear.


There is no point in trying to put trees or crops in nearly soil-less sites because the
growth and crop production will be poor. In such cases grasses xould preferably becombined with an efficient legume like Cajanuscajan (pigeon pea) to ameliorate thephysical condilion of soil and to enrich it with nitrogen and organic matter.The selection of trees and crops as a land use strategy on steep land is largely a matterof assessing their adaptability to prevailing site conditions, their acceptance by thefarmers, the farmers' needs for fire wood, poles, timber, food, etc. and the rentabilityof the system rather than its efficiency in preventing soil erosion. In fact, the first prioritymay be to obtain these by-products, if conservation is to have local acceptance.In Panama for example, Byrsonima crassifoliais tended by the farmer since its fruitis largely utilized in the preparation ofjuice locally named chichade nance. In the watershed of Pautc River, Ecuador, where erosion control has become a great problLm,farmers accept technical assistance in increasing their crop production by meansmeasures that include planting fruit trees 
of 

and other trees known in the region forcenturies (c. g., Eutcahpltsglohbhlhs, 'rnmus capuli) rather than to plant 'miracle' trees 
in their farms. 
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E. dcglupta is used in Costa Rica at the age of I year as training poles for banana trees. 

1978) reports that in south-eastern Nigeria, cashew trees 
Okigbo (cited by Kunkle 

First planted as an anti-erosion measure, but now the 
(Anacardium occidentale) were 

also important by.products used for both food and commercial 
arefruits and seCds 

purposes. 

Augmentation of productivity and preservation of environmental 

conditions 

brought about in great measure by modern
 
Changes in farming methods and land use 

resulted in increases in soil
 -
-	 havein developing countriesagricultural policies 

But these changes also have originated a serics
 
productivity (e. g., coffee, rice, cotton). 

erosion and appearance of pests not
 
of environmental problems that include soil 

erosion problem, the

contributing to the

As 	 important factorspreviously known. 
following deserve mention: 

of crop production, notably
to support the intensification

1. 	 Government policies 
The loans afforded by the state to the coffee grower encouraged him to cut 

10,XX) coffeecoffee.the 	tree storey of a traditional 'multi-srata system', (to plant up to 

trees/ha) severely diminished the protection against soil erosion. This was the case 

in a coffee country like Colombia (with I million ha of productive land for coffee). 

Now the small farner is coming back to his traditional system. 

2. 	 Indiscriminant use of biocides in intensive crop culture (c. g., cotton, rice) has caused 

contamination of soil and water. Even so dramatic is the situation in the livestock 

sector all over the humid tropics, at least in Latin America. The steep land has been 

mismanaged for centuries almost always in the following pattern: 

-(a) 	 Slash and burn agriculture grassland for cattle raising; 

(b) No use of fertilizer; 
(c) 	 No rotation of grazing land; 

Annual burning of grasses to induce fresh growth of palatable young shoots. 
(d) 

This form of range management has led to various types of erosion, among which the 
damage 

so called 'cattle step' is the most widespread in mountainous landscapes. "he 

done to forest and watershcds by this type of cattle management exceeds by far the poor 

the low carryirg capacity of 
takes into account 

returns from meat production if one 
hectares. 

many tropical areas (mostly one animal per 5 or more 
being successfully managed by grass 

savannah landscapes are
Fortunately acid 	

(Ilccht 1979). Some parts of the 
varieties adapted to these edaphic characteristics tocombinations

under experimentation with grass-legume
humid Amazon area arc 

Various scientists (see Sanchez 1)6, 1979; 1lecht 1979; 
increase cattle production. over the cxperimental results 

arc optimistic
Toledo and Morales 1979; among others) 


while others (Deurojeanni 1982; Goodland and Irwing 1975; Shubart 1977; Fcarnside
 

are pessimistic and foresee devastating erosion and they doubt the applicability 
1978) 

to large areas. Although this subject 'is not the matter of this 
of the experimentation 
paper, its importance is unquestioned. Much research is needed to obtain an accurate 

appraisal of soil erosion problems. 
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Environmental conditions to determine

potentials and limitations of agroforestry systems
 

Soils 
As pointed out previously, many of the soils of the humid tropics have low fertility,especially lowland so;,. There arc, however, areas occupied by fertile soils (Andosols,Nitosols, Vcrlisols, Inccphisols). Although notably smaller in extent, the majority ofthem are under coffee. On the other hand, foothills with rclatively high fertility due toa largc amount of organic matter and to a fertile parent material, are already occupiedby vcgetables, pastures and other land uses (e. g., cacao, cassava). Poor and partiallysteep soils remain under 'clean crops' like maize, onion and rice, among others, all ofthem subsistence crops. Unfertility of soils and steep landscapeslimitations to are two strongbringing agroforestr. techniques to the small fairmer successfully.Furthermore, Ihe small size of the farms makes it difficult for the farmer !o plant partof the terrain with woody species, being the crop production essential for the farmer(at least in simtlancous tree/crop models).Some of the poorest soils tend to produce yields that decrease continuously for 8 to10 years and then slabilize. The main problem here is that their management is still inits experimental phase and it is risky to extrapolate

arc research results. lowever, therea few successful examples. fact, theIn in 'Sierra pcruana', soil conservationmeasures (terraces, mulching, green manure) accounted for W60%of the improvementof the ciop production of tie small farmer using a crop/tree spatial model on treatedslopes. A second example is that of the 'sclva alta', also in Peru, where the GermanAgency for I)cvclopmcnt successfully experimented with woodyspecies in private small
farms.

Ecologically, the problems in Andosols, Flu%'cnts (alluvials) and Ultisols are minor,as organic matter could be increased, soil protective is feasible and the proper combination of chemical, org:tnic and green fertilizers could be established, if the economicprofit supports it. Most difficult is the management of Alfisols, Vertisols and even someAndosols that ire abundant in mountainous landscapes in tropical America and ocrhaps also in Africa. In such soil typcs, the shallow depth (generally 30 to 40 cm), the
presence ofexpansible clay and the crodibilityof the topsoil, respectively, make difficult
the application of cfficicni cultural practices.
Summarizing, crop/tree production 
 both spatial or sequential on small farmer'sland Of tile tropics  is based more on economic than on ecological factors. 

Climate and macroclimate 

Moisture, temperature, and rain dist. ibution arc normally considered to be important
factors in field crop production. Of these, moisture relationships (especially seasonal
variation (If cvapolranspiration) determine the more intricate ecological relationshipsand therefore have been considered as the most important determining factor in cropecology. In the hunid tropics the chances of having abundant water supply in criticalperiods arc higher than in the regions of less - and more variable - precipitation. Theadoption of resistant varieties and crops more adaptable to different climates has beena long-term answer to the problem. Agroforcstry systems arc more difficult to evaluatesince the interactions among plants of different size and root systems cause changes inat least the following factors: 
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1. Soil moisture; 

2. Temperature of air within the system; 

3. Evapotranspiration; 
4. Wind; 
5. Incident light; 
6. Decomposition rates of organic matter and nutricnt dynamics; 

7. Ground temperature; 
8. Photosynthctic activity; 
9. Nodulation (in sorne shade trees like Elythrina spp); 

10. Daylcngth; 

Failures in identifying and monitoring these microclimatic factors can lead to losses 

in crop production. In general, however, farmers have, by trial and error, adopted the
 

best practices to manage their crops.
 

Pests and diseases 

This aspect constitutes an important matter of study to derive the limitations and poten-

It is w-il known that the more 
tials of agroforestry systems in tropical environments. 


primitive (and consequently diversified) an ecosystem, the m,,re resistant it is to pests
 

and diseases.
 
The incidence of diseases and pests is of utmost importance in the humid tropics. 

Attacks of insects, fungi, viruses, nematodes and other parasites affect the growing crop, 
use of pesticides has 

On the other hand, tlie indiscriminate 
and thus the final product. 

Ecological guidelines have to take into consideration besides the 
led to many failures. 

economic implications. A necessary prerequisite is a background of biological infor

mation.
 
The control of diseases with chemicals has severe effects on the ecological complex, 

but these are not so serious as those caused by insecticides. The use of pesticides is, 

especially in tropical areas, spreading rapidly. At the same time, farmers and research 

workers feel an urgent need to develop effective alternative approaches, e.g., integrated 

pest management (IPM). 

Perspectives 

Agroforestry systems: where to implement them? 

to the 
are concerned with the application of agrometcorological research 

Ilere we 
The results must be transferred to the rural 

changes in both macro- and microclimate. 


poor in an intelligent and easy way, so that they can take advantage of the improvements
 

in farm management methods. 

The combination of livestock with trees planted for fuel, heltcr and shade, fodder, 
examples exist in various 

or fence posts, can be very satisfactorv in flat land. SuCCCSSfuI 

countries of the American tropics. In hilly land, however, this kind of combination has 

to be practiced carefully since the lack of ground cover under tree plantations can lead 

reports examples of such damage under eucalyp
to severe soil erosion. Pcreira (19)79) 

can be seen in the Andean countries of 
tus in East Africa and Ethiopia and the same 


South America.
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Notwithstanding this fact, successful case studies deserve mention. Budowski (1981)comments that for at least 80 years, a local alder species, (Ahts acumnhlata), has beensuccessfully planted at elevations between 1300 and 2500 m asl with high rainfall (2000- 3000 mm) on good soils in the dairy region of Costa Rica. The presence of alder treesis said by farmers to increase fodder production. The trees are planted at wide spacings within pastures that are grazed (Penniselton clandestinui) or cut (Pennisetiwnpurpurcwn and Aonopus scoparius). Most alder trees found in pastures are regularlypruned. This species fixes nitrogen through large nodules. Some initial measurementsindicate a mean annual incremcnt in diameter of 2-3 cm with harvesting after 15-20years. The wood is easily workable for multiple purposes. In Colombia, a 16-year-oldstand of alder is being harvested by a match industry.Another example in the same country is the silvopastoi al enterprise in more than 500hectares in the highlands (1800 - 2200 m asl) near the city of Manizales in which Pinuspatula,CupressushsitanicaandAlus aculninata stands are being grazed without dietsupplements (except mineralized salt).
The taungya system  as a part of a strategy to change land use or to protect watersheds  is well known. Percira (1979) reports that the taungya ('shamba') system (pinesplanted between vegetables) in Kenya successfully avoided both significant soil erosionand loss of strcaniflow regulation. Today, with the pines approximately 30 years oldand ready for harvesting, water use of the two species remains equal. The ForestDepartment is continuing with the plantation program in which agroforcstry plays an

integral part.
In tropical America and ti:c Caribbean, taungya has a successful history. In CostaRica, tree species of a high commercial value like Cordiaalliodora,Ginelina arborea,EucalyptusdeghiptaandTenninaliaivorensisassociated with maize, beans, cowpeas andstring beans have demonstratcd at an experimental level how to convert large areas ofdegraded lands into valuable tree plantations. Haiti is rcafforesting thousands ofhectares of steep eroded land. Thousands of farmers arc expected to be involved in theprograms which allow them to combine field crops with fuelwood trees (such as theexcellent Azadirachiaindica named locally as 'neem'). The rising prices of firewoodposts and timber and the possibility of eventually obtaining cheap and large sources of
fodder and biomass on marginal agricultural lands have generated great interest among


funding agencies.
 

The use of agroforestry systems 

in soil conservation programs 

Soil protection under tree crops. 
Afforestation is normally an acceptable method to reduce erosion and help controlflooding while at the same 
statement must be 

time providing timber and/or firewood. However, thisregarded with caution, since on steep land with fragile parentmaterial (e.g., saturated and decomposed ash under shale), afforestation could be theworst land use alternative. In such landscapes, big natural landslides occur frequentlyand the risk of a failure is very high. On stable soils afforestation can fulfil not only aprotection objective but also a production one: getting products of direct value to ruralpeople such as fruit, fodder, fence posts, timber, since these by-products can be asimportant as the protection itself. 
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important function of tree or shrub vegetation for soil protection is to 
The most 	 cites an cxpcri

protect against the splash crosion caused by raindrops. Kunkle (1978) 


ment in Africa in which the 10-year average soil loss from bare soil was 126.6 ton/ha;
 

fine wire gauze, the rate of 
but when the soil was protected from the raindrops with a 

in the
In 	upstream afforestation programmes 

reduced to only 0.9 tons/ha.loss was 
Cauca Valley in Colombia, bamboo trees have becn selected not only for soil conser

vation but also to yield benefits for farmers. For steep land, FA() (1976) has developed 

some useful conservation techniques. 

The following is a list of desirable characteristics of tree species for soil conservation 

programmes (Kunkle 	1978): 

1. 	Good survival and fast growth on impoverished sites;
 

a large amount of litter;

2. 	 Ability to produce 


Strong and wide-spreading root systems with numerous fibrous roots;
 
3. 
4. Ease of establishment and nccd for little maintenance;
 

Ability to reproduce vegetatively
5. 
Capacity to form a dense crown and to retain foliage year-round or at least through 

6. 

the rainy season;
 

7. 	 Resistance to insects, diseases, and browsing; 

Soil improvemeint (nitrification by legumes); and 
8. 

Provision of some economic returns, preferable on a short-term basis, such as fruits, 
9. 

nuts, fodder or beverage products. 

Soil stability and 	crop/tree production 

In I londuras and Guatclala, burning the bush to prepare the soil for corn and beans 
In fact, there 

This has led to a strong selection of fodder trees. 
is very widespread. potential and requiring 

a traditional silvopastoral system, having an enormous 
exists 
only low inputs. Leguminous species likel Gliricidiasepiua and Leucaenaspp have been 

associatcd with corn and beans since pre-Colornbian time, a system attributable to the 

The cultivator traditionally leaves and tends the naturally-rcgenerated 
Maya culture. 
trecs of laurel (Cordiaalliodora)on the 'milpas' (abandoned bush fallow). This kind of 

land management ldeserves more attention and improvement, since it fulfils two goals 

at the same time: soil stabiliation and crop or tree production. 

In humid environments, the tending of the natural regeneration in the native forest 

for fuel, forage and other products, permits a great opportunity to improve the land use 

This opportunity is followed by the 'agroforestry chance' to intro
of small watersheds. 
duce trees into the crop and livestock areas with tho main objective of leaving seed

bcaringtrccs to regenerate the pine (Pinusoocarla)forest after the agriculture or cattle 

raising has been abandoned. It goes without saying that the involvement of the local 

programs is extremelyand conservationsupport of agroforestrycommunity in the 	 1985) and 14 (FAO 
important. In this respect, the FA() Conservation Guides 12 (FA) 

1986) deserve careful 	reading. 

Final remarks 
Technical data and site-selection criteria as well as measurements on stream flow and 

discharges in agroforcstry experiments in small watersheds vs. other land uses, should 

be worked out by hydrologists. 
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Investigations of kinetic energy of raindrops in relation to soil erosion should be
carried out.

The Universal Soil Loss Equation (USLE) should be tested in agroforcstry systems(and in monoculturcs as well) in order to evaluate the soil loss rate over a reasonable 
period of time.Small watersheds with various land uses including agroforesiry systems (e.g., coffeewith and without shade), should be accurately instrumented in order to record: 

1. The efficiency of agroforestry methods to reduce erosion rates;2. The rccoveryof nutricnts with agroforest ry systcms vis-a-vis other land use practices;
and

3. The long-term productivity of land for crops, wood and livestock under agroforestry 
systems. 

Foresters, agronomists and land - use planners should be realistic when stating thebenefits derived from associated trees and crops on steep lands. The introduction oragroforcstry systems alone does not necessarily result in reduced flood damage,reduced drought, increased rainfall or the control of erosion and sedimentation. Thereis a need for 'enlightened land-use techniques' for conserving soil while maintaininghigh productivity on critical steep niountin areas. Greater supervision and control ofupland use, including grazing and logging, must be accomplished soon.A long-term stratcgy to control human and livestock populations in the uplands inaddition to developing systems of producing trees and crops when appropriate,deserves high attention by land-use planners and decision-makers in tropical countries.In addition, the development of community organizations to restore wasted lands andnon-destructive forest management practices should be encouraged. 
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Abstract 
Otteofthe majorcontrolsof nicrocliniateandgrowth in agroforestrypracticeissolarradiation. It is also onethat is subject toconsiderablecontrolby man. This chapterreviews oasicprinciplesofsolarradiationand discusses the ways solarradiationclnate in a tree/crop
combination can be controlledand/ormodified.

77tese ways relate primarily to the tree component which is the relatively stable andcontinuingpart of the system. Interactionsbetween the trees andsolargeomnetry producethe particularsolarclimate of a tree/crop system. Tese iwteractionsand effects include:interceptionofradiationby treestandsof variousdensities;effect ofcanopystnctture;effectof row orientationandsPacing;effect of latitude and time ofyear on solarpaths; hadefromn single tree crowns;andspectralquality of sunlight underpartialshade.
Iinplicationsfor agroforestrypracticeare discussedbriefly. 

Introduction 
In the carly days of agriculture, trees must have primarily been a nuisance: clearing awaylarge trees to prepare an area for the planting of a crop was certainly a difficult andnever-cnding task. However, in some parts of the world where sunshine was abundant,perhaps over-abundant, the value of the shade r-ovided by an overarching tree musthave become apparent. And so by repeated experience, systems of food and fiberproduction were developed that involved some combination of tree and crop (King

1987).


At one time, tobacco grown in Sumatra under partial tree shade was highly prized
for its qualities as a wrapper for fine cigars. Connecticut tobacco growers successfully
mimicked the shade of the Sumatra trees by covering their fields with acres of cheesecloth, producing the thin, smooth leaf that was similar to the Sumatra leaf. In a study ofthe microclimate inside a tobacco shade tent, Waggoner, Pack and Reifsnyder (1959)found that solar radiation, evaporation and wind were all reduced substantially ascompared with conditions outside. They concluded that the major effect of the tent wasin the reduction of solar radiation, mimicking the reduction of solar radiation by theSumatra trees. Thus an agroforestry system developed indigenously was transferred toanother region through artificial contro! of the microclimate.A similar use of artificial shade isreported by Stathcrs and Bailey (1986), in the growing of ginseng (Panavquinquefolium). This perennial herbaceous plant normally growsin the shade of deciduous trees in eastern North America. Commercial growers simulate the radiation climate with wooden lath or woven black polypropylene cloth.Measurements of downcoming solar radiation above and below a canopy of the clothshowed that the radiation was reduced to approximately 25% of the above-canopy value 
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(1Pigurc 1). Tile absorptiol ofi much of the radiation by the canopy produced a double 

maximum of temprlture at the canopy at the canopy and soil surface (Figure 2). Other 

plant level included a higher average air temperature;
inicroclinatic modifications at 
higher relt ivc humidify; higher dewpoint temperature, decreased wind speed; and 

pcrmit successful growing of gin
decreased evapotranspiration. These modifications 

seng in the arid interior of' British Columbia, Clada. 

Solar radiation abocve and below a canopy of black polypropylcne cloth,
Figure I 

after Stathers and Bailey (1980). 
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has pointed out that the Hanunoo of the Philippines practiced a cc.r-
Conklin (1953) 

plicated agroforcstry system in which c'earing for rice cultivation involved the leaving 

of selected trees to provide a partial canopy of foliage to prevent excessive exposure to 

not only utilized for their protective value but also for the 
sunlight. The trees were 

production of wood, medicines, cosmletics and other products.
 

Despite the historical and, indeed, obvious role of trees in controlling the radiation 

climate in agroforestry sNseis, relati'ely little specific research has been undertaken, 

especially in the tropics where agroforcstry is often the dominant cropping system. It 

seems likely that the main reason for this is that research in crop microclimatc developed 

largely in temperate regions where large-:scale agriculture has been dominant. In the 

past hundred years, much has been learned about forest and plant mnicroclirnate (Geiger 
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1957; Yoshino 1975). Much of this information may 1)e transferable to agroforcstry
systems and praclices, at fcast for a first approximation.

The objective of this chapter is to survey what is known al)out solar-radiation climateand its conscioll', Colil by vcgetation manipualation. I hope that this information willsuggest wv'is Ihat knowlcdgc of radiation climate might be used in agroforcstry practice;and indicat, gaps in our kinowolcdgc that can be filled by appropriatc rcscarch. 

Figure 2 	 Temperature profiles above and below shade canopy, clcar summer day
(Stathers and Bailey 1986). 
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Solar radiation 
The amount and spectral distribution ofstinlight reaching thc earth's surface is dependcnt primarily on 'obstructions' that 
remove or modify the solar beam in some manner.Thus extratcrrestria; sunlight shining through clear sky is reduced in total amount andselectively reduced by various molecules ;nd aerosols (Figure 3; Gates 1980). Most ofthis seleclive reductiim 	is in tle near-infrared region. Light scatte rcd by 'pure air'moleculcs is rich in short wavelcnglhs, thus the sky appears blue while the solar beamis depleted in Ihcsc wavclcngths. Light transmiltcd and scattered by the water droplets
in clouds spans the visible spectrum and thus appears white.By contrast, light under a plant canopy is rich in near- infrared wavelengths (Figure3). This cnhancemntuc of infrared light is the result of the spectral properties of greenIcaves which transmit and reflect highly in the near-infraredl region (Figure 4; Ross1975). In the far-infrared region (bcyond about 3000 nanometcrs), leaves are nearlycomplete :ibsorbcrs, but there is vcry little of this radiation in sunlight. 
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Figure 3 	 Solar irradiance, cloud light, sky light and shortwave radiation beneath 

vegetative canopy (from Gates 1980). 

lI
I I I 	 i I I l i l 

0.8 0.9 1.0 	 1.5 2.0 4.0 10.0 0.70.4 	 0.5 0.6 

WAVELENGTH bum) rined 
0.3 

"-.-1
Visihle ----
S Ultraviolet 

700 

r 
lE.1raletesltriolI 

WSunlight.3G 

E 

iSeaLevelj,W 
93b Wn-" 

Cloud Light 
Q-

Itat 

Light "rjrT nitld I 

. .e.IaI,ThwgSky... . . . . . 
- - I ...............
0" - " 

010,000 5,000
20,000 15,000

30.000 	 25,000 

WAVENUMBER (cn-') 

Figure 4 	 Shortwave transmissivity, absorptivity and reflcctivity of green leaf (Ross 

1975). 
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Radiation profiles in a forest stand 

Transmission of solar radiation through a forest canopy depends on stand density; but 

the relationship is not linear (Reifsnyder and Lull 1965). This relationship can be looked 

at as function of crown closure or of stem density (Figure 5; Miller 1959). THus a stand 

with 50% crown closure will transmit less than 20% of the incident solar radiation. With 
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Figure 5 Transmissivity of tree stands as a function of crown closure and stem 
density (Miller 1959). 
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only 10% crown closure, certainly a rather open stand, radiation reaching the groundis reduced by about 25%. Thus it might be expected that even sparse stands would offerconsiderable protection 	from excessive radiation loads. On the othcr hand,closure of only 1/3, 	 a crowna rather open stand, would reduce the solar radiation beneath bytwo-thirds, which might result in too little radiation for some crops.However, it should be noted that most of the data on which Figure 5 was based comefrom mid-latitudes where even at noon, the sun is far from the zenith. I would expectthat in the tropics where the sun is close to the zenith at noon, the relationship betweentransmission and crown closure would be closer to lincar. This would especially be truefor broad-leaved stands in which the upper canopy is more-or-less like a single layer ofhorizontal leaves. 
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ire for direct and diffuse solar radiation from a clear sky. 011 

The foregoing dat:t 
cloudy days, when only diffuse radiation is prese nt at the top of the catlopy, tralsmilis

sion is greater than ol clear days (Trapp lQ38). That is, the diffu:e light from the sky 
can the direct beam of sunlight. As 

many more holes to cone through thancan ufn1 

crown and trunk space of a dense broadlcaf stand, the 
Figure 6 shows, at every levellii 

pcrccniagc of transliitted ligzht was greater on an overcast day as compared with a clear 

day. 

a beech stand on sunny and overcast days 
Figure 6 Vertical proflIcs of light inl 

(Trapp 1Q38). 
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Effect of canopy structure 
Vic amlounlt and .,pectritldiStriblutionl Of suinlight reatching tile ground beneath it tree 

the crown closure (as indicated in the previous section), 
canopy depends not only on 

structurcd. Young provides an illustrative example 
blt also on the waylhal the canopy i; 

be arranged in different ways.; trcc cover can
of this (Section I)showing how a 25 

Thus a plot of land can have tlhe trees in ablock, encircling the plot along its boundaries; 
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as wide strips; as morc numerous narrow strips (both of which may bdifferently with rcspect to the sun's path); 
oriented
 

as small trees randomly distributed; or 
asfcvcr large trees also randomly distributcd. Perhaps the most obvious effect of suchdistributions is ihein control of the solar radiation at the ground. Unfortunately,relatively little informaltion is available on these effects; and what thcrc is, is scattered

widely in the litcraturc.
 

Single-layered canopy vs deep canopy 
A deep canopy viilh more-or-less uniform disiribution of vegetation elements has often
been charactcrizcd (with respccl to Ihc attcnualion of direct-beam radiation) 
as a uniformly scattering mcdi um (Figure 7). In this case, the solar beam is attenuated accord
ing :o the ncgalive cxponnlit al equalion: 

I ( bclow ) / I ( above ) :- cxp (- kx ) 
where x is the pati Icngth through the medium and k is an attenuation coefficient, acons ant for a particular mCdiium. I" tlie canopy consists of a single layer of horizontalleaves, the solar bcam is not atllenuated, and the sanc proportion of direct-beam
sunlight is transriiited at all solar angles: 

I ( bclow ) / I ( ahoc ) -- constant 

Figure 7 Direct-bean solar radiation penetrating single-layer canopy (upperdiagram) and canopy composed of uniformly-scattering vegetation 
el emenits. 

Horizontal layer: 

Uniform distribution: 

7....................
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These relationships can be tested in canopies that approximate tile two conditions. 

compared the direct-beam radiation 
lorowitz (1971/72)Reifsnyder, Furnival and 

a conifer canopy representing a uniform 
above and below canopies of two kinds: 

scattering medium; and a broad-leaved canopy representing a single, horizontal layer 

of leaves (F'igure 8). In the conifcr stand, the extinction coellicient should be constant 

throughout the day (Figure 8a); in the broadleaf stand, the ratio of direct beam radiation 

to that alv'C Should bc const ant (Figure 8b). The fall-off of the ratio at the begin
below 
ning and end of the solar day can be attributed to the presence of tree trunks and other 

angles.assumption at low .olarvcr

vcgctation that desroys the singlc-la 

forest canopies of two types: ai hclow 
l'igurte 8 Direct-beam radiation above and 

broadlcaf sland (I \VI)) and a conifer stand (RP); a) cxtinctioll coe fi
(CAN TD) to 

cient; b) ratio of direct bcam radiation below the canopy 

)). Numbers at each hour indicate tile solar altitude at 
that above (()I'EN 

Furnival and I torowitz 1971/72).ydcr,the time of obscrvation ( Rcifsn 
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Clumped vs dispersd crowns 

As pointcd out by Young (this volume, Section 1), the nature of clumping of tree crowns 

(few large crowns v:; many small crowns) will affect the microclimate beneath. One ef
the ground 

fect of such clumping will be to control the pattern of light and shade on 

beneath. Underne ath a broadldaf canopy with many scattered vegetation elere nts and 

gaps in the canopy, one should expect many small, short- duration sunflccks. A 
mn my 

clumpcd, the sunflecks should be larger 
canopy in which the vcgctation elements are 

a longcr time. M easurements in the two 
a particular ground spot for

and illum nin.itc and Furnival IV)70).
assum pt iot (Rcifs nIdcr 

d to aibovc conFlirm thisstands refec 
hlier more short-duration sunfIccks beneath the broad

were,manyFigure ) shows that t 

leaf canopy than under the conifer caopy even though the overall canopy density was 

similar in the two stands. 
the total direct-beam radiant energy 

sunlleck distribution affectI low does the 
forsttl,:two stands studied, it appears that there i-.not much 

received for a day? At lca nie ot hstandse rgy in 
difference in the daily totals (lable 1). Furthermore, most of til 

niergy contained in the morewas 

was in long-duration sunflccks. Vcrv little of the total e 

numerous sunflccks under the bI0rodlcaf canopy. 
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Figure 9 Number of sunflccks beneath -)nifer and hardwood stands, in ierms of
thcir duration at fixed sensor location (Reifsnydcr and Furnival i970). 
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10

11-2 2" e.8 80"4-O 8-10101-12 -12 .-2 21- 4" 0 ,1010 .12-12 
Duration of &iiflecks - minmo8 

Table 1 Distribution of direct-beam energy in sunflIccks, as percentage of total in 
all sunflccks. 

Duration of Broadlcaf Conifer 
sunflecks 
(minutes) Location I Location2 Locationl Location2 

10 
3-10 
<3 

AM 
90 
8 
2 

PM 

74 
13 
13 

AM 

81 
12 
7 

PM 

91 
7 

all day 

87 
12 
1 

all day 

91 
8 
1 

Total (MJ in') 16.26 3.34 6.23 10.6 12.25 15.68 
Source: Rcifsnydcr and Furnival 1970. 

Effect of row orientation and spacing 
Consider next an agrofo rcstry system in which low-crop areas are separated by rows oltrees, with the width of Ihc open space ncarly cqual to the width of the tree crowns. Inan area near the cqUator, the solar radialion reaching the center of the open row willdepend on the oricntation of the rows. Figure 10 shows diagrammatically the total solarradiation expected wilh N-S and E-W ro worient ations and with a random trec distribu
lion of the samc crown dcnsilv.

With the N-S rows,the center oflthc open space will rccei~c direct-beam sunlight fora period in the middle oft he lay, the exact duration depending on the ratio of the treeheight to the width oft he rows. W -itE-W rows, ihe cenler spot will typically be exposedto nearly full sunlight throughout the day, missing only the skylight obscured by the 
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nearby trees. BN contrast, a random orientation of tree crowns will result in an irregular 

pattern of sunficck and shade, as shown in the last part of Figure 10. 

Of course, vows can be oriented in any direction, can be on a slope of any inclination 

and azimuth, and can vary in the ratio of strip width to tree height, all of which will 

change the course of solar radialion received by a particular spot. 

above (solid line) and 
Figure 11) Diagrammflatic rcpresentation of solar liux (F) 

below (broken line) three types of canopies, for sun passing close to 

zenith.
 
Top, tree rows oriented north-south;
 
middle, tree rows oriented cast-west;
 

bottom, trees oriented randomly.
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Effect of latitude and time of year 
Thus tile actual pattern of stiln and shade will depen Ido(he solar pathh to tile complex rclationships ofile specific plot. This in (turn depcndls on he latitude and time of year.Sun-pah diagrams showing these rclationships graphically arc available ill the Smhinilhsonian Nictcorol a'i.'dles ( [.isl IP)S), for latiludes ranging from the eqllator to tilepoles. These rcl;itonships can he interpretel in tcrm(s of' lie ,olar radiation reaching
the surface.

IHarrin toin (1984) de 'cribeCs a compuler alvlailhm thal calculateslion in the solar raldiaan o'n strip be'wten trees,, for any strip oriIltalion, slope iniclination andazimuth, da' of yewar, and ktitudc. The algoridhm also permils (lie inclusion of cleva(ion, atmosplicric lurbidity, cloud amioril and ch)ud type to providC an Celillate ofdaily
total solar radialtiol a, aIfunction of pi rsit on aicross temsrip. 

Shade from a single tree crown
 
Not al! agrofrresiry prvlctliccs 
 rinv1yc strips; sme involve growing crops under moreor-lcss-isoltcd trees. li conlr st to lhc strllcck that c.urscs over a shaded floor, theisolaited tree casts a sia]dom. iat lmics over a suiny ground. I lalverson and Smith(1974) fist a:H )RTRAN pro'gr-rrr that will calcult (lctrilg of lie shadow cast by aIrec on any sl()p)C arid a'iruth. (Ot)i tada, Somlarrifu and Varga, (this volume, Section2) describc a,Ipog.ram that \%ill pot tdie distriluitimi of shadows from a speciled plot of 

trees.
Figure II ((Grant lN.) illutratcs tlre radiancC dJistribUtion of a clear skyvwith tleshadoh~w o spherical 'ro\a pculeririlosed. With a clear sky, tle maxinmiis centered on sky radiancctlre sun: the minimum t righl anglC, t) tile lun. Thus it tree blocks tle 

Figure I I Sirumfatl clcar-sky raidiamcc wili supcrirmr.cd shadow from an isolated 
sphcrical-crowncd tree ((irant l'P5). 

/ ' 

/ x 

151 

http:supcrirmr.cd


Meteorology and Agroforestry 

not including 
brightest part of the sky. The percentage of blocked sky radiation (i.e., 

direct-bcam radiation) is shown in Figure 12 for a range of zenith angles. Here, X/S is 

the relative distance from the center of the shadow to its edge. Although the overhead 

sun is not shown, it would be close to the top three curves. The percent rcductioi, at the 

center of the shadow ranges from about ten percent for the shadow cast by a low sun, 

for the sun near the zenith.to about 35% 
With a cloudy sky, the reductions are less than ten percent because of the nearly uni

form radiance of the overcast sky. 

Figure 12 	 Reduction of flux density in shadow of crown, for various solar zenith 

angles (z), as a function of the ratio of distance from center of shadow (X) 

to the half-width (S) of the shadow (Grant 1985). 
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Spectral quality of sunlight under partial shade 

Shortwave radiation reaching the ground surface beneath a partial canopy consists of 

at least four components: direct beam radiation coming through gaps in the canopy; 

diffuse radiation from the reflection and transmission of the direct beam by leaves and 

other vegetation elements; sky radiation transmittcd through canopy gaps; and radia

13; Rcifsnydcr, Furnival and Horowitz 
tion reflected off vegetation elements (Figure 

1971/72). In this scheme, multiple rflecCtions between canopy and ground surface are 

ignored; for most canopies these components are small. 

In addition to reducing the amount of energy rcccivcd by a sunny spot, the canopy 
c of the unique spectral 

changes the spectral distribution in sunfleck and shade bccaLt 

properties of vcgctation. In full shade under a broadlcaf canopy, light is cnrichcd in the 

near infrared regions (because of the high rcflcctivity of leaves in this spectral region); 

and diminished in the blue and red regions, as compared with green wavelengths (Figure 

14; Horowitz 1975). Light in sunflccks is enriched in the red, and reduced slightly in the 

blue region of the spectrum, relative to green wavclengths. 
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Figure 13 Model of penetration of solar radiation through a canopy. OPEN TOT is
the total solar irradiance at top of canopy, consisting partly of direct beamradiation (OPEN D) and partly of diffuse radiation (OPEN I); CAN PDis the penetrating direct-beam component; CAN RD is the componentreflected and transmitted by leaves; CAN PI is the diffuse radiation
penetrating canopy gaps; and CAN RI is the diffuse radiation reflected
and transmitted by leaves (Rcifsnyder, Furnival and Horowitz 1971/72). 

-- .--
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Figure 14 Spectral distribution of light above a temperate-zone broadleaf forest, inthe center of a sunfleck, and in full shade beyond the edge of the sunfleck(Horowitz 1975). Canopy in full leaf, clear sky. 
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Of course, sunflecks do not have a hard edge, largely because the sun is not a point 

source of radiation. There is thus a penumbra effect which produces not only a gradual 

change in the energy from the center of the fleck to full shade; but also a change in the 

spectral distribution of that energy. Figure 15 (Horowitz 1975) shows the change in 

canopy transmissivity of green light (550 nm) and red light (675 nm) from the center of 

a large sunfleck to full shade (indicated by the time elapsed as the sunfleck coursed over 

the radiometer). Although the curves are not smooth because the canopy gap produc

ing the sunfleck had various vegetation elements in it, the trend is clearly from a red

rich ccocr to a green-rich shade. The red/far-red ratio beneath the canopy also changes 

from relal ively high values in the sunfleck to low values in full shade. 

as the ratio of light of indicated wavelength 
Figure 15 Transmissivity (calculated 

as function of distance from 
incident above stand to that at ground level, 

center of sunfleck; and the rcd/far-red ratio at ground level, also as 

function of distance from sun-fleck center (Horowitz 1975). 
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Implications for agrofarestry 

It must be admitted that there is very little 'hard' information on control of solar radia

tion in agroforcstry practice. Most of the available information concerns the extensive 

field or extensive forest; edge and transition conditions have been little studied. Yet 

these transition zones are at the heart of much agroforcstry practice, certainly in alley

cropping and similar methods. 
Because of the geometric niceties of solar radiation, it is relatively easy (especially 

in these days of microcomputers) to estimate radiation conditions resulting from various 

cultural practices. Predicting the effects of such radiation control on microclimate and 

consequent crop (and tree) growth is nevertheless still problematic. The bottom line, 

of course, is how well do plants A and B grow under particular radiation regimes and 

the microclimate produced by the plant configuration. We might try to perform field 
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trials using all possibIc combinatioins, but such would soon become prohibitively expensive and difficult if not impossible to interpret.
An alternative might he to determine tlie radiation rcquircmcnts of plants currentlyused in various agroforcstry systems. Then with our knowledge of feasible radiationmanipulation, we could plan field trials to tcst what seem to be the most likely combinations. Of course, radiation manipulation is only part of this: microcliniatc and soilmoisture, as well as various cultural practiccs must be included in th experimental

design.

It may also be necessary and appropriate to look at the problen 
 in fhe reverse sense:given a radiation regime proscribed by solar geometry and certain cultural practicesthat may be dlifficul, to modify lrastica lly, whal ilant combinations are likely tosucceed?:
 
In both situations, the information most likely to be missing is that relating to specificradiation requirc cints of i1C plants. A first step might be to assemble, analy/c andinterpret known information on radiation recqtirements of plants currently used inagroforcstry systems. This would point out tlie gaps in our knowledge and would formthe basis for appropriate growth ch'imber and field experimentation.In the meantime, agrol'orestry field experiments should certainly include carefulconsideration of the radiation climate - both by calculation and, where possible, byconcomitant radiatiion measurements and visual ol)servations. 
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Simulation of tree shadows in agroforestry systems 

F. Quesada, E. Somarriba, E. Vargas 

CA TIE

A v. 7,c. iSy 17, Casa 1561, San Jose, CostaRica
 

Abstract 
77ze understandingof how tree canopies intercept light is of prime in~terest for severaldisciplines.Forinstance,regenerationsuccess of vahable treespecies inaforest openingdepends to agreat extent on the illuminationpatternsat the forestfloor.In agroforestry itcouldhelp in the design oftheplantingarrays thatmostfavourablyinfaiencethe associatedcrop,and in the selection ofappropriateeaperimentalandsamplingdesigns that rakeintoaccount thefact that the associatedcrop is influencedby a neighbourhoodof trees thatmay evtendfarb yond the nearestthree orfour neighbours.Several attempts have been made to ,nodellight interception andshadeprojection bytreecanopies. These studieshave dealt with: I) determiningthe groundareaundershadein relationto standdensity, and 2) the orientation andlength o shadows cast by trees atdifferent latitudes,days andhours,etc. 77icsc stt(die.providesome insightsinto appropriateplantingpatterns of 'rees andassociatedcrops; but to be useful in selecting appropriateerperimnentalandsamplingdesigns,they shouldaccurately keep trackofshade movementonl a coordinategrid system conveniently placed onl the study plot. 7he model hereinpresentedtackles thisproblem.

We developed a model which allows the calculation of the number of hours of bothabsoluteshade, andoverlaps castat each coordinatepoint in the study plot over a nulmber ofdays specifiedby the user. 7he piot can be a horizontalor tiltedplane with a nzaximimi size of I ha, and locatedat any latitude. The plot can be a lattice with a minimnunsize of 0.5 X 0.5 m. Any numberof treescan be 'planted'on thisplotfollowing any spatialarrangement,but crown shapes have to be one of the following types: spherical,hem ispherical,ellipsoidal,hemni-ellipsoidal,and conical. Solarmo;,ement cali be simulatedatany daily and hourly intervaldepending on the accuracyneeded and o computer timeavailable.A computerprogranmnewas written in BASIC to be nin inl microcomputerswith
a mininium RAM miemnory configurationof 256 Kb. In this presentationan oveniew of
model ievelopment ispresented.Emphasis isplacedon describingthe geometricstrategiesadoptand in the presentationofthe criticalanglesstudied.An applicationofthe model is
presented. 

Introduction 
Ti ee shadows on an arbitrary plane are a function of tree parameters (tree height, treecoordinates, etc.), the position of the sun at any latitude and day of the year, and theorientation and slope of the plane. We describe an algorithm and computer programmethat calculates the total hours of shadow in each small square of a plotperiod of time which over a givencan be selected by the user. An optional subroutine provides thetotals of shadow overlaps in each square over the period of time selected. 
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Shadow equations for a horizontal plane 

crowns of the following types: spherical, hemispherical,
We consider only trees with crown shadows areTihe equations of the 
ellipsoidal, imiellipsoidal and conical. 

obtaincd with respect toia universal reference frame (an ordinary cartcsian system of 

The introduction of some intermediary cartesian systems is necessary 
coordinates). These 
before the equations are referrcd to the universal frame previously mentioned. 

a
the center of the shadow (when the shadow is 

systems have their origins either at 


symmetric figure and has a center) or at the base of the tree trtiiik.
 

The data that determine the tree shadow are: tree coordinates (with respect to the 

universal reference frame), trunk height (distance from the ground to the beginning of 

Required positional data are latitude, day
diameter.crown), crown height and crown 

that tree crowns are opaque; sun rays are 
of the year and hour of the day. We assume 

parallel; that no corrections due to refraction of sun light in the atmosphere are neces

sary; and that there is no difuse radiation; that trunk width can be neglected so the only
 

shadow that lhe tree produces is dtle to the crown.
 

Shadow equations for a tilted plane 
on tilted planes has been developed, based 

A general strategy for describing shadows 

on tle concepts of a virtual shadow and a generalized change of coordinates. A virtual 

shadow is the one that the crown would project on any invginary plane. When we deal 
imaginary horizontal 

with a tilted plane we can consider the virtual shadow over an 

If this virtual shadow is thought of as a real opaque plane object capable of 

plane.

obstructing light rays, then it should also be capable of projecting a shadow coinciding
 

with the real shadow of the crown.
 

If one considers now two reference frames, one in th2 real tilted plane and the other 

in the virtual horizontal plane, a generalized change )fcoordinates can be defined as a 

function which assigns to every point in the virtual plane its shadow in the tilted plane. 

This chang, of coordinates can be applied to the equations of shadows in the horizontal 
One advantage of this 

plane to rendeLr the corresponding equations in the tilted plane. 

method is that it is no longer necessary to compute the equations for the tilted plane 

()ne further advantage is that as soon as one has need for computing new 
case by case. 

Ahadow types not included hitherto, it is sufficient to compute them for 
equations for 

the horizontal case only.
 

The generalized coordinate transformation developed depends on the slope of the 

plot; and on its orient ation with respect to north, defined as the angle between the north 

axis and the horizontal projection of the line of maximum slope in the plot. The gener

alized change of coordinates has been performed by means of simple trigonometric cal-

In order to make these calculations clear we have simultaneously considered 
culations. 

four basic planes attached to each tree: the real tilted plane where the tree is located;
 

a virtual horizontal plane which passes through the basis of the trunk; a vertical plane
 

containing the trunk and which is parallel to the lines of maximum slope of the tilted
 

plane (this plane is called 'gradient' plane); and finally a vertical plane which contains 

the trunk and which is parallel to the sun rays (referred to as 'solar' plane) (Figure 1). 

crowns are projected in a tilted plane they 
The transformation shows that when 

effect as well as a 'twisting' effect: the line con
undergo an amplification-contractioi 
taining the shadow of the trunk is no longer a symmetry axis for the shadow (Figure 2). 

This 'twisting' effect is not equivalent to a rotation of the shadow. The general trans

formation is linear and so it can be expressed in matrix form. 
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Figure 1 	Geometry of tree shadow on a tilted plane. 

j"H 

Details of the mathematical development are presented in Quesada, Somarriba andVargas (1987). 

Figure 2 	 Relationship between virtual shadow and the real shadow on a tilted 
plane. 
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Development of computer programme 

We now describe a programme that can be run on a personal computer of about 256K 

RANI memory. A detailed discussion of tle algorithm as well as a list of the programme 

is given in Oucsada, Somarriba and Vargas (1987). The programme is written in Micro

soft BASIC in module form and has a size of34 kb. 
the geographical characteristics of the 

Input data rcquired by the programme are 

plot, the type of crowls and the trce distribution on the plot. Other input data are 

selected by the user and concern the degree of accuracy desired in the output. If the 

programme is operated in the intcractive mode (an opt ion for operating it in batch form 

asks the user for the latitude, maximum slope of terrain, orientation
 
is offered), then it 

of slope with respect to north, and the time interval for which the position of the sun 

should be recalculated (a multiple of five minutes).
 

The size of the plot is now required, the present version of the program allows a
 

square plot of at most 150 meters on a side. The size of the squares into which the plot 

is going to be subdivided (minimum of 0.5 m) is required. 

The next data to be entered arc the coordinates of each tree with the description of 

Next, the user specifics the dates for the beginning and end of 
crown shape and size. 

as output the amount of 
the period. Finally the user is asked if he wants to receive 


shadow overlap in each square of the plot.
 

The output contains the coordinates of the center of each of the squares of the plot; 

the total hours of shadow received by the corresponding square (in hours) during the 

period of simulation (e.g., 30 of March to 20 of November); and the total hours of 

shadow overlap during the simulation period. 

A brief description of the al-arithn 
.puter memory as a matrix. If shadow overlaps are 

The plot is represented in the c-
..csame size is needed. The program proceeds 'tree by 

required, an extra matrix of 


tree', instead of'square *, square'.
 
moments of time which conform the 

The programmc .nsiders sequentially the 
is being 

period of simulation. When moment 'm'is being scanned and tree number 'n' 
shadow. The procenter of the crown 

considered, the programme first locates the 

gramme then enters a 'sweeping' subroutine which determines which of the neighbour

the scanned moment of time. At this point,
ing squares of the center are shaded at 

analytic expressions for the shadow are required; the coordinates of the center of each 

square are tested against the set of inequalities which represent the shadow at this given 

moment. If shadow inequalities are not satisfied, the next square in the sweeping sub

routine is considered. The shaded squares are then registered in the matrix, a 1 being 
When 

added to those entries of the matrix which correspond to tie shaded squares. 

this process is finished for tree 'n', the program jumps to tree 'n + 1' and so on until it 

At this time, scanning of moment 'm + 1' starts and 
finishes with all trees in the plot. 

tree number 1 is the first to be considered. 

The programme could also be used to have the exact position of shadows at any given 

time during the year. This could be achieved by entering the same date and hour for the 

beginning and end of the simulation period. 
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Tree and crop selection and management 
to optimize overall system productivity, 

especially light utilization, in agroforestry 
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East Afalling Maidstone, Kent ME9 6B, UK
 

Abstract 

OptiPlizing inanagementof agroforesty .y'temns necessitates liaxinizingthe efficiency ofuse of light resources. 7his involves recognition of the light requirements ofthe trees andcrops involved and the factors influencing light interception by the trees andpenetration to
the ground crop. 

There are four mai types of crop light response: 

A Yield isa linearfinction of light intensity. 
 With ground cover crops of this Ope the
amoint ofshade isimportant but the patfern ofshade relatively unimportant.
B Yeld incrcases linearI 
wvith light intensity up to acertain level and then plateaus.such crops the distribution oflight over tle crop surface can have 
With 

abig effect on average

yield.


C Economic.ield is onlvproduced at high levels of irradiance and the crop or tree cannoteffectively use low-intfensitV light.D Exposure to high light levels is harmful and some degree of shade is needed. 
fWi:ere shade is required (Type D) then sparselyfoliated trees giving uniform shade overnio.,t oftie ground ,naybe needed and such a shading patten may also be advantageouswith Type B ground crops. In general, however, the most ifinportantrequirement of the treecrop is that it mavimizes the vield ofeconomic product per unit of cast shade. Fruit treestend to he of Type C and their density and vohne of canopy can often be reduced withlittle or no loss ofyield and,h so doing, let more light to the ground crop.77is can be achieved cithergeneticalv, in particular b)selecting for cohmnar types, orby thepniningtechniiques used. Forest tree genotypes wit/i a high ratio of timberproductionto total tree voltme, hence cast shadow, are also available and would be particularly tseful 

in agroforestrv.
'literefuelwood or foider trees are grown in agroforestr blocks under subsistence,farming or smallholder circumstances 

Harvestingmethods which 
a key objective must be to sustain production.iave only a minimal effect on light interception are the key tothis. Removing lower branches will have little adverse effect on subsequent light interception andl canopy productivity. Reducing canopy dim ensions, especial4' by'harvestingouterrows, will have a nuuch greater adverse effect on productivity per unit offuel orfodderharvestcd. Removal of i.ndividual trees ihroughout the block will have effects part-waybetween those ofbranch removal and those ofreducing thc dimensions ofthe wooded area. 

t 1v .'-4  -163 



Meteorology and Agroforestry 

Introduction 
a range of tree and crop specics offer much more 

A.roforestrV systems incorporating lonecultlu!e 
scope for useful managenient of light interception and distribution than do 

potential benefit as a result of combining field crops 
forests and agricultural crops. 'ie 

with trees is obvious fron considcralton of the waste (f light resources expericnced in 

orchards and Ircc-crop platllions. 
are comnlyl planted at spacing:, appropriate to their si/c at maturity. This 

"rccs 
.loi ,hi in the early years aftcr planting. Even
 

inevitably leads to wundcr-use of avil 
of the available light
 

modcrn, productive apple orchards can intercept as little as 101, 
(1percent
A coconut plantation that intercepted 

at five ycars of age (Jackson 19S0). 


of the atvailable licht al maturitv intcrccptcd 50"t; wlhcn three years old and 701'T when
 

wears old (Nelliat cl al. 1)74- reported by Nair 1983).

five 

maturity manv tree crops transilit a high proportion of the available light 
IEvCn at 


bccause cxpericncc has shown tht it is not bcneficial to have the trees denser or more
 

clyl'paccd. Apple orchards seldom intercept more than 70,,; of the available light,
ch 

hich do so being. too dcnsC and shadcd for profitable fruit production (Jackson 
those 

coconut palms it the Russell Islands were found to transmit 
l ,,hS(l). Twetnty-year-old tl 

on planting density (Smith and Whiteman 
40-70' ; of ,he availablc light, (epending 
l')83) and a dense dwarf palm plantation transmiltcd 20 .. 

ofidentified more efficient use 
I)kigbo il (rccinland (1Q70) and ()kigbo ( 198lt 

heights and canopy structures as one of the advan
liht rc,,ourccs by plants of differcnl 

ages to be gained by growing crops in mixed stands. The way in which this is achieved 
sv tCi of Indonesia, 

in one traditional ,groforest r, system, the village-forest-gardC11 


was dcscribcd by Michon ( 1983). In these forest-gardens, the cultivated crop species,
 
a layered structure giving i gradierit in 

from small herbs t, idle r emergent trees, form 

light aind humidity cxploitcd by plants ,accordingj to their ecological requirements. 

s,tcnis of tropical itgroforcstry evolved 
It is reasonablC to sippose that sUiccesIfi 

for tropical mixed cropping ii gecoril. As 
alorn the lines described by Bunting (I')S0) A 

a gap appears in the mixture the farmer, or his wife, puts something in it. 
Soon as 
body of knos ledge is thuis buill up as to the combinat ions of avtilablc plants which most 

nearly meet the farmer's requirements. 
rapid and powerful modern scientifi': moreTlhe effective applicathn of the much 

methods of improving ;gricultural productivity to these mixed crop systems depends 

on iunde rstanding Ihe crop iitcractions, particularly in relation to use of light, water and 
This papcr

and developing appropriate managemcnit strategies.
nutrient resources 
concentrates on light utili/ation in tgroforcslry svstcms and the ways in which this can 

be optimized. 

The general theory of light penetration and shading 

in agroforestry systems 

and penetration in discontinuous
of light interceptionThe characteristics feature 

canopies such as those in agroforestry isthat it cannot be calculated as asimple function 

area index (L) and a light extinction coefficient (K) by the 
of vertically-sumnined leaf 


usual equation:
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I / to = e K1, 

where I is light intensity beneath an LAI of L and Io is light intensity above the canopy.Instead the transmission through the (discontinuous) tree canopy must include acomponent representing light which misses the trecs altogether by penetrating directlyto the ground crop through gaps between the trees or rows of trees. If such transmissionis designated Tf then the total light transmitted to the ground or field crop surface (T)expressed as a decimal fraction of light above the trees is as shown in Equation (2)(Jackson and Palmer 1979; Jackson 1983): 

T = 'T" + (I -T)c'KL
(2) 

In this equation Tf represents the fraction of the ground surface which would stillreceive light if the trees were 'solid' or non-transmitting to light and the second termrepresents light actually transmitted to the ground through the tree canopy with
being L / ( I - Tf ). 

L' 

The corresponding equation for fractional interception by the trees ( F ) is: 

F = Fmax - Fmax e K I 

(3)
 
where Fmax is the decimal fraction of the available light which would be intercepted ifthe trees were 'solid'. 

From these eluations it can be seen that: 

1. The partitioning of light between the trees and the crop is a function of tree LAI andalso of tree dimensions and arrangements which (together with latitude, time of (lay,,nd time of year) determine the east-shadow area for direct light (Fmo for directlit'ht) and the corresponding interception of diffused light.2. Aodition of a unit amount of tree leaf area will result in interception of moreadd'ional light if it is done in such a way as to reduce Tr by increasing Fma, (e.g., byplacirg additional trees in gaps or increasing tree dimensions so as to increase thepropo, Iion of the ground which is shaded) than by increasing leaf area within thesame campy volume. In the extreme case, with widely scattered blocks of trees,doubling rce leaf area by placing extra trees in gaps could almost double lightinterception. Doubling thc leaf area within the existing trees would increase lightinterception to "imuch smaller extent and hardly at all if L' in Equatictns (2)was already his ,. and (3)This conclusion, which is obvious, is borne out by the simulationstudies of Rook ct -I.(1985). 

Using a modified Non, r and Welles (1983) radiation interception model they calculated that under a particular set of conditions for Pinus radiata in New Zealandincreasing the crown height to give a 77% increase in crown volume, with a correspondingly reduced foliage density, increased photosynthate production per tree and per unitground area by 12%. 

Light requirements and responses in agroforestry 
The light requirements and responses of tree and crop plants can be categorized intofour types as shown in Fig.i. In the first type (A) there is a linear relationship betweenintercepted light or light intensity with the regression line going through the origin. 
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There arc many examples of dry matter production by crop plants being proportional 
and Gallagher 1977; 

to intercepted radiation, particularly early in the season (Biscoc 

Monteith 1977a). This does not necessarily imply a linear relationship between canopy 

productivity and light intcnsity because at least sonic of the variation in radiant energy 

interception in the data used was a consequence of variations in percentage effective 

(percentage of available light intercepted) rather than in light intensity. 
ground cover 
There is,however, also direct evidence that net canopy photosynthesis can be as linearly 

dependent on irradiance changes during a day (B3iscoe and Gallagher 1977). 

Figure I The relationship between economic yield and light intensity for four 

diffei ent plant types showi<, linear dependence (A), 

a degree of shade tolerance with low light saturation (B), 

shade intolerance (C)
 
and shade requirement (D).
 

1.0

1.0 A 

0 0.5
6 0.5 
C-) 
CO 

a: 
0.25 0.5 0.75 1.0 

0.25 0.5 0.75 1.0 

1.0 D 
2 1.0 C 

0 

0 0.51 
c 0.5 

cc 

0.250.50.751.0Full 0.25 0.5 0.75 1.0 
0.25 0.5 0.75 1.0 sunlightLight intensitysunlight- FullLight intensity 

166
 



J.E. Jackson 
Observational studies have also shown an approximatcly linear relationship betweenthe dry matter production of grass and weeds in coconut plots planted at differentdensities and the degree of shade. Smith and Whiteman (1983) found the mean aboveground dry matter yields of sown grasses and weeds under natural shade levels of 69,54, 43 and 17% full sunlight (PAR) were 56, 49, 33 and 20% of those obtained fromunshaded control sites.Monteith (1972) cites crops such

general 
as maize, bulrush millet and tropical grasses inas having this type of non-saturated light response. Subsequently Monteith(1977b) attributed this to (Ii plants in general.The second characteristic type of crop x light relationship (B) is that in which cropcanopies show light saturation it less than full sunlight intensity. In this case net photosynthesis or crop growth increases with light intensity up to a certain level and then staysat this plateau rate irrespective of further increases in irradiation (Biscoc and Gallagher1977; Sale 1974). Motl and Popenoc (1977)

tropical legumes and Monteith (1972) 
show this response curve as typical of

shows a rather less flattened one for tropicalspecies such as cassava and beans.The third type of relationship (C) is one in which there is little or no economic yieldat below a threshold level of light intensity although yield can be a linear function oflight intensity above this point.Cannell (1983) suggested that fruit and seed-yielding crops in general are intolerantof shade. It seems that the processes involved in flower and fruit bud formation, fruitset, fruit growth and the development of economically important visual attributes suchas red skin pigmentation (anthocyanin formation) require levels of insolation muchhigher than those needed for vegetative growth. This was shown by within-canopystudies and artificial shading exiperiments on apple in which progressive increases inshade which had little effect on vegetative growth had dramatic effects on fruit yieldand quality (Jackson and Palmer 19 7 7a, 1977b; Jackson et al. 1977). From this and otherwork it was concluded that canopy zones receiving less than 50% of full daylight wereeffectively incapable of producing good quality apples and studies on peach plantingsystems suggest that fruit formation in this stone-fruit crop is at least as shade intolerant.The final category (D) includes trees and crops which actually benefit from shading.Huxley (1967) showed by direct experimentation that Robusta and Arabica coffee seedlings increased in dry weight more rapidly when grown under 27, 38 c" 54%light than when grown in ihe open. full day-This phenomenon appears widespread among treeseedlings. A rather more surprising result, in view of' the generally adverse effects of
shade on fruiting, was the increase in yield of top quality fruits of peppers in Israel which
Rylski (1986) 
 achieved by artificial shading.
shade (12 

When imposed in summer, low levels ofand 26%) gave yield improvements of more tha., 62%controls while reducing light by 47% gave 30'% 
ovez the unshaded
 

more yield than control.
 

Management of agroforestry systems to maximize 
productivity through optimizing light utilization 
Selection and management of 'high light requirement' fruit tree crops 
There is ample evidence that seed and fruit producing trees are often of Type C asdefined above. They cannot produce their crop in the more shaded parts of the treesand consequently there has been a pronounced move towards using very dwarfed treesgiving shallow, well-illuminated cropping canopies in the commodities which have had 
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The change in apple production has been particularly 
the greatest research input. 

productive shallow cropping canopies of 
dramatic with large trees replaced by more 

little more than a metre in depth and with orchard LAIs of around 2 or less (Jackson 

1980; Jackson and Middleton 1987) compared with old style large tree orchards with 

The productivity gain in the sole crop orchard is a result of better 
LAIs of 5 or more. as a result of the 
illumination of the fruiting wood, easier and cheaper management 

lower respiratory load in relation to photo
and a

reduced tree size (Jackson 1985) 
would be a tremendous 

In the agroforestry situation there 
svnthctic productivity. zones of fruit- and seed-pro
additional advantage of eliminating the non-productive 

ducing trees in that this would enable light currently intercepted unprofitably by the
 

lower and inner parts of such trees to be available for growing undcrsto! .y crops.
 

The simplest approach to meeting the specific agroforestry objective is to produce
 

vertical columnar trees capable of producing fruits all the way down to ground level and
 

so contained in their lateral growth that they bear fruits right back to the tree trunk, i.e. 

Such trees would minimize Frnax for any given level 
there is no unproductive inner zone. LAI, and maximize 
of fruit production, minimiie light interception per unit of tree 

are two ways of achieving such tree 
availability to the inter-crop at ground level. There 

form. by selection and breeding; and by pruning. 

Selection and breeding for columnar fruit tree form 

Variation in branching habit and tree form is commonplace within both coniferous and 

deciduous tree species, arising by mutation, but it is only recently that this variation has 
Two 

been exploited in a systematic way otlcr than for purely ornamental purposes. 
can 

common mutant forms, those generally referred to as 'pendula' and 'columnaris' 
'Spur-types' 

have the narrow-crowned habit which minimizes their cast shadow areas. 

with the main branches clothed in fruiting spurs rather than long lateral branches are 

also commonly found, e.g., in apple and in peach, an outstanding example being Red 

trees are, by and large, of 

Delicious apple of which spur-types predominate. Such 
isto tree cast shadow area 

tie ratio of fruit yieldeven thoteghconventional form 
obviously greatly increased. 

A much greater potential for radical change in tree form has come with the identifi

cation of the gcne for compact, columnar, non- branching habit and its use in breeding 

programmes (Tobutt 1985). Trees of this type are essentially upright poles covered with 

any lateral vegetative branches. The first varieties from these 
fruiting spurs without 

are just now becoming commercially available. A rather similar habit is 
programmes 

the ornamental cherry
far only exploited in 

Pnmus, although so
available within 

are also prospects of compact types of a number of other fruit 
ThereAmanagawa. 

species (Alston and Spiegel-Roy 1985). 

Pruning to produce fruit trees with a maximnum ratio of fruit yield to 

cast shadow 

Depending on natural tree branching and fruiting patterns two methods suggest them

selves. Where the fruit trees crop on young wood, e.g., one-, two- and three-year-old 

a vertical axis with cropping laterals which aie 
wood, they can be pruned to produce 


removed by cutting back to the trunk ,assoon as they surpass the desired maximum age.
 

This is the basis of the 'pillar' and the 'slender spindle bush' (Wertheim 1978) and also
 

of the 'axe' which is being used for both apples and peaches in France (Lcspinasse and
 

Dclort 1980).
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The major weakness exhibited by 'pillar' systems in the United Kingdom and 'axe'systems in France is that, where the trees are planted relatively close together inhedgerows only a few metres apart and growth is vigorous, the lower parts of the treesbecome excessively shaded by the adjacent hedgerows, are unable to produce goodquality fruits and may even fail to regenerate lateral branches after pruning back to thetrunk. Control of the vigour of growth of the top of the trees by careful pruning isessential to prevent this happening if vigour is not naturally controlled by genotype(scion and rootstock) or soil. In the agroforestry situation this problem is much lesslikely to occur because the trees or hedgerows can be spaced so widely apart that eventhe lowest parts of the tree receive ample sunlight for production of good quality fruitsand for branch regeneration.
Where the fruit trees crop best on older spurs then either: 

1. A columnar tree shape around a 'centre-leader' vertical axis can be maintained byusing the 'North Holland' type of prunilg system with shortening back or removal ofextension shoots in both summer and winter. In this approach the lateral branchesare not allowed to extend more than about a metre from the trunk.2. As an alternative, trees of aspreading-branched form can be spur pruned so that allthe fruits are borne on spurs on main scaffold limbs with gaps between these limbsfor light penetration. This is, however, a much more difficult tree form to managethan are the centre-leader, vertical axis forms described earlier. 

Selection and management of other tree crops

in agroforestry situations
 
Some forest trees as well as fruit trees are shade-intolerant (Perry 1985) and Assmann(1970) concluded that mixing shade-tolerant and shade-intolerant trees led to increasedproductivity compared with growing intolerants alone. For example, the yield of Pinllssylvestis- Fagussylva'icamixtures was up to 24% greater than that of pure P.sylvestris.Shade-intolerant lin,ber trees can be regarded as ideal partners for understorey cropsin the same way as fruit trees and palms and the same design requirements are relevant.Even when the trees are Type A in their light response it is clearly advantageous inan interspersed agroforestry situation for the timber trees to have a maximum ratio of
economic yield (trunk) 
 to tree volume and cast-shadow area ( Fmax ). Essentially to
achieve this we need trees with strong genetically determined apical dominance (or
apical control). This tree type has been sought for very different reasons in the Finnish
forest tree breeding programme. 
 In this the idcotype for conifers has stems which arestraight, have small taper, thin bark, good quality timber and rapid height and diametergrowth, and branches which are slow growing, are consequently small in length anddiameter and subtend angles at about 9 degrees with the stems (Karki and Tigerstedt1985). Such trees could be very suitable for row and alley cropping (see below).
The Finnish selection and breeding programmes have produced 
narrow crownedtrees with ahigh, and highly heritable, ratio of standing stemwood to total above-groundfresh weight. Among the species with narrow crown forms are Picea abies, Pinussylvestris and Betula pendula. It is noteworthy that narrow-crowned clones occurrednaturally as did the Wijcik mutant of McIntosh which isthe source material for compactapple tree breeding. There seems every possibility that a systematic search for narrowcrowned or columnar types of relevant tree species for agroforestry would result in therapid identification of suitable clones.This argument is probably relevant in all agroforestry situations where timber is animportant product. It is likely to be most difficult to put into effect where the ground 
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crops is of Type D with a specific shading requirement. In general it is much easier to 

ensure an even low level of irradiation in the understorey if the trees have high Fnmax and 

low leaf area per unit canopy volume, grown as flat-headed ( umbrella-like ) trees or as 

very tall thin hedgerows, than if they are dense and columnar with low Fniax and high 

density of shading although this can be achieved in row and alley systems with appro-
The ideal under

priate dimensions and row orientations (Jackson and Palmer 1988). 

storey crop or alley crop to combine with dense columnar spaced trees is one with an 

Type A light response so that it can make use both of very high irradiances in unshaded 

areas and low irradiances close to the trees. 

Fuelwood and fodder trees in an agroforestry situation 

It is assumed that these have a Type A light response, with some economic product, in 

the form of branches and leaves, being produced even in shaded situations and trunk 

thickening and upward growth being a function of total light interception. There is not 

likely to be any intrinsic advantage from growing such trees in close, intcrcropping 

association with crops. Indeed their yield of vegetative dry matter per unit ground area 
of 'density stress' 

may well be higher if they are grown in solid blocks with a degre 

If the trees are grown in such blocks, or at least in multi-rows, their 
(Cannell 1983). 
productivity will be influenced by the following: 

1. The upper limit to potcntia, yield will be determined by F max and reduction in this 

will, other things being equal, be accompanied by loss of yield. 
a given tree

closed canopy or of leaf area within 
2. 	 Increases in leaf area index of a 

volume will not necessarily lead to increases in net photosynthate production. Above 

index, which varies with the light extinction coefficient, surplus 
a certain leaf area 

mor than counterbalance photo
is 	reduced as respiratory lossesproduction 


synthetic gains (Sacki 19(A); Kira and Kumura 1983).
 

3. 	 As a consequence of 1 and 2 reduction in the dimensions of a fuel ot fodder tree 

block, especially reduction in t1,. horizontal dimension of ground area covered, will 

reduce its productivity to a much greater extent than will removing branches from 
these 

individual trees or removing ir,'*ividual trees from within the stand as long a 

do not leave large gaps. 

In general, the techniques of clear-felling of forest trees and even of coppicing are 

largely determined by the specification of the end product, e.g., in terms of sawnwood 

potential, pole characteristics, etc., and by the economics of harvesting on a large scale. 

In the small-scale agroforestry situation it may well be possible to treat fodder and fuel
as 	photosyntheticallytrees while maintaining them 

wood as regular crops from the 
mature, are 

efficient canopies. In this context it is worth noting that fruit trees, once 

of their dry matter increment into harvested fruit each year 
capable of putting 70% 

shows up to 77.5% of 
(Jackson 1985) and data presented by Barlow and Smith (1971) 


the total annual increment going into harvested fruit and deciduous leaves with only
 

22.5% going into root and trunk and branch tissues. If such a ratio of consumable to 

trees by appropriate selection and 
could be obtained in fodderstructural product 

management then sustained annual harvesting of only that production which is surplus 

to the trees' maintenance needs could well replace the longer term cycles of production 

(Cannell 1983) which are currently common. 
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Effect of the light requirements of the ground crop
 
on system design and management
 
Although it is possible to think of available radiarnt energy being partitioned up betweenthe tree crop and the ground cror the proportionate partitioning will only have acorresponding effect on ground crop yields if this crop is Type A in its light responses.In all other cases the pattern of shade distribution over the ground could be of critical
importance.

Jackson and Palmer (this volume, Section 5) show that row and alley systems canresult either in relatively uniform shade across the alley or in a combination of denseshade near the trees and little shade in the alleycentre or adjacent to asouth-facing row(if north of the equator). Moreover, the shade pattern can change with time of year.The uniformity of shade cast by scattered or evenly distributed trees will depend on theheight of their foliage above the ground :'s well as on its LAI. Under these circumstancesdie efficiency with which acrop can utilize the light which is not intercepted by the treeswill depend on the con-1ination of crop requirements and light intensity pattern over 
space and over time.

In order to assess the magnitude of these effects it will be necessary to obtain dataon shade responses under the appropriate environmental conditions. An indication ofthe likely crop-specificity can be obtained from the work of Willey and Holliday (1971a,1971b). They showed the yield of barley to be reduced by shading during the eardevelopment phase but not by shading during the subsequent grain-filling period;whereas the yield of wheat was reduced by shading at either of those times. Yoshidaand Parao (1976), in experiments involving shading to 25, 50 and 75% of lull daylight,found the vegetative growth of rice to be almost unaffected by shade but the reproduction and ripening phases to show a linear dependence of yield on light intensity.Where shade isof positive benefit, as in protecting peppers from sunscald, it is unlikelythat a combination of exposure to full sunlight for part of the day coupled with deepshade for another part of the day - as is achieved with some row and alley systems -will be of equal value to an equivalent average reduction in light as a result of avirtuallycontinuous sparse overhead canopy. A combination of shade trials and computer
modelling of light interception and distribution could be very valuable as a supplement
and aguide to dire.' experimentation to optimize agroforestry design and management

and the selection of appropriate tree-, and crops.
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Abstract 
The Nefzaoua Region represents the final phase in the transition from the mediterraneanclimate to the wann desert climate. We eiramie the 'agrometeorological efficiency' of thetraditional oasis svtent and illustrate certain trends in oasis management. Finally we describe the agrometeorological network ofthe Nefzaoua Project. 

Introduction 
The Nef-aoua Project managed by the Istit uto Agronomico per I'Oltremare ofFlorence
(IAO)and the Institut des Regions Arides of Mcdenine (IRA), is a cooperative project between Italy and Tunisia. Its aim is to combat desertification and to improve the
traditional management of the oasis.
Though agroforestry has been developed in the humid 
 tropics with completelydifferent plants, nevertheless its principles and techniques might also help to deal with
efficient use 
of light and water in complex multi-strata vegetation structures in arid
climates, such as the continental oases of the Ncfzaoua.
 

The region of Nefzaoua 
The region of Nefzaoua in southern Tunisia lies to the south of the Chott El Fedjedj,and to the east of the Chott El Djerid, two vast salty depressions that range in elevationbetween + 23 and -20 m asl. Eastwards are the Matmata mountains and southwards isthe Sahara desert (Figure 1).A recent survey of the geomorphology, soils and vegetation of the area has been conducted by the Istituto Agronomico per l'Oltremare (Ongaro 1986) and a land units maphas been drawn. The region has a tropical arid climate (Tave = 21 *C)with outbreaksof cold air from the Mediterranean sea; occasionaly it is reached by the edges of thefrontal depression systems crossing the upper latitudes. Throughout the entire zonethe scanty and variable rainfall (90 mm per year) coincides with the period of lowest 

temperatures. 
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Figure 1 Agrometeorological network of Ncfzaoua (1:1,500,000).
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The Nefzaoua represents the final phase in the transition from the mediterranean 

climate to the warm desert climate dominated by tropical highs. 

The oasis 
in the oasis; the surrounding steppes are grazed by 

Agriculture is practiced exclusively 
in the oasis is structured on three 

camels, goats and sheep. Traditionally vegetation 
date palms; 2nd level, fruit trees (olives, figs, pomegranates, almonds 

levels: Ist level!, vegetables.fodder plants (alfalfa and barley) Qn
and apricots); 3rd level, 

Fields are small and surrounded by hecdges of palm leaves; the irrigation and drainage 

network is very close and plants arc irrigated by submeirsion. The soils have a great per

centage of sand and silt and, by conseqjuence, have avery low cation exchange capacity. 

Therefore the mnanure used to maintain their fertility is a ,cry important factor and also 

178
 



'. Sarfatti et. al. 

contributes to increased soil available water capacity. Commonly tile oasis is protectedfrom tile outside by one to three shecrbclts of non-living barriers.The components of the whole systcm (vegetation structure, irrigation and drainage,hedges and sheltcrblts, manure) contribute to create the 'oasis effect' leading to areversal in the ratio between turbulent latent healt flux density and net all-wave radiation flux density (Flohn 1)71. ()ke l)78). THe traditional management of the oasis hascrcated a very complex system with the integration of agr;culture and ratigelands thatcope quite well with the extrcmc environmental conditions. 

The present situation 
Recently a decline inthu productivity of many oases h:s ;ed to a change of the system.
Certain trends can be discerned: 

1) abolition of frui: trees and, in some cases, of fodder plants with the consequent loss 
of manure;

2) new irrigation methods using closed pipes instead of the traditional open air net
work: and 

3) larger fields o'date palms with dccre.scd plant density. 

All these managcment niditical ions affccl many agrometeorologicai parameters insidethe oasis (tempcraluic, global and net radialion, wind speed, potential evapotranspira
tion, etc).

On lic(Ithcr hand dCser ih1cation in the surrounding steppes has been acceleratedby climatic factor, as well as bv overgra.ing with the consequence of increased heat advection from the areas in which Ihc oases are embedded. T[hus the traditional agroecosystem is being replaced by a more 'simple' bul probably more unstable one, thelong term validity of which has yet to be shown. 

The rgrometeorofogical network 
To monitor the prcscnl situation and to assess the validity of possible new proposals,an agronmcteiorological network will be implemented during 1987, as a part of the Ncfzaouza Projcct. The nctskork will be composed of five peripheral stations and a central
unit in Kcbili for data proccssing 
and storage. The meteorological variables to bemeasured include: precipitation, air temperature and humidity, solar radiation, windspeed and direction, evapor;iion and soil teniperature (Figure 2). Data will be sampledevery two minutes, pre-processed and transmitted automatically by radio to a personal
computer. Data will also b,stored at tlie local stations on solid state memory modules
with a thirty-day dala capacity. 
 Solid state modules will be interchangeable and conncctablc to the cormpl)Lter 1v i interface. All the peripheral components will have aworking range from -5 ' to + 125 <(.The stations that don't 'see' Kebili will be con

nected by two radi) repeaters.

The network has bccn designed to be reliable and user-friendly (Benincasa ct al.


1984; Sarfatti 1l86).

The network will also )rowidc 'ground-truth' for a long-term remote-sensing experiment that will be conducted after 1)88 by IAC) .nd by the Italian National ResearchCouncil (CNR) to monitor desertification processes and oasis 'health' utilizing Landsat TNI and TIROS AVIIRR images. 
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Figure 2 Peripheral agrometCorological station (1:30). 
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The need for meteorological information
 
to plan agroforestry on steep slopes in Ethiopia
 

M. Negash 
Land Use PlanningDepartment,Afinistry ofAgriculture

P.O. Box 5580, Addis Ababa, Ethiopia 

Abstract 
Ethiopiais characterizedby landfeaturesofmountains,hills,plateaus,valleys andgorges.In general,the landabove 1500 in elevation is classified ashighlands. The country covers124 million hectaresof land comprising42 million people. Agriculture is the dominantsector of the economy. It contributtesto 90% of the rportsandan employment ofmore
than 80% of the labourforce.

On the otherhand,95% of the cultivatedlandsaresituatedin the highlandswhere 88%of the hiwian population and two thirds of the livestock arefound. The highlands arengged andsteep. As a result of their steepness, oveigrazing, overcultivation and wantondeforestation,the highlandssufferfrom en vironmentaldegradation.

Tie traditiona!climaticzones prevailingin the country are:
 

" Kolla (arid& semi-arid) 
o Woina Dega (semi-humid)
 
" Dega (cool andhumid)
 
o Wurch (cold andmoist) 

In these zones, 12 majorland use andcover types were identifiedfron: satelliteinagery
interpretationand limitedfield checks.

7he croplandoccupies 14.8%; grazingandbrowsingland51%;forests 3.6%; andcurrently unutilizableland 18.7%; ofthe counmy
In the history of Ethiopianagriculturalland use, agroforestryis closely relatedto intercroppingofperennialandannualcrops. It is widelypracticedin the south, southwestern
andeasternpatsoft/ic contly. Agroforest, has alsorecently beeni recognizedasimpoerant soil andmoisture conservation.
 
At present, the productivityofthe highlandsis decliningbelow thefood requirementsofthepeople andthe livestock. The reasons areseveresoilerosion anddecline in thefemlilityof the soils resultingfrom poorland managementpractices.In orderto reverse the situation,scientifirallydesignedandplannedagroforestryfamingsystems arc urgently needed on steep slopes. The systems should itegrateresourceconservation - basedproduction of crops, livestock, woods and conservation of nature.However,these requirebasicinfonnation on climate,soils andslope classes. In Ethiopia,6 rainfallpattern regions, 10 thenmal zones, 15 length-of-growingperiods, 18 major soiltypes, 380 landsystems and5 slope classeswere identifiedat exploratorylevels ofstudies. 
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Introduction 
Ethiopia is situated between 30 and 180 north latitude and 48- east longitude (i.e., in East 

Africa). It is mainly characterized by land feateres of mountains, hills, plateaux, valleys 

and gorges. In general, the land above 1500 m asl is considered rugged highlands. The 

a total land area of about 124 million hectares and comprises 42 million 
country has 
people (FAO 1986a). It contributes to 90% of the 

Agriculture is the dominant sector of the economy. 
The farm families organized 

exports and an employment of 88% of the labour force. 
seven million and the annual population growth is 

into peasant association are about 

about 2.9% according to the 1984 national census. Ninety-five per cent of the cultivated
 

lands are in the highlands. They contain 88% of the country's human population, two

of its economic activity. However, the highlands
9W%thirds of its livestock and over 

result of overgrazing, overcultivation,
suffer from cnvironmental degradation as a 


excessive deforestation, and slashing-and-burning of the natural vegetation cover. The
 

destruction of forests according to recent estimates is 200,000 ha per year which is over 

forest land. The sensitive arid and semi
the potential capability of the existing 3.6% 

arid vegetation of the lowlands is badly thi'eatened by overgrazing. The present esti-
The highlands 

mate of the annual country-wide soil loss rate is 2 billion cubic meters. 
erosion attackand gully erosion. Sheet and rill 

are seriously threatened by sheet, rill 
For these reasons, the fertility and produc

mainly cultivated lands and grazing lands. 


tivity of the highlands is declining rapidly.
 

The traditional agroclimatic zones and slope classes 

zones of Ethiopia are distinguished by the linked 
The four traditional agroclimatic 


factors of altitude, annual rainfall and temperature (Table 1).
 

Traditional agroclimatic zones.Table 1 

AreaAltitude Average annual 
Agroclimatic Climate 

aa rainfall, mm km 2 

Aoe tzonemas 

< 800 702,755< 1500arid & semi-aridKolla 800 < 1200 398,8111500< 2400
Woina-Dega semi-humid 127,9542400 < 3200 1200 < 220 0 
cool & humidDega >2200 14,280>_3200cold and moistWurch 

However, rainfall is related to geographical position as well as altitude. At a given. 

altitude, a site in Tigre or Eritrea, or in the south-eastern region towards the frontiers 

of Somalia or Kenya, is likely to receive less than a site in Shewa, Keffa, Elubabor or 

Wellega. 
In order to understand in detail the agroclimatic conditions of the country, the four 

agroclimatic zones are sub-divided into 11 sub- agroclimatic zones based upon the dis

tributions of the average annual total of rainfall (Table 2). 
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Table 2 Sub-division of agroclimatic zones. 

Agroclimatic 
sub-zones 

Climate Altitude Annual rainfall 

Bcreha arid 
masl 
< 500 

mm 
< 200 

Dry Kolla 
Moist Kolla 

semi-arid 
warm-semi-humid 

500-1500 
500-1500 

200 < 800 
800-1400 

Dry Woina Dcga 
Moist Woina Dega
Wet Woina Dcga 

semi-humid 
semi-humid 
humid 

1500-2400 
1500-2400 
1500-2400 

< 900 
900-1400 

> 1400 
Moist Dega 
Wet Dega 

cool & humid 
cool & wet 

2400-3200 
2400-3200 

900-1400 
> 1400 

Moist Wurch 
Wet Wurch 
High Wurch 

cold & humid 
cold & wet 
cxhcme cold & wet 

3200-3700 
3200-3700 

> 3700 

900-1400 
> 1400 
> 1400 

The five slope classes distinguished in Ethiopia are: 0-10%, 11- 25%, 26-35%, 3650% and more than 50%. Sloj~e class 0-10% occupies mainly the lowlands below 1500m elevation (about 703,000 km) and the flat highland plateau and valley bottoms. Theother classes are found mainly in the highlands. Slopes greater than 50% occupy a largearea compared to the other classes. 

Present land use and cover types 
Land use refers to the uses to which the land resources are put by man to derive themaximum benefits in order to satisfy his social and human needs. These are food, clothing, shelter, firewood and other materials such as wood for furniture (FAO 1986b). Landuse involves the physical interaction between the resources and the powers of man andanimal required to produce the necessary commodities. However, land cover typesreflect only the natural and physical features of the resources from which man can benefit. These resources are vegetation, soils, water, cultivated land areas, salt flats and therocks. Vegetation by itself comprises forests, woods, bushes, shrubs and grass at variouslevels of cover density.In Ethiopia, a land-use/land-cover study was carried out by interpretation of Landsatimagery (1972-1979) and limited field checks (FAO 1984a). The study distinguished 12major land cover types: 

1.Urban and built-up land
2.Cultivated land3.Afro-Alpine and sub-Afro-Alpine vegetation
4. Forest land 
5.Woodland 
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6.Riparian woodland or bushland
 
7.Bushland
 
8.Shrubland
 
9.Grassland
 

10.Wetland 
11.Bare land 
12.Water bodies 

A 
cover types were further subdivided into two to five sub-units. 

The 12 major 

further classification was made, based on main land use and main crops. Finally, the
 

as shown in 
distribution of land under the major kinds of land uses were summarized 

Table 3. 

Table 3 Classification based on land use and main crops. 

PercentArea (ha)
Use 
Crop land 13.116,413,140

Annual crops 1.72,074,050
Perennial crops 51.063,725,700

Grazing and browsing land 
3.64,473,520Forest, woodland, bush and shrub 3.64,43520

Forest 8.110,135,470
Other 3.84,719,740

Currently unproductive land 18.723 292,380
Currently unutilizable land 100.0124,834,000

Total 

The history of agroforestry in Ethiopia 

In the history of Ethiopian agriculture, intercropping is a common practice especially 

in the south, south-western and eastern parts of the highlands. At present, it is remark

ably considered as an old agroforestry practice in the perennial crop growing areas. 

Among the perennial crops, coffee, ensete and chat (Chata edulis) could be mentioned 

as common examples. 
The history of the traditional agroforestry farming systems in Ethiopia goes back to 

the beginning of coffee production in the country. In general, coffee grows wild as well 

as cultivated in the south and south-western highlands. However, it is cultivated in pure 

stands in the eastern and central highlands. Wild coffee grows naturally as bushy strata 

under tall forest trees, while cultivated coffee iscommon to homesteads under the shade 

of irregularly scattered trees. The common shade tree genera areAlbizia, Acacia and 

Corida. All of these have flat and wide umbrella-shaped canopies. However, the cano

pies allow an optimum amount of light rays to penf; i'ate and reach the coffee bushes. 

On the other hand, since the shade trees and the coffee bushes are scattered, there 

is enough space to plant other crops in between. Farmers in the south till the coffee 

fields in the rainy season with hoes and intercrop them either with cereals such as maize 
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and sorghum; pulses; or root crops such as taro, potatoes and cassava. Some farmersintercrop coffee with perennial crops such as ensete, lemons, oranges, limes and hops.In some other perennial crop areas, where coffee is not commonly grown, ensete andcabbage are grown in the shade of scattered trees. And in the central Ethiopian highlands, acacia trees are scattered in the cereal and pulse fields. Chat bushes in the eastern(Hararghc) and central highlands are intcrcropped with cabbages, sweet potatoes,shallot or onions during the growing season.
As a result, farmers derive multiple uses from their intcrcropping. They producecoffee, beans, seeds, vegetables, loppable browse for their cattle and firewod from thebranches of the trees. Therefore the system does not very much affect or change thenatural ecological balance of these areas, because the canopies of the trees and thebranches of the bushy perennial crops intercept the erosive heavy rain drops. On theother hand, the root systems allow free infiltration of water by retarding surface run-offand bind the soil in situ. Added to that, litter from leaves and bark add organic matter,increases fertility of the soil and imp: -,ve its structure and its workability.These ecological interactions not only conserve the soil but keep the moisture andnutrient balance of the soil intact to make itreliable for crop production. Today, farmersneed to produce enough for themselves and if possible asurplus to insure food and export securities for their nations. This should also be done without causing serious andirreversible damage to the resources.

In Ethiopia, cultivable land isscarce and vulnerable to degradation. Therefore, anunderstanding of the traditional agroforestry farming system invites us to think morescientifically about its advantages and to design scientifically-tested systems to protectour environment. This requires identification of the quality and distribution of variousenvironments, the crops to be grown, their optimum environmental requirements, andthe trees and shrubs to be integrated within the system.It also involves the selection and breeding techniques of high yielding plant and/orcrop species, proper management and conservation techniques and designs. However,identification of techniques should rely upon research findings and recommendationsin order to arrive at conservation-based multiple productivity of the resources. 

The need for agroforestry planning in Ethiopia 
For many centuries subsistence mixed agriculture has been practiced, mainly in the
highlands of Ethiopia. 
 It integrates both livestock- rearing and the production ofrainfed cereals, pulses, perennial crops, fibre crops and oil crops. Oxen and man were
and still are the main sources of farm power. Cows are reared to produce oxen and some
milk products. Goats and sheep are kept mainly for meat and as a source of cash in the
peasant economy. Horses fulfil the need for transportation of humans and goods.
However, for many centuries, land has been ploughed and grazed without thinking of
soil and water conservation measures. 
As a result of human and livestock pressure onthe land, cultivated and grazing lands are expanding at the expense of the natural vegetation. Therefore, erosion in the highlands is aggravated as a result of misuse of land andwanton destruction of the natural vegetation. Drought is a common and recurrentphenomenon, especially in the north and north-eastern parts of the country.The environment of the Ethiopian highland is fragile because of its rugged and steepterrains. It requires wise and scientific uses for its sustained productivity. For instance,if one compares the north with the south and south-western regions of the highlands,the latter are better protected than the former because of considerable cover by vegetation and old practices of agroforestry-oriented farming. In the south and south-western 
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regions, perennial crops (e.g., enscte and coffee) and their associated tree canopies 

intercept the rainfall thereby protecting the soil from its erosive power. On the other 

hand, soils in the northern, north-eastern and central highlands are. heavily washed and 
Crop failures and significant yield decreases are com

the environment is degraded. 
The causes are serious droughts and bareness of the 

mon phenomena in these areas. 

ground. Therefore, people and livestock are suffering from shortages of food and feed
 

in those areas.
 
In order to reverse the degradation of the environment and halt the ongoing soil loss, 

scientifically-based agroforestry systems planning is badly needed on the steep high-

In such a system, the major concern of planning should be efficientlands of Ethiopia. 

soil- and water-conservation practices and sustained production of cereals, pulses, oil
 

crops, frui, fodder (browse and herbs), firewood and wood products.
 

Availabiliiy and quality of climatic data
 

In Ethiopia there are more than 506 climatic stations. All operate under the authoriza

tion of the National Meteorological Service Agency (NMSA), which is responsible for
 

the collection, analysis and distribution of the climatic data. 
Of these, 213 record precipitation; 192 stations record precipitation and tempera

ture; 52 stations precipitation, temperature and relative humidity; four stations precipi

tation, temperature, relative humidity and solar radiation; 18 stations precipitation, 

temperature relative humidity, solar radiation, and sunshine duration; 27 stations pre

cipitation, temperature, relative humidity, solar radiation, sunshine duration and wind

speed. Many of the stations have records of more than 5 years. However, only a few 

stations, such as Gore and Addis Ababa, have records of more than 35 years. 

The shortcomings of the climatic data in Ethiopia arc the short periods of observa

tions; the poor quality of the data due to inconsistency of records; and the relatively few 

stations that make comprehensive agroclimatic measurements. 

Rainfall patterns and distribution 

The Land Use Planning and Regulatory Department (LUPRD) of the Ministry of Agri
(FAO 1984b). Six major

culture studied the climatic patterns of Ethiopia sources 

rainfall pattern regions were distirv-uished. 
Rainfall patterfi region 'A' encompases the north-eastern and south-western parts 

in Junz, July, August and
of the country. The region receives rain in summer (i.e., 

September). In the highland areas, precipitation exceeds one-half potential evapo

transpiration (PET) :,t the beginning and end of the rainy season; and full PET in the 

middle of the rainy period. However, in the lowlands of north-eastern areas the rainfall 

/2 PET only in July and August and is always below full PET. Therefore, the
exceeds 
lowland areas suffcr from shortage and insufficiency of rains. 

Region 'B' encompasses the southern and south-western parts of the country. The 

region receives tremendous amounts of precipitation from March to early December 

inhighland areas; and from mid-April to November inthe lowland humid savanna areas. 

Precipitation always exceeds full PET for most of the rainy season. The region ischarac

terized by rains occurring from spring to autumn and isecologically stable with vigorous 

vegetation growth and cultivated perennial crops such as coffee, ensete and rootcrops. 
The region covers the

R-gion 'C' receives rain in spring, summer and autumn. 

eastern and south-castern plateaux and escarpments. The rainfall occurs from Febru

ary to November in highland areas and from March to November in the low-lying areas. 

In most of the regions. precipitation during the rainy season is more than 1/2 PET. 
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Except for some low-lying areas, the region does not suffer from an insufficiency ofmoisture for the growth of natural vegetation.Region 'D' covers the north-eastern Red Sea coastal are,. It enjoys r ins throughout the year. Howevcr, summer rain issmall compared with the other three seasons.most of the areas, precipitation is below 1/2 PET. Therefore, growth of natural vege-
In 

tation is highly affected by the short and zero length of the growing period. Therefore,the region isconsidered not climatically suitable for cultivation of crops and livestock
rearing.

Region 'E' covers the whole of the Ethiopian rift valley and the eastern, central andsouth-eastern highlands. It receives rains from March to the beginning of October i.e.small rains in spring and big rains in summer merging together. However, there prevails a very shorl dry spell in May which has littl, effect on crops and the growth ofnatural veget:tion. In most of the highland areas precipitation is higher than potentialevapotraIpisir-ition. But in the lowlands, like in 'Dire Dawa', precipitation is alwaysbetween halt .u full PET.Rcgion 'F' cov r:s the southern and south-castern frontiers with Kenya and Somalia.It has a bi-modal ,airfall distribution, with spr:, -ainfall considerably greater than theautumn r-iirfafl. The significant rainy months
September to November. The rains bordering rcgion 

A;. 
'C' of this zone are more reliable 

April to the end of May and from 
than rains in the south-west and south-cast. In the highland areas near region 'C', precipitation iLiess than 1/2 PET. In the region no major rain-fed crops are grown and the
natural vegetation isdominated by thorny low shrubs.
 

Thermal zones 
In Ethiopia, average tempcrature decreases about 0.6 *C for every 100 m increase inelevation. In this regard, the temperature gradient determines the distribution of annualand perennial crops, livestock and the natural vegetation in general. The LUPRD(FAO 1984b) distinguished 10 thermal zoes based upon mean temperature during thegrowing periods (Table 4). 

Table 4 Thermal zones. 

Thermal Zone Mean temperature during 
growing period, C 

1 > 27.5 
2 >25.0 _<27.5 
3 > 22.5 < 25.0 
4 >20.0 < 22.5 
5 > 17.5 < 20.0 
6 > 15.0 _<17.5
7 >12.5 < 15.0 
8 >10.0 < 12.5 
9 > 7.5 < 10.0
10 _7.5
 

Source: FAO 1984b
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The zones help determine the types of crops, trees, shrubs and herbs to be found and 

grown, produced and reserved in a certain locality. 

Length of growing periods 

Length of growing period is determined by the interrelated analysis of precipitation, 

soil moisture holding capacity, potential evapotranspiration and frost period. The grow-
PET and end when 

ing period is considered to begin when precipitation exceeds 1/2 

precipitation falls below 1/2 PET. south
Length-of-growing period 0 to 90 days occurs in the north- eastern, eastern 


eastern and southern lowlands. There the natural vegetation is very scanty and consists 

primarily of thorny- bush acacias. The highlands and the north-western, western, and 

south-western lowlands are characterized by growing periods longer than 90 days. 

Other land resource information essential for agroforestry planning 

Mapped information on the physical environment (at scale of 1:1,000:000) is available 

Since soils are the vital medium for plants growth, their nature, and 
from LUPRD. 

characteristics shoulk' be known to help in planning, decision making and implementa

tion.
 
In Ethiopia 18 dominant soil types, 380 landscape units and 120 soil management 

units have been idcatified and characterized. This information enables planners and 

decision makers to identify the relevant types of agroforestry based developments to be 

undertaken in the areas where they should be necessary. 

Conclusions 
Agroforestry planning requires scientific decisions on an integration of resource-con

servation-based multiple use systems. Multiple use can be interpreted as integration of 

pulses, cereals, fruits and firewood production; or integration of wood and fodder pro

duction; or integration of fruits, recreation and nature conservation. However, choices 

of species and varieties should rely upon the available natural resource information. 

On the other hand, plan implementation requires data on human and livestock popu

lation and the feeding and cultural conditions of the society for whom the effort is 

sought. Implementation in turn requires continuous monitoring of the benefits and 

changes in resources and ecosystem characteristics. 
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Mulching as traditionally applied by
small scale coffee growers in Tanzania 
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Directorateof Meteoorolojy
P.O.Box 3056, DaresSalaam, Tanzania 

Abstract 
Microclimatemanagement of coffee fanningby small holdersusing organicmulching isdealt with..4 review ofthe comnmonly used inulch  dried grass and sometimes bananaleaves, applied to each or alternate inter-row is made. The markedeffect on the climate ofthe soilenables thefanners to practice intercropping with suitable annual crops during thefirstfew yearsofthe coffee plants, and increased coffee yields thereafter. The gains accruedare mainly due to improved soil and water conservation, and addition of organic matterand nutrients. Both the effects andgains are treated qualitatively due to limited availability
offigures. 

Introduction 
The application of mulch in coffee plots by small holders may date back to the timewhen coffee was first introduced in East Africa by missionaries from Reunion islandbetween 1883 and 18% (Acland 1973). At the time, the advantages of mulching as weknow them today wcre unknown except probably that ofweed control (or suppression).The mulch, most commonly used was, and still is,cut wild grass or sorghum trash. Somefew small holders however do produce napier grass for this purpose. In this respect,we shall define mulch as covering of the soil surface witn cut grass or crop residue.The use of mulch in coffee farms has been on the increase over the years especiallyduringthe first fewyears after planting. The enthusiasm however has slackened at timesduring low coffee prices such as the world economic depression of the late 1920's andearly 1930's and also the inter-world-war years. Through experience, farmers know thedirect rclatinship between mulching and better yields, although they might not be fullyaware of all the bcncficial effects that lead to this relationship.Materials and their method of application by most farmers in Tanzania will be dealtwith briefly in this presentation. 

Mulching materials 
Mulches are generally divided into two categories, organic and inorganic (Davies 1975).Organic mulches include cut grass (wild or grown), straw, non-synthetic cloth, creeping crops, weed and crop residues. Inorganic mulches though not used by farmers incoffee crops are: ash, water, minerals (sand and stones) and synthetic materials such as opaque or transparent plastics (Stigter 1982). 
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The most common organic mulches used in coffee plots by farmers are cut grass, 

Wild grass is conveniently available for use in areas where 
sorghum and maize trash. 
there isless demand for land. It iscut at the end of the rains, baled and transported to 

the farms. A limited number of farmers use sown grass such as napier grass. It has a 

higher bulk than any other grass: up to 173 tons per hectare of green matter from two 

cutr per year (Acland 1971). Banana leaves, which are within easy reach when banana 

trees are interpiantd with coffee for shade, are also used. Although it lasts longer than 

a year, this mulch is generally insufficient by itself. 

In areas where maize and sorghum are grown for food, their trash isproperly utilized 

They decompose very quickly but are only readily available at the end of 
for a mulch. 

Other materials are also used if available, but they are in insuffi
the farming season. 

cient quantities to be of noticeable value.
 

Methods of application 

The method of application is dependent on the planting pattern, which is usually by 

rows but is also influenced by the availability of land for other crops. If the same plot 

is intended for interplanting with other crops such as maize or beans, mulch is applied 

to the rows leaving the space between the rows for the annual crops. This practice of 

intercropping is normally carried out during the first few years of the coffee plants, and 

is stopped after the first coffee harvest when mulch is applied to the whole field except 

near the stems to enable easy harvesting. 
Mulch is also applied to interrows. This is normally the case in areas where there is 

high infestation of weeds. Intercropping with annual crops then isgenerally not prac-
Others apply

ticed but interplanting with banana trees is carried out by some farmers. 

mulch to alternate tree rows or alternale interrows. With this practice, intercropping 

annual crops is easily carried out, although it would seem that such farmers are 
wit! 
faced with non-availability of sufficient materials in the first place. With mulch applied 

to the whole surface, normally no other farming activity except field works is carried 

out on the farm. The practice of applying mulch to the whole surface can also be ob

served in areas where the cultivated land is situated on a sloping terrain, in which case 

mulching is mainly applied to arrest soil erosion. 

Time of application 
For a traditional farmer, mulching materials are readily available at the end of the rainy 

scazgn (wild or grown grass) and after harvesting of the annual crops for trash or crop 

residue. Unless advised otherwise, the practice is to apply mulch at the end of the rains. 

This practice is beneficial in areas with heavy rains, e.g., the slopes of Mt. Kilimanjaro 

where amounts greater than 800 mm usually fall in April and May, and mulch only makes 

the soil too wet if applied before the rains. Where the rainfall is rather low, mulch gives 

higher yields if it isapplied before the rains start (Acland 1971), this encourages max

imum water infiltration. 
Planting of coffee is normally done at the beginning of the main rains. To prevent 

soil erosion, mulch issometimes applied only around the stem of the young coffee plant. 
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Effects of mulching 

Soil moisture 
Mulching enhances soil moisture status through improved infiltration and reduction inevaporation, the former being more beneficial than the latter according to Webster andWilson (1971). It istherefore desirable to apply mulch at the beginning of a rainy seasonin order to aid infiltration, rather than at the end of the rains when it can only reducethe rate of drying out during the following dry season. Pereira and Jones (1954) showedthis to be true on coffee in Kenya (Table 1). In fact, mulching alternate rows before therains gave better yields than mulching all rows after the rains. 

Table 1 Yields of clean coffee (after Pereira and Jones 1954;) 

Year 
Total 

Rainfall 
No 

Mulch 
Mulched 
all rows 

Mulched 
alternate 

Mulched 
all rows 

before rows before after 

1950 
1951 

(mm) 
610 

1372 

(kg/ha) 
94 

841 

rains 
(kg,/ha) 

188 
1492 

rains 
(kg/ha) 

133 
1307 

rains 
(kg/ha) 

88 
1213 

Soil temperature 
Mulched soil has lower average temperatures and restricted diurnal temperaturea range. This effect isof minor importance under tree crops with heavy shade, but evenunder cocoa Smith (1954) found that mulching reduced average soil temperatureslightly and the diurnal range considerably. The lowering of soil temperature reduceslosses due to evapotranspiration. 

Erosion and soil characteristics 
Mulches protect the soil from wind and hail; and prevent breakdown of soil structureby the impact of rainfall, thus decreasing soil erosion and run-off. They also increaseearthworm and termite activity which provides many channels for the percolation ofwater. Through increased infiltration, leaching is promoted thereby reducing soilsalinity in the top layers of the soil in saline areas. Decomposition of mulch organic matter thus improves the soil structure. 

Weed control 
One of the main beneficial effects of mulching isweed control or suppre. ,ion. It is particularly important in areas with poor rains, as weeds compete with coffee plants forwater and nutrients. 

Growth and yields 
The outcome of the aforementioned effects of mulching together with a few minor ones,combine to give higher yields of the coffee crop. Pereira (1954) quotes field trials inKenya with large yield increases when an organic mulch was applied before the rains, 
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while Robinson (19(), found that a single annual application of trash mulch to coffee 

at 18 kg per tree significantly increased yield. High yields are not only realized in coffee 

but also the annuals (maize and beans) intercropped with it. Better yields of the annual 

crops, especially beans of the detcrminate-landraces variety, are realized from nearly

decomposcd mulch applied to the surface before it is renewed. 

The downward growth of tap roots and the development of the root system as a whole 

for coffee is increased by mulching (Bull 1963). 

Limitations 

If the mulching material is to be obtained from grown glass, then land is required for
 

this purpose. This might prove difficult and expensive in areas with high demand for
 

land. Also a lot of labour is involved in cutting and carrying the material from outside
 

the plantation. To a smallholdcr, it might not be worth the trouble unless the crop sells
 

at a relatively high price especially if the mulch decomposes rapidly. 

Concluding remarks 

In the tropics, the usual limiting factor for plant growth is moisture. The traditional 

farmer depends entirely on rainfall as a source of moisture in all agricultural activities. 

One can say crudely that the more the rainfall the better the yields. However, from time 

to time, particularly in the recent past, frequent droughts of varying degrees have been 

experienced in the tropics. This has made it absolutely necessary for the farmer to get 

the best out of the little rainfall. Incorporating mulching in the farming habits should 

dcfinitely be encouraged in these areas to maximize the available moisture. 
are obtained increases day after day. 

The difficulty with which mulching materials 

Firstly, there is no more free land where farmers can go and get wild grass at no ex-

Secondly, duc to high competition for land and expanding agriculture, proper 
pense. It is 
planning of one's plot is required in order to be able to grow grass for mulching. 

on the best type of grass to grow to 
therefore imperative that pioper advice is availal,!, 

on the land, taking into account the vield of mulch and the rapidity with 
economize 
which it decomposes. 
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Abstract 
Zinbabwc is con ide,ed to be divisible into five agrocliniatic zones which are reallyagroecologca, lzones. The paper describes tie main agroclitnatic features of each of thesezones and evaluatesthe possible significance ofeach of the majorfeatures on agroforestry.It is recognised that only the availability ofmoisture in theform ofrainfall,at the right tine,is the main lin;,'tingfactor for agriculture in general and agroforestn , in particular. To alimited degree, temperatures are also considered limitingbut onlyasfar as arcessivelyhightemnperattresin the arid andseini-aridparlsofthe counttry increase tie possibility ofmoisture stress. Although frost occurs in parts of the country during the cool, dry season, lowtemperaturesare not a serious limitation to agro-forestrv. 7he areas that appear to be climaticallymost suited to agro-forest, are, for a variety ofreasons, also the areas in whichthere seems to be the least needfor it. The semi-arid and arid areas that are inarginalformost other forns of agriculture appear to be the areas inwhich the greatest benefit criuldbe derived froni agroforest,y. 77iex, are also tie areas in which it would appear great difficulty may be erperienced in trying to establish a useful andpractical agro-forest.,y system.77is last problem is the challange which the paperposesfor the agroforestry researcher. 

Introduction 
The agroclimatic zones which will be used in this paper are based on a combination ofZimbabwe's rainfall map and the agro-ecological zones described by Vincent andThomas (1960). An examination of the two maps (Figures 1and 2) shows that the agroecological zones are very closely related to rainfall. The agro-ecological zonation,
however, was based on several parameters such as soil type, vegetation as an indicator
of agricultural potential, rainfall and, in particular, the effectiveness of the rainfall. Paramount importance is therefore attached to the availability of moisture in the right quan
tity and at the right time.


There is no doubt that climatic factors are asine qua non 
for any agricultural activities but their impact will vary according to other physical as well as human conditions.For the purposes of this discussion it is proposed to put the impact of agroclimatic factors in the context of three other factors. These are: 

1. the existence or absence of a tradition of agroforestry;
2. the desirability of it; and 
3. the feasibility of it. 

195 



Meteorology and Agroforestry 

1 Mean annual rainfall.Figure 
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Figure 2 Agroclimatic zones. 

Zone Rainfall Suitable for . 
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The writer firmly believes that the existence of a tradition of agroforestry providesconditions which facilitate the re-introduction or modification of agroforestry systemsand probably constitutes the most important guarantee in terms of potential for agroforestry. In many cases where there has been a tradition of agroforestry, agroclimaticconditions are often conducive to the development of a variety of such systems as is thecase in most high-rainfall tropical zones.Desirability of agroforestry has to do with those conditions in which it is perceivedthat agroforestry will result in a significant improvement in the physical condition of theenvironment or in the improvement of the social condition of the residents. This is oftenthe case in arid and semi-arid regions. However, in such regions, agroclimatic considerations can be limiting or even overriding. It is felt that desirability of the systemwill create the necessary will without which no practice can be adopted regardless ofhow conducive the physical environment may be.Feasibility simply refers to the presence of optimum conditions that would minimizeimpediments to the establishment of agroforestry, i.e., is it physically possible, sociallyacceptable and economically sensible? 

The case of Zimbabwe 
On the whole, Zimbabwe may be described as a semi-arid country in which more than85% of the area receives less than 800 mm of rain per year. The rain is concentrated inthe five months from November to March followed by a marked dry season.Although parts of the country are susceptible to frost in the middle of the dry season,temperatures are not a major limiting factor for plant growth, except in isolated areaswhere ground frost can be a problem in the cooler months of the year. On the whole,therefore, Zimbabwe's potential can be considered to be largely a function of rainfallamount and distribution. 

Agroclimatic zone I 
This is a region of relatively high elevation with cool temperatures throughout the yearand a rainfall generally well in excess of 1 , 000 mm per year. The rainfall is fairly reliableand although it is concentrated in the five summer months from November to March,this zone has the additional advantage that, in the dry winter months, it experiences light
drizzles, called 'guti' in local parlance. This, together with the relatively cool temperatures at that time that minimize evaporation losses, means that the soil profile is moist
throughout the year.
Most of the zone is on mountainous or hilly terrain with steep slopes that make soil
erosion a serious hazard especially with the high silt and clay contents of the soils commonly found there. The soils are mostly Ultisols and Ultic or Oxic subgroups of Alfisols
and some Oxisols. They are therefore of relatively low agricultural potential.
This combination of factors makes this zone highly suitable for agroforestry practices. Such practices are also desirable as they would ensure increased cover to protectthe fragile lands. The introduction of agroforeatry systems could be initiated in the areaswhere dairying iscurrently taking place with beneficial effect, especially if leguminoustrees could be introduced for the benefit of the pastures. At present, the only form ofagroforestry that has been attempted so far has been the growing of shrub and tree cropssuch as coffee and tea together with various larger trees for shade and for firewood tobe used in the processing of the tea or coffee. However, one practice which has showninteresting possibilities is the practice of integrating coffee with the cultivation of 

197 



Meteorology and Agroforestry 

) and fine stem stylo (Stylosanthes 
silverleaf desmodium ( Dcsinodiunl uncinatu'f 

guianensisvar. intennedia). These pasture species provide a thick cover on the surface 

which apparently helps to conserve moisture while at the same time providing the coffee 

In turn, the pastures are grazed by sheep at regular intervals thus 
crop with nitrogen. 
keeping their growth in check and at an acceptable level with regard to potential com

petitior' for water and other nutrients. 
Although climatically this zone is ideal for agroforestry and the practice would re

sult in desirable, beneficial effects, the zone covers only 0.4% of the total land surface
 

of Zimbabwe. With its ideal climate, competition for land here is very high and plan

tation agriculture and horticulture enjoy a high preference ove, any other form of land
 

use.
 

Agroclimatic zone II 
It is also an area of relatively 

This zone has a rainfall in the region of 800 - 1,000 mm. 
Rainfall is somewhat less reliable, 

high elevation and concomitant cool temperatures. Cli-
Some good, fertile soils, mainly Alfisols, typify the region. 

particularly its onset. 
matically, this region is also suitable for the introduction of a wide range of trees and 

tree crops. However, this being probably the best agricultural land in the country, and 

also because of the proximity of most of the region to Harare, the capital, land here is 

at a premium and there has been strong resistance to any form of agroforestry. 

A strong tradition of rotational monocultures revolving around maize, wheat, to
a considerableThere is also 

bacco and, sometimes, groundnuts, is the norm here. 
and it is in the area of daiing that some possibilities for 

amount of dairy activity 
,ufcrs some very high temperatures in 

agroforestry could be examined since this zone 
oo, r.amely September, October and Novem

the three months preceeding the rainy se. 


ber. If nothing else, the introduction of .;itain tree species could provide shade during
 

that period which is also a period when the 'veld' for grazing is of very poor quality. The
 

selection of tree species for such a practice would have to take into account the severe
 

frosts that occur in this zone.
 

Agroclimatic zone III
 

The rainfall here is moderate but comes mainly as infrequent heavy showers which, to

gether with the generally high temperatures, reduces the effectiveness of the rain. The
 

region is therefore subject to severe mid-season droughts. In their agro-ecological zona

tion, Vincent and Thomas (1960) point out that the region is
 

'....marinal for maize and tobacco production or for enterprises based 

on cro 'production alone... The farming system in conformity with the 

natural conditioning factors should therefore be based on both live

stock (assisted by the production of fodder crops) and cash crops, each 

playing a varying but approximately equal part.' 

This zone probably has the most ideal combination of desirability and feasibility for 

agroforestry. The farming systems recommended for the zone lend themselves well to 

This could take the form of plants that have a 
the possible inclusion of agroforestry. 

rapid rate of growth and high nutritional value for livestock. At the same time the tree
 

i, 
species thus introduced, if carefully selected, could, after the first few years of grcv' 

prove to be hardier and more viable than any of the cash crops currently bring pro

duced there. 
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Agroclimatic zone IV 
The rainfall is low (450 - 600 mm yr-1) and tends to be erratic. Periodic seasonaldroughts and severe dry spells during the rainy season are characteristic of this region.Except for the production of some drought-resistant crops in favoured localities, this isa zone in which cattle ranching appears to be the most viable use of land possible. Thepotential for agroforestry here will be discussed jointly with that of Zone V. 

Agroclimatic zone V 
Rainfall here istoo low and erratic even for the production of drought-resistant foddercrops.Zones IV and V offer the possibility of introducing some agroforestry systems integrated with livestock production especially as these are areas of extremely high temperatures for most of the year. High temperatures are known to have adverse effects onanimal metabolism and therefore on the productivity of the animals. Although rainfallislow, it would be necessary to ensure an adequate supply of water for the trees only in 

reserves of ground water. Trees would be able to exploit this ground water better than 

the first year or two because most of the area covered by Zones IV and V has extensive 
most other crops. In time, the change in vegetation could result in desirable microclimaticThe possibilityeffects. 

also exists to introduce commercial tree crops in these regions. Forexample, in the Zambezi Valley, somecashew nuts for their 
of the local people have successfully grownown consumption but the possibility of larger scale, organizedproduction on scientific lines has not been investigated seriously. 

Conclusion
 
Zimbabwe has a wide range of both macro- and micro-climatic conditions which offer
reasonable possibilities for agroforestry. In those areas where climatic conditions areoptimum, agroforcstry faces unfair competition from traditional farming systems which
are considered 
 to be a more intensive and more economic useagroforcstry systems appear to be possible in the low rainfall- high temperature zones.Here the introduction of agroforestry practices can increase the diversity of agricult uralpractices and ameliorate the hostility of the environment for other agricultural production systems. Thus the economic potential of these otherwise inimical environments can 

of the land. Some 

be increased. 
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Climatic zoning for agroforestry in Somalia 

P. Hutchinson 

FoodEarly WarningProject
P. 0. Box 943, Mogadishu, Somalia 

Introduction 
Though Somalia has a pastoral economy, with approximately one head of cattle, onecamel, two sheep and three goats to every person, relatively little is known of the distributions of natural vegetation, nor has much serious consideration been given to thedevelopment of that agroforestry which already exists '%ithin the traditional patterns ofagriculture and rangeland use. Investigations are still principally based on the identification of the extent, potentialities and use of indigenous species; and on the selectionand possible applications of exotics. As a contribution to the esource base for agroforestry, this paper uses the method of Teel (1984) slightly modified, to establish climatic zones suitable for use in agroforesiry. 

Topography 
Southern and Central Somalia consists of rather undistinguished relief rising from thecoastal plains to a maximum altitude of 500 m asi near the Ethiopian border (Figure 1).The country'.; two most impo. f nt rivers, the Juba and the Shabelle, dissect the westernparts of the plain, but the lo,.,r reaches consist of meanders with flood plains.Shabelle does not actually run into the sea. The

Just north of Mogadishu it turns parallel tothe coast for a distance of some 300 km, before running out into swampland.The northern regions are consderabiy different. The ground rises from south tonorth with a succession of ridges and upland plains, reaching maximum heights of 2000m or more along the escarpment, which lies close and parallel to the north coast. Thenorthern coastal strip is of variable width, but isvery narrow, as little as 1 km, in some 
areas. 

The synoptic climatology of Somalia 
The climate of Somalia is determined by the north and south movement of the Intertropical Convergence Zone. In most areas of Somalia, this results in two rainfall season,the 'Gu' as the zone passes northwards, and the 'Der', on its southward movement. Inboth cases, however, the rain is produced by the mGist air deriving from the IndianOcean, in the southerly air stream. The north-easterly winds, deriving from Asia andArabia, produce little significant rain.Annual rainfall amounts are generally small, falling within arid or semi-arid zones ofmost classifications. With temperatures ranging from an annual mean of 18 *C in thenorthern highlands to just over 30 °C in one or two small areas. There is thus a considerable moisture deficit over the entire country. 
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Figure 1 Map of Somali, 
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Agroclinatic zonation 
For the agroclimatic zonation, the method of Teel has been used, with some modification. This method is very similar to the Webb ct al. (1984) system, with only tile variousclass limts being changed. In the method, all that is rcquired is the mean annual rainfalland mea,, annual temperature, though due to the limited records available, a topographic map is also needed for spatial iiitcrpolation. Rainfall and tcmperatuic areclassed anu overlain, to give distinct agroclimatic zoncs. 

Rainfall 
No dcfinitivc rainfall maps yet exist for Somalia, though most maps are based on thedata of Fantoli (1965), British Meteorological Office (1962), and Hunt (1951), none o:which is more recent than 1960. A new map of mean annual r:dinfall has therefore beenmade based on the three sources mentioned above with more recent data, including theeffect of altitude in the north.

Fantoli listed all known meteorological records for eastern, centrad and southernSomalia, up to 1960. Eighiy-two rainfidl stations are included, though some of thesehave records too short to 1c useful. The British Meteorological Office report providessummaries for 28 stations in northern Somalia, using data up to 1960. Hunt carried outar, intensive field study in northern Somalia with 49 rain gauges over a six years periodfrom 1945-1950. The Department of Civil Aviation provided information or, 18 stationsup to the present. The Food Early Warning Department produced data for 23 stationsfrom 1980 to the present. Thus, although the records are scattered, and often broken,it has bhcn possible to provide enough dala, at least for a first approximation, to produce
an annual rainfall map.

The northern part of the country, which, as mentioned above, consists of ratherbroken terrain, was subjected to a simple a:imlysis to obtain a rainfall altitude relationship. The Hant data, which at least has internal consistency was used for this, and therelationship is shown in Figure 2. Compared to previous maps, there are a few changes.In the lower Juba region, north of Kismayo, isohycts of (0 mm and 700 mm have beenadded, as more recent records show four stations having ()0 mm or more. In the north,there has never been any consensus as to the real maximum values. Peak values havevaried between 500 mm and 1100 am. The acual maximum mean measured rainfall
occurs at Dalo, which is on the edge of the escarpment, measured at 833 mm. 
This islikely to be close to the actual maximum spot value. 

Temperature 
As with the rainfall map, data for the mean annual temperature are derived from Fantoli1965), British Metcrolgical Office (1962), and from the more recent sources (Figure3). Altogether, 40 station records were u7,td, and these exhibited good inter-stationconsistency. In the ncrth. ,3 stations were used to derive a temperature-altitude
relationship: 

T = 29.22- 0.M64 x altitude (m)
 
2
with r = 0.92. Note that the lapse rate of 0.0064 °C/m is rather more than that given in

Webb et al. (1984). 
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Figure 2 Mean annual rainfall in Somalia. 
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Figure 3 Mean annual temperature in Somalia. 
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The zoning system 
In the original, the rainfall classes are 

Table 1 shows part of the original Ted tables. 

divided by potential evaporation to give unique classification. However, not enough is 
Rainfall has 

yct known about potential evaporation in Sonial3A for this to be possible. 
Because areas of 

thus bccn used dirctly, sctting class limits at 500, 325 and 150 mlm. 

less than 150 mm rainfall exist in Somalia, a further class has been added. 'Fhe tempera

ture classification has used dircctly, with the addition of an extra class to allow for 

The revised classification is given in the inset on 
temperatures of greater than 30 °C. 

Figure 4. 

Table 1 Agroclimatic zones (adapted from Teel 1984) 

Temperature class 
Rainfall class 

Zone Temperature
Rainfall VegetationZone m ill (C) 

12- 147
moist forest1100 - 1700 14- 166 

1600 sub-humidII 1000- 16- 18 
800 - 140) semi-humid 5 

III 4 18-20 
600 -1100 semi-humid-serni-aridIV 3 20 - 22 

V 450 - 900 semi-arid 
2 22-24 

VI 300- 550 arid 
24- 301 

150 - 350 very arid
VII 


Source: Teel 1984.
 

Agroforestry climatic zones 

The zones calculated with the modified system are shown in Figure 4. In the south and 

central regions almost all temperatures fall in class 1.Thus the rather large zones are 
In the north-east, class 

determined by the rainfall distribution in classes V, VI and VII. 


VIII-1, very dry and hot, predominates. For the north and north-west, however, the
 

similarity between the rainfall and the 
zoning is more complicated. There is some 

temperature zonation; but it is not exact, hence the complications. In the Erigavo area, 

the zoning istoo complicated to be shown on the scale of the map used. 

The simplified zoning system 

To provide an easily-read map that may be of some practical usc, I have simplified the 

classification scheme. Sevcral adjacent rainfall and temperature zones have been amal

gamated and some of the very small zones have bccn1 omitted. The classes are indicated 
Some of the 

by the numbers 0 to 11, which increase from dry and hot to wet and cool. 
Othcrs, such as V-2, occur so 

original ciasscs, such as VIII-4 and VI-0, are not found. 

If this presents a coIccptual difficulty, then class 10 can be 
rarely as to be neglected. can include V-3 and V-4. The 
considered to include both V-I and V-2, while class 11 

result is a much simpler map (Figure 5). However, the area around Erigavo contains 

such a variety of zones that they cannot be conveniently mapped. 
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Figure 4 Agroforcstry climatic zones (after Teel 1984). 
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Figure 5 Simplified agroforestryclimatic zones.
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Discussion and conclusions 
The next step should he thai of confirming the validity of the zonation schcmc, by checking on the ground the occurrence 
prcferences. This would he 

of both native and exotic species of known climatic a n;mjor study in itself. Although there is a considerablebody of knowledge as to the extent of nalive species, this is not readily available, nor isthere a complete iist of the agroforcstry uses of the native species. However, the needfor this type of information is recognized, and sonic work is going ahead, princinally atthe National Range Agency. Until ihis is available, then some estimate of the potcntialitics and the availabililics of trees for agrofc-estry uses can be obtained by extrapolating information from adjacent countries, particularly Kenya. 
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The influence of rainfall distribution to
traditional agroforestry practices in western Kenya 

B.R. K. Shuma, P.M. Mung'ala 

Kenya Woodfuel Developmnent Programme
 
PieBeijerInstifute
 

P.O.Box 56212, Nairobi,Ken,a 

Introduction 
The Kenya Woodfucl Development Programme (KWDP) is a research and developmcnt implementation programme whose mandate is to contribute towards helpingfarmers to plant trecs on their farms for self- sufficicncy in fuclwood, among othcr benefits. The districts of Kakamcga, Kisii, Nirang'a and Nakuru were identificd for the programme activiti, s because of their high populalion and agricultural potential. KWDP,which works Undr tie auspices of the Ministry of Encrgy and Regional Development(N()MfRlD), was initiated in 19N3 following the rccomnendations of the Kenya Fuel
wood Cyclii udv (1l)8-82). This study was carried out jointly by the Ministry and theBcijer hiit ite of the Swedish Royal Academy of Sciences. KWDP is financed througha Dutc.i (Tvernment grant for its programmes in Kakamega and Kisii Districts wheregroutd activities started in 19,4 and 1985, respectively.

The Programme's approach towards district implemcntation programmes is bothholistic and step-wiSc in nature, \Nici cby in the first step, the district's resources, including physiological, climitic, socio-cultural, demographic and other relevant information, arc inventoried to assist in realistic planning-minplementati(, strategies. It wasduring this survcy that the KWDP learned a great deal from farmers' knowledgc treeregeneration pra licc in Kakamcga District. One of the study's important findingswastlat the highlands would experience serious fuclw,)od scarcity earlier than projectedLCcattse the rising populations would necessitate rapid land demarcalion and privatiza
tion.

This brief paper will highlight KWDP's findings on rainfall distribution and its effcctson traditional agroforcstry practices wilhin the district. The KWDP has indeed usedbhe information from the findings and the observed traditional agroforcstry activitiesand has incorporated such knowledge in its planning strategies for the Kakamega

District.
 

The main advantage of incorporating local 
 farmers' knowledge in any plannedimplementation activities is that such planned activities are both realistic and acceptable
to the farmers. 

Rainfall distribution in Kakamega 
The average annual rainfall for K'kamega District varies from 1,200 mm to over 2,000mm, the annual rainfall increasing from the drier northern parts of the district to themuch wetter southern areas. Most of this rain occurs bctwccn March and October with 
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monthly averages of over 120 mm during those montlk . Peaks occur during the long 

rains, April to June, and the short rains, August to October. (See App. for rainfall figures 

from various stations, adopted from Farm Management Handbook of Kenya, Vol.11.) 

Kakamega District (especially the southern parts) has its rainfall distributed more 

or less uniformly throughout the year except for the months of November through 

February, which receive less than 100 mm. 

Tree regenieration activities 

The survey found that traditional tree-regeneration activities in the district are very 

much influenced by the rainfall pattern. 

Traditional on-farm nurseries 

Our surveys revealed that there are many small on-farm bare-root nurseries in Kaka-
These nurseries are very 

mega, especially in the wetter southern parts of the district. 
2 

variable in size, ranging from small broken pots to nurseries of up to 3 i . We estimate 

that about 40% of the households in Kakamega established their own on-farm nurser

ics in 1983 with apreference for exotic species (eucalyptus and cypress comprised about 

83% of all the species found in these nurseries). The end use for these trees is 

marketable building poles and timber. 
The nursery techniques practiced by farmers differ substantially from standard 

even within those techniques great differences occur. Farmers usually
practices, and 
start cstablishingtheir nurseries at the beginning of the rainyseason (Figure 1), although 

the normal forestry practice isthat seedlings should be ready for planting-out with the 

onset of the rains. The district (especially the south) receives well-distributed rainfall, 

so that even with seed-sowing in March and April and outplanting in June and July, sur

vival of outplanted seedlings is very high. Another possible explanation is that the 

farmers plant early to avoid the cumbersome task of having to water their nurseries 

during the dry months. 

KWDP nursery implementation strategy as influenced by the
 

farmers' knowledge and experience in Kakamega
 

The original funding proposal had recommended that KWDP establish about 600 

throughout the district in cooperation with women 
centralized nurseries scattered 
groups, local chiefs and others. These nurseries were to utilize traditional forestry prac

tices including expensive water works, polythcne tubes, nursery labour, and so forth. 

However, following the findings of our surveys, we decided to adopt a different im

plementation strategy. Since farmers planted the species for which seed was readily 

available, we believed that we could get thcm to grow differ'-nt agroforestry species 

using traditional knowledge if seed were made available. However, traditional on-farm 

nurseries would require sonic improvement in construction and management to give 

better survival at the time of outplanting. 
we prepared a pamphlet suggesting a few technical 

Given the above situation, 
changes in nursery construction and operation. The farmers are initially issued with free 

seeds together with the pamphlet followed by a demonstration on how to construct such 

nurseries. Our initial monitoring indicates that this implementation strategy has been 

quite successful. 
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Figure 	I The initiation of farm nurseries in 1983 (vertical columns) and average
monthly rainfall in Kakamega district 
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Tree propagation through wildlings 

Tree establishment through planting of wildlings is also common in someKakamcga 	District. parts ofWildling collection is mainly confined to indigenous species andsonic fruit trees.Collection of wildlings is determined by the seeding habit of the particular species.Most seeds ripen during the dry season. Such seeds, when they fall from the mothertree, start germinating at the onset of the rains. Two to three months after germination,most seedlings of these indigenous species and fruit trees are ready to transplant.The KWDP plans to use this strategy to encourage the farmers in Kakamega to utilizewildlings especially for those agroforestry species whose seeds are more difficult toobtain and whose viability in storage is limited. Examples are Grelillea robusta and
Calliandracalofthyrsus.
 

Tree propagation through direct seeding 
In some parts of Kakamega, farmers have traditionally propagated Sesbania sesban,.4fakhamiaplatycaljyx and other prolific seeders either through broadcasting the seedson their agricultural fields or through direct planting in prepared holes. 
 This directseeding is controlled by the rainfall pattern. Direct seeding (especially for broadcastseeds), is done after land preparation during the dry season. Usually with the onset of
rains, such seed starts to germinate. The farmers thin systematically, leaving an adequate number of seedlings, depending on the branching habit of the particular species.KWDP intends to utilize this experience in developing tree- propagation strategiesbut with a number of modifications for the more prolific-seeding species.Appendix: 	Rainfall figures from various stations in the Kakamega district 
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Rainifall figures from various stations (Kakarnega district) having at least 10 years of records up to 1976. 

Table 1 

No and 
altitude 

Name of Station Years 
of rec. 

Kind 
of rec. 

Annual 
rainf. 
mm 

Jan Feb Mars April May 
Monthly rainfall in mmI 

June July Aug Sept Oct Nov Dec 0 
0 

8934001 
1554 mm 
8934002 
1463 m 
89340Y) 
1(,15m 
8934013 
1340 m 
891-4028 
1676 m 
8934031 
1463 m 
8934040. 
1435 m 
8934061 
1595 rn 
8934071 

Kakamega District 
Office 
Bukura Farm Institute 

Kaimosi Mission 

Mumias Girl's School 

Kakamega Forest 
Station 
Yala St Mary's School 

Butere Ilealth Center 

Malaya Dispensary 

Turbo Stanley 1 State 

55 Average 
60 prob 

52 Av. 

34 Av. 
60% 

41 Av. 
60% 

38 Av. 
60% 

34 Av. 
60% 

34 Av. 
60% 

29 Av. 

28 Av. 

1930 
1729 
1788 

1815 
1543 
1756 
1579 
2025 
1866 
1832 
1613 
1840 
1649 
2085 
1871 
1332 

60 
32 
52 

74 
34 
58 
31 
88 
53 
73 
37 
55 
22 
55 
25 
89 

95 
56 
91 

100 
39 
80 
56 

108 
101 
89 
98 
94 
44 
78 
32 
42 

151 
112 
161 

154 
101 
155 
106 
148 
156 
145 
135 
162 
131 
164 
85 
78 

254 
216 
257 

259 
242 
258 
236 
279 
288 
277 
251 
298 
270 
244 
214 
157 

260 
230 

247 

251 
229 
258 
240 
289 
218 
264 
261 
260 
235 
294 
251 
166 

190 
161 

157 

165 
120 
168 
147 
195 
187 
150 
125 
152 
144 
204 
163 
142 

164 
147 

131 

157 
127 
136 
115 
171 
169 
118 
96 

117 
90 

212 
162 
155 

230 
197 

187 

198 
172 
155 
127 
220 
217 
165 
158 
171 
144 
257 
190 
225 

186 
156 

161 

161 
118 
164 
154 
173 
144 
154 
131 
177 
143 
205 
147 
134 

134 
118 

127 

120 
77 

139 
122 
140 
145 
136 
137 
144 
117 
173 
147 

82 

118 
81 

223 

108 
57 

115 
72 

122 
109 
145 
146 
118 
92 

115 
65 
69 

87 
58 

94 

78 
5,
71 
50 
93 
64 

116 
77 
92 
51 
83 
34 
52 

,1 
o 
0.
-1 

1905 r, 
8934078 Esirwa Kaimosi 30 2119 78 88 160 282 301 197 190 235 202 162 122 103 

1707 m 
8934096 Kakamega 18 Av. 1918 55 111 178 240 239 150 133 224 172 169 152 98 

1585 m 
8934103 

Station 
Vihiga, Maragoh 23 Av. 1875 91 106 169 290 242 125 102 158 144 144 161 140 

1585 m 
8935015 Turbo Forest Lands 59 Av. 1258 36 43 76 151 153 141 184 229 112 60 53 21 

1829 m 
8935042 

Estate 
Larhe Farm 38 Av. 1194 30 32 67 154 174 132 168 191 100 58 51 36 

1844 m 
8935076 Turbo Selborne Estat 29 Av. 1169 35 40 72 142 148 124 147 202 108 67 43 40 

1890 m II 



Vegetation and bioclimate in Liberia 

M. A-A3-Saqui 
CentralAgriculturalResearch Institute,MinistryofAgriculture

P.O. Box 3929,Monrovia, Liberia 

Abstract 
The tropical rainforest comprises in Liberia nost ofthe coutntrv except a very narrow stripalong the coast where mlangrove vegetation alternates with coastal savanna. 77Te neteorological condition in the whole country allows the vegetation to develop into a tropical highforest, and mlost probably the entire land area was once covered with it. Nowadays thetotal area of tropical high fo. est and secondary forest consists of one-third of the country,while the remainng 65% is composed offorested areas such as younig secondary forestand inteniediate forest and firhcr non-forested areas such as farn
towns, swamps etc. lands, savannas,
Forest, plays a vital role in national economic development.Liberiahas a network of several ::',.teorolog4calstations for agroforesty development, planniigandnianagemenit.Still the uneteorological division needs to be strengthened andupgradedfor effective services.Thle present status of meteorological service to agroforestry sytemnsplanning amid managenent in Liberia is discussed and maps showing vegetation, averageailtualraiifallatdtemperatutrearepresented. Futurelines ofwork for ilprovtigtiemeteorological service are indicated. 

Vegetation 
The tropical rain forest belt in West Africa extends from Sierra Leone to Ghana andcomprises in Liberia most of the country except a very narrow strip along the coastwhere mangrove vegetation alternates with coastal savannah. The climatic conditionsin the whole country allow the vegetation to develop into a tropical high forest which
most probably covcrcd the entire land arca. Today, tropical high forest and old secondary forest cover only one-third of the country; while the remaining 65% is composed of
young secondary forest, intermediate forest and grass-woodlands.
neral climatic conditions Although the geare near!y uniform throughout the country, rainfall andhumidity decrease toward the interior. Consequently, vegetation is banded into zonesmore-or-less parallel to the coastline (Figure 1).These zones are closely linked, but various kinds of transition occur, which are mostlyinfluenced by topography and soil. The influence of shifting cultivation on the vegetation has becn immense, and most of the high forests have at times been converted intofarmlands. After farms are abandoned, natural vegetation recaptures the land and highforest gradually reappears. Several development stages can be recognized, such as 'recent farmland,' 'old farmland' and 'intermediate forest.' 
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Figure 1 Vegetation map of Liberia. 
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Bioclimate 
In 1951, the Division of Meteorology was established within the Department of Public 

a number of weather station throughout the country which 
Works. It supervises 
measure daily iainfall and record maximum and minimum temperatures. 

The equatorial position and the distribution of high and low pressure bells over the 

African continent and the Atlantic Ocean determine the climate of Liberia and, more 
an even and fairly

Thus the climate of Liberia is marked by
generally, West Africa. 

warm temperature throughout the year and above all by the very high humidity, above
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90% much of the time. Unlike [he temperate zones, the seasons arc not determined bychanging tcmperatures but by the prevailing prccipitation. Therefore, a rainy and a (ryseason with transitional period- can be differentia:cd. Rainfall is heavy and inlen,;e.There is little year-to-year variability in the climate. 

Rainfall 
The Liberian coastline runs approximately from south-east to north- west and at rightangles to the prevailing south-wcstcrly rain- bearing winds. As the maritime air reachesthe coast it is forced to rise, it cools, and condensation takes place which causes the extremely hcavy precipilatioi. Conscqucntly the rainfall is h,eavicr than on any other partof the west coast of Africa except the Freetown Pcnirsula in Sierra Leone and a smallisolated location near Buea in Cameroon. The annual rainfall near the coast is nearly4550 mm (180 inche::) but the amount has exceeded this in some cars. Towards theinte:ior, rainfa,! lecrcascs except for the higher areas whee the air is forced to rise,causing orographic precipitation. Because of its high alhitude, the area around MountNimba receives much more rain (3225 min= 127 inches) than would be expected fromits geographical position. In the north-west there is a similar siuation.
Figure 2 indicates a pronounced rainfall pattern. 
 Generally a fairly distinct dryseason extends from about November to April and a wet season the remainder of theycar. The morths of heaviest rainfall vary somewhat in different parts of the country,but normally are June, July and September.In August most stations si,,"w a marked decrease of precipitation, end a short dryseison known in Liberia as the 'middrics' ;ets in for a fortnight or so. 1-,'eptember therain starts with new force. The extreme south-cast corner of Liberia is evcn noted fortwo distinct rainy seasons, with maxima in May-June and September-October, and with a well-dc qned short dry season in between.The distribution of rain throughout the year and particularly tie length of the dryperiods are at least as important as the amount of rainfall. Since Liberian soils haveusually low moisiure-storage capacities, the amount and lrLqucncy of rainfall during'ie dry season becomes a limiting factor for the cultivation of many crops.In spite of the helay precipitation, it does not rain continuously during the rainy season. It is common to have sunny days even during the months when the rain is heaviest. In the interior heavy showers may occur, but only very rarely will it rain for the
whole day. Natur,-ly, the rain may last for a day or two without a stop. At such times
the rain pours down steadily and water 
 isually covers the ground for several inches. 

Temperature and sunshine 
9ccausc of the cquatorial position of Libcria the sun is almost overhead at noon
throughout the year, and insolation is very intcnse. Therefore, high temperatures with
little monthlyvariation should be expected. However, since temperatures are not solely
dependent on insolation, but 
are affected by the degree of cloud cover, air humidity,rainfall and %egetational cover, temperatures in fact are much lower than anticipated.Along the coast, the Atlantic Ocean has a moderating effect on the temperatures,and annual and daily variations arc cvcnly balanced; while toward tile interior the contincntal influence becomcs more dominant, the range of temperatures widens, and thevariation of minimum and maximum increases markedly. It is difficult to quote figuresfor temperature, since they vary considerably with location and ahitude, but 27 to 32 °C(86 to 90 °F) during the day and 21 to 24 °C (70 to 75 OF) at night scem to be fairly representative. Because of die uniform and high humidity - tie relative ht-,dity ranges 
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Figure 2 Average annual rainfall. 
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area - temperatures seem much 
generally between 85 and 95% within the coastal 

Only in the higher regions near the Guinea border, where 
higher than they actually are. 

the average altitudes are between 550 and 610 m (1800 and 2000 ft), is the climate more
 

are much lower during the entire year. At times the in
pleasant, since temperatures 
habitants of these rcgions even suffer from the cold nights. 

in the 
Figure 3 shows the averagc annual temperatures of Liberia. They range 

coastal area from 24 to 27 AC (75 to 80 OF) while in the interior thy are usually several 

dcgrees higher except for the mountain regions. Although the country is situated north 

of the equator, the highest temperatures occur between January and April and the 
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Figure 3 
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lowest ones arc usually recorded during the months of Auglist and September. Theselow temperatures are mainly caused by the large amount of clo,,d cover common overmuch of coalstal West Africa dw,i~g these months.Sunshine is aita minimum 6 ",g the wet months, particularly June to September,with a definite minimunm in August. Days of long and bright sunshine occur betweenDecemiber and Mfarch, and an avcrage of 6.3 or even 7 hours per day is not exceptional.During June and Scptcmlbcr only a few hours sunshinc are recorded, and during Augustsunshine is particularly low, rarely exceeding the average of 1.3 hours per (lay. Sunshinean(] cloudiness therefo're do not ncccssarily corrclate with thc rainfall; especially sinceAu~guIst, when 'middrics' occur, ;sthe limie of highest cloud covcr. 
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The equatorial maritime air masses brought on the south- wcstcr!ics cause the very 

A relative humidity of 90 - 100% during the rainy season is 
high humidily of Liberia. 

the average humidity is somewhat lower and 
common, while during thc dry season 

95%. However, regardless of season, the relative humidity
-usually in the range of 85 - 100%. 

during the night and early morning hours is almost always in the range of 90 

Since this is also the time of lowest diurnal temperatures, it is evident that before sun-

Data from other stations show very 
rise the air is practically saturated with moisture. 

similar results, leading to the compelling conclusion that the percentage and periodicity 

of humidity is valid within the whole sphere or constant monsoonal air flow. Only the 

region north of the Inter-Tropical Convergence Zone, where continental air masses 

prevail from mid-Dcccmber to the end of January, has arid conditions. Because of the 

extreme dryness of the Harmattan, the humidity may drop below 50% at times. 
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Environmental driving variables of ecosystems 
and their distributionon a complex terrain 

A. Hocevar and L. Kajfez-Bogataj 
DepartmentofAgronomy EdwardKardelja University

Jainnikarjeva101, 61000 Ljubljana,Yugoslavia 

Abstract 
Using an arample of generalmodel of ecosystem productivity, the role of environmentaldriving variables is stressed. Use of the particularmodel when only light is the limitingfactor is presentedfor afew places in Slovenia, Yugoslavia. The importance ofother lhniting faTctors, e.g., water, is iilustrated, and simple methods of how to incorporate it in themodel are presented. Several eramples are g4ven ofhow to assess the peculiarities of theenvironmentaldriving variables in a compler tenain which mtust be known for assessnof ecosyVstem prodtctivityof an area. 

ent 

Introduction 
Since the first agricultural fields were established in ancient times, their productivityhas been monitored in one way or another. Farmers and foresters and their ancestorstried to increase the productivity of ecosystems they manage. At first the understandingof ecosystem functioning has been vague and more or less at the descriptive level. Lateron statistical relations among biological variables and environmental ones have beendetermined and models on these bases developed (Robertson 1983).In the last two decades, the understanding of ecosystem functioning has been one ofthe main goals ol research in this field. A further dcvelopment is dynamic modelling ofthe ecosystem and its simulation on computers (de Vi ics 1982). These models arc basedon biological, physical and chemical principles. They try to explain the ecosystem functioning by sciection of main variables and by the study of their interrelations. They havebccn applied in various versions at many locations throughout the world (Robertson

1(1"-3).
In the present contribution wc cxtcnd the concept of ecosystem modelling from aparticular location to an area with mcsoscalc dimension. To illustrate this we presenta general model of ccosystem productivity and a particular model when light is thelimiting factor. The model is applied to locations in north-western part of Yugoslavia.The importance of anothcr limiting factor - water - is stressed and simple methodsof incorporate it in the model arc presented and the obtained results discussed. 

General models 
The productivity of a plant canopy ecosystem (P) is a function of biotic parametersdescribing phytomctrical, physiological and optical characteristics of a plant canopy; 
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abiotic parameters describing the soil and mctcorological cnvironment. The 
and 
influcnce of managcment is implicitly included in the biotic and abiotic parameters. 

we can write:
Since all paramctcrs are interrelated, for producivity (P1), 

(1)
P = f( 13t, Sn, Mn) 

whcre 1,in and n are the numbers of biological, soil and mccorological parameters, rc

spcctivcly. 
According to Gaast ra (1963), the productivity sought as net photosynthesis isa func

can be separated into photochemical processes driven by photo
tion of weather. It of the 
synthetically-active radiation, biochemical I roccsscs governed by tempe rature 

nt as determined 
plants and transport phcnomena among the plants and their cnvironn, 

by morphological and physiological characteristics of plant canopy, and the wind and 

tcrilpeatuic regime in and above the canopy. 

Some interrelations of this function a:c alcady known but a complete knowlcdgc of 

Models based on realistic simplihications of 
these complex relations is still far ahead. 

tile ecosystem1 have becn derived and many,ofthcm arc at work in the world (]Robertson 

can distinguish four types: whenii light is 
1983). Among simplified dynamic nmodCls wC 
the limiting factor (level 1); when water is the limiting factor (level 2); when nitrogen is 

the limiting factor (level 3); and when phosphorus is the limiting factor (level 4) (dcVrics 

1982). 
model of plant p~roduction in relation to 

A schematic prescnlation of a general 


weather (production lcvcl 1) is given according to Landsbcrg ( 1981 ) on Figure 1.
 

Models used at various locations in north-western 

Yugoslavia 

For calculation of net photosynthesis of plant canopies in north- western Yugoslavia we 
181; Ilcccvar and 

used the modified computer program CALPRZOD (Band c' al. 

Kajfcz-Bcgalj 1984). The basis of it is that net photosynthesis of a lcaf is a known func

tion of absOIrbcd solar radiation and lcaf temperature. The modcl belongs to level I 

and assumes hcalthy plants. The simplification isjustificd by the fact that at the studied 
during the growing period. The 

locatiom s, precipitation exceeds evapotranspiration 

flow ch, rt of this program is given in Figure 2.
 

I-,' this model for five locations in northern Ylgoslavia using
Rcsults obtained 

different plant
climoM0loical dat a for submodcls 1, 2 and 3 which take into account 

arc shown on Figure 3 its daily net photosynthcsis by month. Produc
response curves on the 
tion vicwcd as net photosynthesis is largest at Kopcr, a warm and sunny place 


coast; and lowcst in the mountainous Planica at a height of 850 Il asl.
 

Sche matic prcscnt ation of a model of plant growth in relation to weather. 
Figure I 

Solid lines represent flows of material, dottcd lines flows of"information.' 

Valves represent ratis, boxes rcpr,.:scnt statcs and circles enclose the cn
of calcula

vironnintal dfriving varialb!.s. Numbers indicate the se(uencC 


tions for programming pu rposcs. i.e., calculate (1) energy intkrec p1 il;
 

-- fccd forward to net photsynthsc.is, transpira
(2) stomatal conductance 

leaf watcr status-- gced back to stoilatal
tion; (3) transpiration; (4) 

water potential - fccd forward to parti
conductance (iterate), xvlc n 

tioning equations; (5) net photosynthesis; (6) respiration:
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(7) partition accumulatd assimilates; (8) updae mass of component 
parts (convrt assimilaes to leaf area, root length, tc.); (9) volume of 
soil exploitd by roots; (10) update soil status inroot zone - fed back to 
tranpiration. (Aftr Landsbcrg 1981). 
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Modified CALPROD program flow chart, emphasizing input and outputFigure 2 
including water as limiting factor. 
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Figure 3 	 Daily course of mean net photsynthcsis according to submodels MI (hightemperature plants), M2 (agricultural plants) and M3 (woody plants), forfive locations in Slovenia for the vegetative period, March through
October. 
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With the same CALPROD model we calculated also the productivity of buckwheatcanopy using appropriate input data and photosynthetic response curves for
Fagopynim esculentw, (Mocnch) (Kajfez-Bogataj and Gaberscik 1986). 
 For the year1984 the comparison of observed and calculated results shows a very good agreement
(Figure 4). 
 More information about this research can be found in Kajfcz-Bogataj and


Hocevar (1986).

With the same model we also calculated net photosynthesis of a beech forest at twoelevations using biological variables for locations at Ljubljana and Planica. Comparison
of observed and predicted net photosnynthcsis shows fairly good agrccment in spite of
being the first trial (Figure 5) (Kajfez-Bogataj and Robic 1985).
In general, the north-western part of Yugoslavia with large amounts of precipitation
(yearly amounts 1250-1750 mm) does not experience drought although some years may
show a shortage of water. During these dry years, there are negative effects on plantcanopy productivity, viz., stomatal resistance will be larger, transpiration will be smallerand therefore temperature of leaves will be higher, diffusion of CO 2 into stomata willhc smaller and so net photosynthesis will decrease.We incorporated the shortage of water in CALPROD by using a minimum somatalresistance calculated as a function of water balance. Thus, additional input data andadditional computations arc needed for the maximum stomatal resistance and the mainterms of water balance equation, 	 daily precipitation

(Bringfcld 	1980; Maticic 1977). 
and daily evapotranspiration

Additional input data and their influence on particularcomputation steps of the computer program are schematically presented on the flowchart by dashed lines (Figure 2). 
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Figure 5 Comparison of predicted and ob-
Figure 4 Comparison of observed 

served dry matter production of 
and simulated total dry mat-

forest calculated by submodels 1 
ter production of buckwheat 

and 2 at Ljubljana and Planica.
for Ljubljana, 1984. 
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From data on daily precipitation and daily evapotranspiration we calculated min

stomatal resistance as a linear function of time, the factor of proportionality being 
.um
i 

beginning on the day when all the precipitation was 
on the order of 2-7 s cmt day 

used for cvapotranspiration. Until this day, stomatal resistance had the minimum value 

given by the input data. and the maximumfrom the minimumwas calculatedAn cfficicncy parameter 
stomatal resistance and the calculated minimum stomatal resistance for particular day. 

Since its value has to be bctwetcn one and zero, we applied the cosine-squared function. 

Preliminary results obtained by the modified program which includes light and water 

as limiting factors show rather small changes in comparison with the previous ones ex

cept in Koper which is located on the Mediterranean coast. We speculate that the 

not large enough from year to year and the model not 
differences in water regime are 

on net photo
sensitive enough to show a well-expressed influence of water shortage 

synthesis. In regions with large water shortages, we can expect that the mentioned mod

i ications of the model will be of greater significance. 

Extension of prodcution model to an area 

area if all of its parameters do not change very 
The model can be applied to a large 

much over the area or to a smaller area in complex terrain. In nature, an ecosystem of 

an area normally consists of (j) elementary parts (Figure 6) which are defined by differ

ent values of parameters and therefore different productivities (Pk) 
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Pk = f ( Bjk, Smk, Mnk) 
(2) 

To obtain the productivity of an area we have to sum up the productivities of elemen
tary parts: 

P Pk (3) 
k=1 

where the area is divided inj homogeneous areas. 

Environmental driving variables in the mesoscale 
To calculate the production of a whole ecosystem in complex terrain we have to knowhow the values of its parameters vary over the area. In particular, the atmosphericparameters change their values very much from one elementary part of the ecosystemto the other. Complex terrain is very common in Slovenia; therefore its influence onthe distribution of atmospheric variables values has been studied extensively. Some of 

Figure 6 Ecosystem of a watershed and its elementary parts. 
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these studies will be discussed giving methods for evaluation of atmospheric variables 

as a function of terrain or site. 
One such atmospheric variable is minimum temperature. It shows very distinctive 

on mornings after clear and calm radiation nights. A 
features in valleys and basins 
temperature inversion develop with air minimum temperature increase from the bottom 

of cold air lake basin. The rate is between 4.4 °C/100 m and 6.2 'C/100 m height along 

the slopes. These values resulted from measurements in Slovenia (Petkovsek et al. 1969) 
1972) and 	are theoretically ex(Hocevar and Martsolfand in Pennsylvania, U.S.A. 

plained by I-locevar (1973). 
de!ermines photochemical processesactive radiation (PAR)Pholosyndetically-

We developed a method for estimating PAR for any site in complex
(Gaastra 193). 
terrain (Ilocevar and Rakovec 1981). The method has the following steps: First, a map 

showing the areal distribution of PARh on a horizontal surface in the chosen period is 

prepared based on calculations from hourly measurements os sunshine duration at cli

matic stations (31 in Slovenia) and spatial features of convective cloudiness, fog and air 

pollution in the same time intervals. This is done for a typical day of every decade and 

every month of the year (Figure 7). 

Second, PAR of an element of sloping surface (PARs) is calculated as tLe )roduct 

of k, and PARh, where k is a function ' aazimuth and inclination of the surface. Both 

ks and PARh are functions of the treated time period, as well. 

(4)
PARs = k, ( PARh ) 

A matrix of coefficients kswas obtained from known values of PARsand PARh at lo

cations observing meteorological parameters (Hocevar and Rakovec 1979). 

Figure 7 	 Spatial distribution of PAR gained by a horizontal surface in Slovenia on a 

typical July day. 
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The third step is to account for obscuration of the sun by obstacles along the solarpath. In our calculations, we reduced PAR by 80% when a site was so obscured andonly diffuse PAR was present.Model calculations of the three atmospheric variables, PAR, air temperature andsoil surface temperature were made for an idealized basin with slopes of 20 and the 

Figure 8 Daily course of PAR, soil surfhce temperature (Tg), air temperalure (Ta),and mean sunshine duration on various sites in an idealized basin with 20slopes using meteorological data for Dolcnjska, Slovenia, on 17 June.Shaded portions of sunshine circles indicate fraction of hour that sky iscloudy. 
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mean dailymean daily soil surface temperature ('L'g) 

spectively, at four differently oriented slopes (towards South S, towards East E, towards North N 
Table I mily amounts of phototheticaly acirve radiator (PAR in M, m y a 

air temperature (Ta) 
of an idealised basin at clear sky (C) and at mean sunshine duration conditions (M). 

d at the 'cottomand towards West \ 
- TaM) and Ta(M), respectively.and differences between Tg(C)

Added are also the ratio PAR(C)iPAR(M) 

WNESBottom C MMC M CC MC M 

5.8 3.0 1.93 8.2 4.0 2.0 0
2.11 8.3 4.1 2.02 

17. April PAR 8.7 4.3 2.02 11.0 5.2 9.6 1.0 11.9 10.3 1.6
10.5 1.4 10.611.1 1.9 11.9

Tg 12.1 10.5 1.6 13.0 0.6 11.5 10.3 1.21.0 10.2 9.61.6 11.6 10.61.2 12.6 11.0Ta 11.7 10.5 

9.0 5.3 1.69 11.0 6.4 1.72
11.0 6.5 1.6913.0 7.5 1.74

17. June PAR 12.0 6.8 1.77 22.3 21.0 1.3 23.3 21.5 1.8
23.4 21.7 1.724.3 22.1 2.2Tg 23.6 21.7 1.9 21.0 0.8 22.9 21.4 1.5

1.3 21.81.8 23.0 21.71.4 23.8 22.0Ta 23.1 21.7 
9.0 5.8 1.556.6 4.3 1.539.0 5.7 1.58

6.1 1.56 11.0 7.1 1.55 0.817. Auguz" PAR 9.5 22-2 21.8 0.4 23.4 22.6
23.4 22.6 0.824.5 23.2 1.3Tg 23.6 22.7 0.9 21.8 0.0 23.0 22.6 0.421.823.1 22.6 0.523.1 1.0Ta 23.2 22.7 0.5 24.1 

1.711.70 4.1 2.41.86 1.7 1.01.75 4.1 2.2
PAR 4.3 2.4 1.79 6.8 3.6 8.6 8.2 0.4 9.9 9.3 0.617. Oct. 10.0 1.0 9.9 9.2 0.7Tg 10.0 9.2 0.8 11.0 

9.4 0.38.4 0.0 9.79.3 0.4 8.4
0.4 10.8 10.0 0.8 9.7

Ta 9.7 9.3 
1.7 0.47 3.62

1.7 0.44 3.86 0.04, 0.01 3.16
3.3 0.91 3.263.6117. Dec. PAR 1.7 0.47 -2.2 -2.8 0.6 -1.5 -2.8 1.3

-1.5 -2.9 1.4 
Tg -1.5 -2.9 1.4 -0.6 -2.8 2.2 

-1.8 -2.8 0.7 -1.5 -2.6 1.1
-1.5 -2.7 1.2-0.7 -2.7 2.0Ta -1.5 02.7 1.2 
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observed mean duration of sunshine at Dolenjska, Slovenia,dily courses ( Figure 8 ). The results are given aDaily mean values are compared with clear sky values inTable 1. 

Conclusions 
The rcsults of modclliaig indicate that it can be a powerful tool for estimating ecosystemproductivity. Dynamic modelling can be extrapolated from a point to an area. !f theecosystem is rcprcsente3 by its elementary parts, parameters defining those elementaryparts must be .nown. This is especially true for highly changeable atnospheric variables in complex terrain. Some of the methods for evaluation of time and space distribution of those vital ecosystem parameters for which wc give some practical eamples haveproved usefi. 
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Traditional agroforestry practices under 
the edaphocimatic parameters of Cyprus 

L. Leontiades 
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Nicosia, Cypns 

Abstract 
Variousforms of agroforestryhave been practisedin Cypns since time immemorial andmany ofthem continue to bepractisedto the presentday. Agroforestry was culturally,socially andeconomically imperativefor the well-beingofithe nuralhouseholdin that it provided a good variety ofproducts on the limited landof the fanner,that made the familyself-oralmost self-sustained. Underthe unpredictablean(dmost frequentlyadverse (to annual crops) climatic conditions of Cypnis, this variety of crops was also ofgreat significance in that it provided1 a buffering effect to the household budget and avertedstarvationin cases offailureof one or otherof the crops.Undersuch conditions,economic anaysis,cost-benefit ratiosandaltLematerates ofretunifrom the landdidnot come in. Hence no setiotsattempt has everbeen made to evalutate the inter-relations between ligneous plants anid other associatedplant or animalproductionon thie same land.

In Cypns there hasbeen a gradualreduction in thepracticeofagroforestryinfavourofintensive 'nonoculturalpractices. 1Tis /as conic about as a result of a combiniation of
factors,as folloiw-: 

licreasedinconie andrisingstandardsoflivig in ruralareasenabledt'efannerto become aparmerin tie nationwideeconomy in contrastto tie self-sustainedhouseholdeconomy of/i sfathers. Hispurchasingp~ower ias increasedamid what he does notgrowie canpurchase. Unuersuch conditionsliefinds nionocultutreseasier." 7ie increasinguse ,f waterfor irrigationstimulated intensive monoculturepractices
with non-ligneous crops ofhigh cas/h-eamingvahe." Underrainfedcoiditions,short-rotationcrops (annuuals)lost theirvahte due toclimatic
adversities,in favour of the ligneous, longerrotationcrops,resultingin ligneotsmonio
cultures. 

o High wagesformanitalwork necessitatedmechanizationin agriculturaloperationsand 
thisfavouredmonocultures. 

o Consolidationof small scatteredholdingr in inanycommunities alsofavoured monio
cultures. 

o The easy availabilityand increaseduse offertilizers reducedthe importance of crp
variety iII maitaiiningsoilproductivity andfavoured nonocultures. 

o Lack of quantitativedataandinfonmation on tie vahues of ag-roforesty alsofavoured 
mroniocultures. 
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Research and educatio,ion agroforestIT are m'cessar)'in orderto establish its vahe as 

econoijlc and ecological land use practice, eslwcially in countries with scnsitive 
an 
agronomicconditions and adversc climaticpatten. 

Introduction 
There are indications that Cyprus was covered with very dense forests in prehistoric 

IHomer refers to Cyprus as the Grecn Island (Dasoessa) and Strabo who visited 
times. 

Cyprus more than one thousand years later (in 45 A.D.) writes thus about Cyprus in his
 

Geographica (Cobham 1908):
 

Such then is Cyprus in point of position. But in excellence it falls be

hind no one ot the islands: for it is rich in wine and oil, and oil, and uses 

home- grown wheat. There are mines of copper in plenty at Tamassos, 

produced sulphatc of copper and copper-rust useful in
in which are 
the healing art. Eratosthe nes talks of the plains as being formerly full 

of wood run to riot, choked in fact with undergrowth and uncultivated. 

here of some little service, the trees being cut down
The mines were 
for the melting of copper and silver; and of',rthcr help was shipbuild

ing, when men sailed over the sca without fear and with large fleets. 

But when even so they were not got und,'r leave was given to those who 

would and could cut them down to keep the land they had cleared in 

full pos,4cssion and frcc of taxes. 

Clearing and dIestruction of the forests continued throughout the long years that fol

lowed, until the year 1881) which became the turning point with the establishment of the 

forestry service and the beginning of rational forest management. 

Forestry and food production were always competitive land us.: systems and there 

was hardly ever amicable symbiosis. 

Foresty and food collection 

For thousands of years, before man felt the necessity and had the capability to clear the 

forest and practise agriculture, he lived in harmony with the forest environment and fed 

himself with wild fruits seeds, roots, plants and honey that mother nature provided. Vic 

collected his food and moved about in sei ch ol it. 

Collection of food from the forest was the earliest agroforestry practice. In Cyprus 

a big scope for increase. The modern 
this practice survives to the present day with 

Cypriot has preserved his rural habits through the ages and lie takes great pleasure in 
ano longer for his subsistence but for 

the collection of food from tie forest, though 

hobby and instinctive satisfaction. 
Fruits like the berries of bramble (Ruhusfniticosus)and the strawberry tree (.lrtutzts 

andrachneandA. itncdo) and the fruit of the hawthorn (Cratacgusazarolus)are dlica

cies of high esteeminot only among the rural population but also among city dwellers. 
pickled; or are used 

So arc many herbs and vegetables that are catlcn raw, cooked, or 

A big number of plants is also widely used in herbal medicine 
to give flavtour to food. 
and in extraction of esscnlial and other oils. 

Mushroom collecting from the forest is a very enjoyable hobby for the city dweller 

l98() the 'red mushroom' (Lactarius
and a very profitable side-job for the villager. Iln 
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deliciosus) of the pine forests reached the price of CY3.5 (U.S.$7) per kilogramme inthe city markets and itwas a significant source of revenue to those villagers whose areawas favoured with the right rainfall and temperature for the growth of tile mushroom.Truffles (Tcrfezia spp.) are another valuable mushroom that grows in syml)iosis withroots of various trees, but good production years occur very rarely, as the fungus growsonly if there are late spring or early summer rains, that occur .cry rarely in Cyprus.Snails of various species are also a delicacy. They are collected from wooded andother rural areas when there is sufficient rainfall or atmospheric moisture to bring themout of their underground hibernation.
Honey, collected from the cavities of tree trunks was perhaps the earliest form ofsugar used by man. In Cyprus, wild honey is not collectcd today. Instead there is a wellorganized scientific production through intensive methods of apiculturc. Honey providcs subsidiary income to many fdirmcrs and saves foreign cxciangcthrough reductionof sugar imports.
The forests of Cyprus are also good biogenctic reserves inasmuch as man of the cultivated varieties of fruits and cereals are found therein in their original wild form.Examples of such plants arc wild apple and pear trees, wild wheat and oats, and wildcarrot and cabbage. The laltcr (IBrassicahilarionis) is endemic to Cyprus. These wildvarieties are important sources of genes in the effort to rear cultivated varieties whichwill show increased resistance to environmcntal adversities such as drought, frost anddisease that are frequent in the Cyprus environment. 

Forestry and hunting 
After food collection, hunting was probably the olfest of man's activities in his longstruggle to fccd and clothe himself. Excavations in Cyprus have shown the existence ofsuch animals as the fallow dccr (Damainesopotainica)and the wild boar (Sus scrofa)that were hunted for their meat and their skins. The wild sheep (moufflon) of Cyprus(Oi'is anmmon orientalis - Cyprus variety) was also hunted, as has been confirmed bybones of the animal found at Khirokitia in neolithic settlements dating back to 7,000 
years B.C. 

In 1396, A.D.O. D'anglure wrote (Cobham 1r18): 

The following Sunday, the ninth day of.lanuary, the King sent us againpresents, towit one hundred partridgcs, sixty hares, and five wild sheep,a sight fair to sec. He was a prince who greatly loved hunting. He hada little beast no bigger than a fox. It is called 'carablc', and there is nowild animal but this little beast will catch it, especially tile animals 
named above. 

Hunting of the moufflon is also depicted very vividly in mosaics of the Gracco-Romanperiod excavated at Paphos. The animal today is protected and its hunting is strictly
prohibited.

Hunting in Cyprus today is not done for the sake of obtaining food, but for sport andrecreation. Cyprus, with a population ofabout 6(X),0(X), has a hunter population ofabout40,000, perhaps (ne of [he highest p~roportions in the world. The most common specieshunted are partridge (Alctorisgracca cypniotes); hare (Lepus curopea);wood pigeon(ColutnhaIpallmbus pahunbus); thrush (Turdus Vp.); turtle dove (Strcptowplia furturttrtr); and to a lesser degree, woodcock (Scolopav nrsticola) and various species ofducks and watcrbirds that come to Cyprus as winter visitors. 
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limesticks and nets has been reduced considerably
Thc catching of small birds on 

the last three years through a government decision fOr strict enforcement of tie law. 

The catching of eels from forest streams and other inland waters has come almost to 

a halt, as eels have almost disappeared due mainly to the widespread use of insecticides, 

herbicides and fertilizers. Stream fishing is non-existent. I lowever, through the good 

work of the fisheries service, the sport of fishing for trout and other fish in reservoirs 
Rear

that are artificiallV stocked with spawn, has gained ground in the last ten years. 

ing of trout and other fresh-water fish in farms is also practised. A prerequisite for trout 

rearing iscool, clear water that is secured only through the existence of forests and the 

absence of debris caused by erosion. 

Forestry and grazing 

The taming of animals by man and the practice of grazing in Cyprus arc almost as old 

the practice f.fhunting. Although extensive free range grazing on land that does not 
its 

belong to the grazier is a primitive mode of subsistence, it survives to the present day.
 

It was an easy method of providing meat, milk, cheese, wool and other products for the
 

In the xcroclimatic conditions of Cyprus, grazing in the
 
household and for trading. 
forests on ligneous maquis was a secure land-use practice, in that it was not affected by 

as wheat, barley and 
the frequent droughts that severcly affect annual crops such 


legumes that provide forage in areas outside the forests.
 
practice. I loweer,

Free-range goat grazing in the forests of Cyprus was cummoni 

lmany years of experience and careful study and considerations, it was decided that 
after on the mountain forests of 
free-range goat grazing and sound forest management 

Cyprus could not co-exist. At the same time, with rapidly I!sing living and social stand
new generation. Through

ards, the life of the landless shepherd did not appeal to the 

a series of measures initiated in ISS), forest grazing was continually reduced; and by 

the year 1')-4U almost all free-range goat grazing was eliminated from the mountain 

the consent of the graziers themselves. 
forests, through methods that generally nvet 

Today there iscontrolled goat grazing only on an area of lowland forest (maquis) which 

is ablout 5(,7 of the total area of state forests. 
To replace free-range grazing, intensive animal husbandry methods with better 

These 
breeds of animals have been initiated and encouraged by government action. 


methods have proved to bc rewarding from both economic and social aspects.
 

Foresty and food production 

The process of clearing the forests to produce food crops was intensified as man settled 

down and became a farmer and as the human population increased. It was only natu

ral that in the long struggle of man to feed himself and survive, production of food would 

on clearing the forests and extending the agri
receive top priority. Man thus went 

Notions of ecological balance, soil and water conservation, soil fertility,
cultural land. 
indirect influences of forests, let alone agroforcstry, could not be even dreamt of. There 

was cut- throat competition between the people's needs for natural ligncous vegetation 

and for cleared areas suitable for cultivation and food production. 

There isbitter evidence in Cyprus that mal wLnt too far in his uncompromisilng fight 

against the forest. lI c clear-felled forests anod established food crops on steep slopes 

were suited onlv for forest. The result did not take long to come 
and other sites that 

areas of hilly land that lie derelict and devoid of 
and is evident today in the extensive 
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any vgclaglion, detcriorating through constant erosion and constituIing a wasting assctthrough descrtification. Derelict stone terraces and abandoned vineyards are still to beseen, as evi!encc of irrational human autrkntv. In many such cases the forest iscreeping back to occupy imsground.

Today more wisdoim has prevailed in land use. Very steep, rocky ground has beenleft to forestry; and crop production has becn restricted to thc beler soils, mainly insmall patchsc, ahmg strcams, where irrigation makes crop production feasible. Thecrops arc usuadlv dcciduous fruit trees such as apple, pear, plum and peach; with ann ualfield crops such as rurner beans and ttotaocs grown before the canopy of the fruit treescloses. There is generous application offcriliiers. Under these circuistances, ligneouscrops are not beneficial to the f'ood crop and the two are not tiercfore mixed on the same ground.

Many lowiand, flat areas vMhcre the 
ftrcsl covcr has been removed, have been converted today to very productive agricultural land, ,'herc water for irrigation is available. Examples of such forest land that is used today exclusively for agriculture are tobe found in the Kokkinochoria (Red-Soil Villages) which are thfe granaries of Cyprusfor polato production. These land.s ar Xe rv near to sea level, the climate is vcry mildand they are ideal for late winter production of potatoes that earn the higlst florcignexchnge of any agricultural crtoplof('vpru,. There arctwo crops ofpratoes vecryyearon the same land. The limiting factor to more production is water for irigation.All this 'potato land' is leased to farmers byithe Forestry Departnient at nominal rent.The farmers see no place at all lt'0 any ligneous production in combination withpotatocs. Even where shelter is necdcd 'romtie blasting effect of lthe sea, the farmersuse mechanical wind barriers, e.g., fences witi canes or nets and, rarely, windbreaks oflines of cyljrcss trees. The reason for Ihc mechanical windbreaks is that water and lightcompetition betwcen tie trees and the field crops reduce yields considerably. 

Forestry and water for agriculture 
As was mentioned in the previous section, forcsts in Cyprus are today restricted to verypoor soils on what may be termed absolutc forest ground, where agricultural crops(which are more n'xacting to soil conditions) could not survive. Even so, there exists inCyprus a very special form of agroforcstry practice based on water relations. Through
very exlensive dani construction, large quantities of rain water are collected from forest
areas and stored in reservoirs. 
 This water is transported over considerable distances- as far as 120 km in tie case of the Red-Soil Villages mentioned in the previous seetiot  and used very profit ably for the irrieation of agricultural crops.
Though in this case tlie forcsts and the agricultural crops are not on tlie same ground
but hundreds of kilometers apart, there can be no 
doubt about their interrelation and:bout the importance of this systeni of agroforestry (which could perhaps be termedtekagrol'orestry). It can even be said that this system possesses advantages over the systern of trying to grow bot h ligneous and agricultural crops siniultaneously on the same 

ground. 

Forestry and agricultural protection 
The essence of this system of agroforcstry is that forest trees are used to provide
protcction to agricultural crops. 
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Shelterbelts 

The small size and wide distribution of rural holdings in Cyprus is a limiting factor to 

There arc no large continuous holdings ,)f agricultural 
the cst ablishmcnt of shcltcrbcllt. 

in the rural comnimunitv Own a share of tie land. The 
land; practically all lloeholds 

ha, but varies according to region from 1.3 to 6.3 ha. Each 
aJcrat'c sic of holding is 3.. 

areas aroud thoe village. It is o is that under 
holdinw Is scattered in many small 

these Condlitions the cstablishnicnt of shcltcrbelhs is not easy. 

It cam howcver be said that the existencec ollargc continuous stretches of State Forests 

on the upper catchime nts of practically all tine watersheds in Cyprus provides a huge
 

continuous shelterbelt that afford.: protection to agricultural lands lower down in the
 
protection
tilenci.hbouring foothills. The 

wAtahcd and especially to the land in 

conists in the amchioratim of tile mict clinatc; by tihe red uct ion of extremes in low 

hihh te mpe rat ures; the protective effect onl plants and aninials from the cold winds 
ntild 


and the frost of winter; and the protection atainst s"oil erosion through the action of
 

down the steep slopes dangcrously had they not been clothed
 
water that would come 
witli the forest vegetation. 

\indbreaks 
11, of wiodbre aks to afford protection to agricultural crops is very common in

Th use 

certain parts of Cyprus. Their use is more frequent in western Cyprus, to protect crops 

from the cold spring winds during the flowcring s ason, from the strong westerly winds 

thloaighout the year and from the blasting effect of the sea. 

The trees most commonly used as wind breatks arc cyvpress (Ctpresst. sctcirc.A), 
(Acacia c.vatopmyIYla) 

,,trious species of eucalyptus, casuarina, tamtrix, the wattic trec 

and, to a lesser degree, pines. The planting is usuially done in two rows along tle bound-
Fhe ht'nting distance

sta1,q.grcd in the tmo rows. 
ary of the holding and the trees are 

bctwcen the trees varies from10.5 to 2.1 m dependiMn on species ard oin the degree of 

protection rcqtdircd. 
such windbreaks arc: 

The most conspicuous examples of the utsC oft 

1. xelnsive lires of cypress in the limassol area to protect citrus groves from the ef

fects of the sca wind; 
2. Lines of p ,plars along irrigation channels in the moutin villages; 

3. The rclat i cly young windbrcaks of tmarix in the areas of Argaka and Yialia, which 

make possiile tihe c:,'ablishncnt of banatna plantations right on the sea shore; and 

a vcry fast rate in the south 
are bc;ng established at

4. "Fhe cvp;css windbrcaks that 

coastal areas of Paphos, to shelter the plantations that are coming up in the newly 

irrigated areas of a hig irrigation project. 

Ligncous crop trees with annuals 

field of lig-ncous crop trees with annual crops is one 
The groxing togct scr in the same 

of the oldest forms of agrofo rcstry practised in Cyprus. Carob (Ceratonia siliquua) and 

and they grow naturally almost 
olive (0ca curopta) trees are indigenous to (yprus 

trees has bcn 
from sea level to about 12WM) il tsl. The fruit of these 

everywhe re 
irial. The carob fruit was known as 

harvcslCd and utiliscd in Cyprus since lime iliemmc 
.,duie to the significant foreign cxchange 

the black gold of Cyprus as late isthe 194 
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that was earncd from its export; whilst olives and olivc oil constitute a basic diet of alarge majority of the population.
It was only natural that many farmers would utilize the crop from those trees thatgrew naturally on thcir land. In the same way they utili/ed the annual growth ofgrasscsand other plants for the grazing of their animals - mainly shecp and goats. With theadvcnt of agriculture and the evolution of cultivated varieties of annuals such as wheat,barley, oats, various vetches, etc., it was again nalural for the Cypriot farmcr to try toobtain the benefit of two or more crops:; on the same field, i.e. the fruit of the carobanid/or the olive and a cereal or leguminous crop which he sowed annually. The lattercrops arc harvested as grain, or used as green fodder for grazing or for cutting and transporting to animais in thc pen. In years of abundance, green fodder is also diricd and

used as hay.
After the harv sl, a third 'crop' is left in the field: the stubble, which provides goodgrazing material in late summer and early auLtun when little other forage is available.A fourth crop, of a Much longer rotalion, arc the woody parts of the trees obtainedthrough pruning or, rarely, through the felling of overmature ,)r dead trees.top quality wood and fetch prices as high as CY-4) per ton, foi 

They are 
use. as luxury fuel forheating in open hearths in urban houschold:, or foir charcoal manufacture. This systemof multiple agroforcst ry is very advanlagCous as it secures at least a basic subsistenceincome to the farmer under the unstable a-d often adverse climatic conditions ofCyprus, where droughts very frcquentIvbring about complete failure of the annual cropscereals and legumes. TI revenuecfromCof 

Ihe trc crops is not affected much by theannual whims of climatc, and has a buffering Cffcct on the farmer's income, which helpshim go through adverse years. 

whenA very intensive and %cry productive system of this form of agroforcstry is practisedlhcrc iswater available for irrigat ion. The extensive use of fertilivers also bringsabout increased production under this svylem. H owever, when water is available, thetree used is no longer carob and olivc b)i mainly citrus, which ismore profitable. Also 
undercrops, ifthey exist al all, are no[ cereals and legumes for animal food, butstrawberrics, peanuts, beans, carr(ls and other vegetables that bring in high cash returns 

itthe farm,.r. 

Trees for shade 
Summer temperatures in the flat, fertile plains of Cylrrus may rise as high as 40 'C during
the hot dry scason from Jtne through August. 
 Under such conditions, the presence of
trees with alarge, d(!nsc canopy to provide shade for the farmer and his animals becomes
invaluable. It is thus a 'cry common phenomenon in Cyprus to see large isolated trees
on agricultural and graziri, 
 lands. These trees and their surroundings arc very lonesome and isolated during the cold season; but their shade makes them an oasis duringthe hot season, when man and animal seek refuge beneath their branches to find shelter from Ihe sco, ching heat of the overhead sun.The traditioW, trees used for shade are carob, mulberry (Atonis alba), Persian lilac(.Af'lia az'drach), oak (Qturcus /usitanica) eucalyptus of various species, wattle (-Acacia c.auiophvl//a), pines and fig t rees (Ficus catica). 
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Conclusions 

Various forms of agroforestry have been practised in Cyprus since time immemorial 
Agroforestry was 

and many of them continue to be practised to the present day. 

culturally, socially and economically imperative for the well-being of the rural house

hold in that it provided a good variety of products on the limited land of the farmer, that 

Under the unpredictable and most fre
made the family cssentially self-sustained. 

quently adverse (to annual crops) climatic conditions of Cyprus, this variety of crops 

a buffering effect to the household 
was also of great significance in that it provided 

budget and averted starvation in cases of failure of one or other of the crops. 

Under such conditions, economic analysis, cost-benefit ratios and alternate rates of 

Hence no serious attempt has ever been made 
return from the 'and did not conic in. 

or 
to evaluate the interrelations between ligneous plants and other associated plant 

animal production on the same land. 

In Cyprus there has bccn a gradual reduction in the practice of agroforestry in favour 

about as a result of a combinationThis has comeof intensive monocultural practices. 


of factors, as follows:
 

1. increased income and rising standards of living in rural areas enabled the farmer to 

become a partner of the nationwide economy, in contrast to the self-sustained house

hold economy of his father. Ils purchasing power has increased and what he does 

Under such conditions he finds mcnoculturcs easier. 
not grow he can purchase. 

2. 	 The increasing use of water for irrigation stimulated intenisivc monoculture practices 

with non-ligneous crops of high cash-earning value. 
lost their value due to 

Under rain-fed conditions, short-rotation crops (annuals)3. 	 crops, resulting in 
climatic adversities, in favour of the ligneous, longer rotation 


ligineous monoculturcs.
 
Iligh wages for manual work necessitated mechanization in agricultural operations

4. 

and this favourcd nionoculturcs.
 

5. 	 Consolidation of the small scattered holdings in many communities also favoured 

nmno0lclUlt ures. 
6. 	 The easy availability and increased use of fertilizers reduced the importance of crop 

variety in maintaining soil productivity and favoured monocultures. 

Lack of quantitative data and information on the values of agroforestry also favoured 
7. 


nionoctilurcs.
 

Research and education on agroforcstry are necessary in order to establish its value 

as an economic and ecological land use practice, especially in countries with sensitive 

agronomlic conditions and adverse climatic patterns. 
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Abstract 
A long-temi project was initiated to develop sustaitableagroeco.sstemsfortheproductionoffood,fodder andfirewood under rainfall-harvesting conditions in an aridregion.The study'is conducted in the Negev desert at the experimentalsites of the Desert Run-offFannsUnit in Wadi MashashandA vdat, where tiemean annualrainfallamnounts to only115 and 80 mn, respectivelv.

Relying entirelv on nin-off water, research is carried out along thefollowing lines:
o Plant introduction, with particular emphrasis on Prosopis, Eucalyptus, Acacia and 

Atriplex spp.
o developingappropriatecroppingsystemsbased on the agroforestryconcept,whereby thefollowing aspects will he monitoredin relation to water use efficiency.

- combinations of trees, shrubs andannuals
 
- plant densities
 
- opthimmn coppicingcycles
 
- fertilizationatplanting
 
- aninalstudies.
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Introduction 
For ncarly thirty years, the Desert Run-off Farms Unit of the Ben Gurion University of 

the Negev and the Hebrew University of Jerusalcm have studied methods to recreate 

and improve the rainfall harvesting methods developed 2400 to 1500 years ago. These 

studies have been carried out at experimental sites in Shhia ",ndAvdat (mean annual 

70 km respectively south-west and south of Be'er Sheva 
rainfall 80 mm), located 
(Evenari ct al. 1982). 

a pilot farm was established in the early 1970s at Wadi 
Based on obtained results 

Mashash (mean annual rainfall 115 mm, located 20 km south of Be'er Sheva, 310 08'N, 

340 53' E, elevation 400 m asl, 60 km from the Mediterranean. All three locations are 

characterized by K~ppen climate BWhs and BShs (winter rainfall in hot deserts, hot 

steppcs) and by Thornthwaite moisture index, 40 - 60. 

Starting with the successful cultivation of a wide variety of orchard and field crops, 

a major effort is now under way to develop new crops, cropp;ng systems and applica

tions of water-harvesting techniques, with particular emphasis on the needs and prob

lems of people inhabiting the arid and semi-arid regions of the world. With water as key 
- the 

factor a well-defined relationship needs to be established between water supply 
of various intensified- the managementwater-harvesting system, and water use 


agrosystems to achieve maximum biomass production per unit of time, area and water.
 

Water harvesting 
Farming based on rain-water harvesting isa system which allows agricultural activity in 

areas that normally do not receive enough rainfall, by concentrating rainfall-induced 

runoff from a catchment area into a smaller cultivated area. When rain intensity exceeds 

the infiltration rate of the soil, water is not absorbed by the soil and hence runs off along 

the surfaice to the low-lying parts. A catchnicnt area is therefore characterized by slop

ing surfaces with low infiltration rates. The cultivated area, however, often comprises 

a similar soil type and earthen walls need to be erected to retain the accumulated run

off water, allowing for deep infiltration. This requires deep soils with ahigh water-hold

ing capacity, storing enough water to support plant production during the dry season. 

Based on this principle, various watcr-harvesting systems are in use, such as: 

tL,,raced wadis (dry river beds, carrying watcr during high- intensity rains), 
-

sometimes constructed with conduit channels, tapping runoff water efficiently 

from adjacent hill slopes; 
partly diverted to 

- diversion systems, where erratic flash floods in wadis are 

adjacent fields using diversion channels; 
- macro-catchment basins ('limanim'), where runoff iscollected from tributaries 

and artificially trapped in natural depressions with areas ranging from 0.3 ha to 

0.5 ha; and area isrunoff from a relatively small catchment 
- micro-catchments, where 


harvested for the support of single trees.
 

Relying entirely on locally available materials, research iscarried out to obtain higher 

run-off efficiency rates as well as to design watcr-harvcsting schemes with a minimum 

amount of maintenance and repair. 
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Plant introduction
 
Plants, mainly those native to arid lands, are screened for their potential for productionof food, fodder and firewood, the three most pressing needs in arid and semi-aridregions of many developing countries. The criteria for selectio. include: capacity forrapid growth: rcliable rcgrowt h after harvesting by coppicing (in the case of fodder treesand shrubs); acceptability as food and/or fodder, especially under current conditions;and finally, ecological adaptability to prolonged droughts, and brief, intermittent periods of flooding in the catc'nient basins. Most promising species are Prosopisspp. andAcacia salicinafor fodder and firewood; Eucalyptus occidentalis and E. callialdulensisfor firewood; Leucacna leucocephala for food, fodder, firewood and timber; Atriplexbarclayana, A. nummdlarja and Cassia sturii for fodder; and Phaseolus acutifolius (tepary bean) as food crop. 

Cropping systems 
Once promising plant candidates are identified, more agronomical studies are carriedout. Based on the agroforcstry concept various combinations of trees, shrubs andannuals are established in various densities to assessrelation to water use. 

overall biomass production inDccp-rooting trees may exploit the deeply infiltrated runoffwater, while annuals extract water from the shallow soil layers. As different plantspecies show different demands of water at different seasons over the year, a temporaland spatial arrangement is thus created in water uptake. Furthermore, trees, becauseof their solar radiation-intensity-rcducing and wind-breaking properties, can createfavourable growth conditions for various under crops. For this purpose E.occidentalisand A. salicinaare grown separately or mixed with sorghum and chickpea in different(lcnsities. Soil moisture deplction from the various soil layers is recorded through a coinprehensive network of neutron access tubes, and water use by the different plant speciesis calculated. These are related to biomass production and plant development stage.Finaily a crop simulation model will be assessed.The abovc-mcntioned trees are also tested for optimum coppicing cycles of 2, 3 and4 years (Zohar 1974) under diffcrent plant densities of 600-1200 trees/ha. Dependingon the regeneration calpacity ofthe coppice shoots, an optimum harvesting management
scheme can thus be determined (Zohar et a]. 1986).
Additional experiments involve initial fertilizer application during planting to boost
yield and soil tillage.
 

Animal studies 
Animals such as sheep, goats and camels are integrated with these cropping systems.Grazing trials are performed to check fodder quality of different plants, fodder quantityuptake, timing of fodder application, and grazing conditions in relation to food conver
sion rates. 

Conclusion 
With a more concentrated water supply, management practices can be more intensified,creating possibilities for the development of agroforestry in arid and semi-arid lands. 
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Abstract 
Although there is growing intcrest in Brazilian Amazon region towards the adoption(mamA' inip land;unflooded 'terrafinne' rea, once covered bj,tropical raiforest) of 
alroforestrk sy'stes,since those represent apromising option from the economical,ecologicalas well associalviewpoi;t, the needforintensifying researchin several disciplines,inctudingagromcteorologv,in orderto reduce the risks on this kind ofenterpriseis evident.Tis paperaims to contribute towards the orientation of researchon this subject, by presentinzg:
 

a) generalcharacterizationofthe area;
b) main agroforestri.,
svtcms pre.'entli,prctised;
c) presently'availableagro/nieorologicalinfonnatio and
nd) researchprioritieson incteorolokv appliedto agroforesty. 

Introduction 
Although agroforcstry systems are commonly and successfully practiced in native communities in the Brazilian Amazon (Peck 111 1979; Dubois 1982), this type of landoc:upation was not motivated by the early settlement projects planned for this region.This was due to the short term interests of these projects and the scarcity of experimental results for this type of agricultural exploitation.
been In recent years, however, there hasa growing interest among different categories of Amazonian agricultural professionals (re.carchcrs, planners and growers) in the assessment, refinement and adoption of agroforestry systems. 
 This sudden popularity ;.'due to several factors: 
1. The low yield obtained in crop as well as animal husbandry projects established onOxisols and Ultisols previously covered by rainforest, with the adoption of traditional crop and grazing managemcnt systems;The recognition of the economic ecological and social advantages of agroforestrysystems as compared with others, especially for humid tropical area of underdevelopeu or developed countries with chemically poor soils (Peck 111 1979; Dubois19 7 9a, 1979b; Alvim 1M81; Combe 1982; Brienza Junior 19 82a; Kitamura 1982; NAS19,82; Fearnsidc 1983);3. The awareness of the increasing rate of deforestation occurring notably in some ofthe most recent regional agricultural frontiers, such as Rondonia State (Fearnside1982, 1985; Buschbacher 1986); 
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concern about the widespread ecological disturbanccs expected to be caused 
4. The 

1y forest removal, especially modificat ions in the water environment interactions in 

1)983,1985; Yenderson-Sellers 
maz'cro- ell as in micro-scales (Molion 1975; Salait 


1985);
 
5. The observed cificiency of some agroforcstry systems in controlling pcits, diseases 

;constraints for traditional monocropping 
and wccds, all of which rcprescnit scrio 

as well as multiple cropping in this rcgion; 
of solar energy which is pre

use, by agroforestry systems,
6.The more efficient 


dominantly available in diffuse form in this region.
 

The intensification of interdiscplinary agroforestry research is essential in order to 

There is an urgent need for a care
support the expansion of this acOity in the region. 

ful survey so that suitable sstelas can be assessed for the different combinations of
 

clhmatc and soil found there, sinlce the complex interactions among the distinct plant
 

ystems exhibit a local pattern which makes it difficult 
part of thesespecies which are 


to extrapolate results obtained in isolated studies carried out in other regions.
 
intensive consideraareas deserving moreresearchAgrometeorology is one of th. 

tion in order to allow more effici.:nt planning and managenient of agroforestry systems 

both because of its role in helpi .g to find solutions for agroforestry questions and the 
)rtant n-teo

incipient knowledge of the spatial and temporal distribution of niany in; 

on the climatic requirements of most of the 
the little informationrological variables; 

crops, woody plants and pastures adopted in the 
native and some of the intoduced non- existenceand the almost complete

and their various pests and diseases; 
r.!ion, 

of a inicrometcorological characterization of these systems as compared with other sys

tcmis of land use and to original vegetation conditions. 

The aim of this paper is to provide a basis for the discussion and proposal of guide

lines for the application of meteorology to agroforestry in the complex region of the 

It presents:Brazilian Amazon. 

o 	 A general charactcrization of the area
 

The principal agroforestry sy-:;I..s now practiced
 
o 	

pi enent available 
o 	 Agronmeteorological information at 

The main cesearch priorities for meteorology as applied to agroforestry 
o 

Characterization of the area 

Geographical situation 

The Brazilian Amazon region referred to in this paper is the so-called Legal Amazon 
of thecorresponding to nearly 60% 

Region wvhich cover! approximately 5,145,M)X) kn, 

Brazilian territory and includes the whole of the states of Acre, Rondonia, Amazonas, 

Para, and Mato Grosso and the Federal Territories of Amapa and Roraima, and part 

of the states of Goias (north of 130 S latitude) and Maranhao (west of 440 W longitude) 

(Fig. 1). 
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Figure 1 Localization map of 3razilian Amazon with indication of areas ofagroforcstry sustems conccntration. 
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Climate 
The most significant -spatialclimatic differences found in this region arc due to rainfall.In a broad sense, the average annual rainfall ranges from 1,500 mm to 3,500 mm(SUDAMI 1984), and has abimodalI distrilbut ion. The main rainy period is from Decem[ecr to May. The second period with lower rainfall (but greater variability), is from Julyto November. The northern portion of the federal territory of Roraima (located in thenorthern hemisphere) has a rainy season from April to August (Bastos et al. 1984).
The thermic conditions of thec region are 
characterized by the occurrencediurnal fluctuations and of largeinsignificant annual fluctuations. The average annual meantemperature ranges from 22 0Cto 24 0C and 'lie average annual maximum and minimumteffperaturey range, respectively, from 28 'C to 32 aC and from 17 0C to 23 *C (Bastoset al. 1984).

The spatial distribution ofsunshine duration shows annual averages ranging betwveen1,400 hours and 2,50( hours, while present informationdistribution suggests annual average values between 8.4 
on the global solar radiation

Mj m-2 day- Iand 10.2 Mi m'2daftI and monthly average values between 7.2 Mi m 2 day'Iand 12.6 Mi m'2 day'l (Bastos et al 1984). 
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Physiography and soils 

The Amazon region is divided into two main physiographic sections i.e. the Amazon 

Other physiographic units also exist but in a much 
plateau and the alluvial flood plain. 


smaller proportion in higher altitudes (Silva ct al. 1984). 
Oxisols predominate,
 

On the plat'au,which constitutes the Amazonian ferrafirtf, 
The Oxisols and the Ultisols exhibit 

with smaller proportions of Utisols and Alfisols. 

chemical and nutritional constraints and, as well as the Alfisols, have a low watcr-hold

ing capacity (Lal 1987). 
In the flood plain the main feature is the varca of the Ana/ion river and its tributar

h,,cre most of the soils havc medium to hig', fertility althugh exhibiting constraints
 
ies,
due to imperfect drainage and the risk of flooding (Silva ct al. 1984). 

In a broad sense, the evaluation of Aniazonian land suitability shows approximately
 

72% of land suitable for all kinds of agricultural activity; 15% suitable only for forestry
 

exhibiting serious limitations for any agricul
and animal husbandry activities; and 13% 


tural purpose
 

Vegetation 

The original vcgctation covcringthe Brazilian Amazon region was predominantly dense 

rain forest (419%); open rain forest (27%); and lowland natural grassland (7%) (Silva 

et al. 1984). 

- present situationinformationAgrometeorological 

At the present time agromlcteorological studies designed specifically for agroforestry 

systems arc almost non-existent for this region. However, nuch of the available agro

can be useful for agroforestry 
meteorological information, if properly manipulated, 

Purposes. Tile knowledge gained over the last tell years about the distribution patterns 

of meteorological variables, such as rainfall, solar radiation and wind, can at least guide 

areas for different agricultural activities. 
the selection of suitable 

The bioclimatic requirements and phcnological behaviour of the species that have 

been adopted in agroforcstry systems are largely unknown since most of these species, 
Present knowl

especially pcrcnnial crops and woody plants, are of recent introduction. 
species adopted in these sys

edge of the biocliniat'c requirements of most of the tre 

evaluation of the climatic conditions in the natural 
tems is limited to the superficial 

The same is true for most of 
range of a small number of species (Golfari ct at. l978). 

the industrial perennial crops as well as for regional fruit crops (Falcao 1979); Ortolani 

ct al. 1982; Diniz ct al. 1984). 

Micrometcorological studies have only recently begun in this region and have been 

carried out in areas of natural rain forest (lcopoldo ct al. 1984; Shuttleworth ct al. 1984, 

A study is currently being carried out in rubber-tree stands (O.M.R. Cabral, 
1985). 

personal communication). Concerning the pests and diseases that affect agroforestry
 

in tile region as rclatcd to weather and climatic conditions, the most significant progress 

and cocoa crops.
has been achieved with rubber-trec 
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Main agroforestry systems now practiced 
In the region therc arc several typcs of agroforcstry systems involving a high pcrcentageof nativc spccies. These systems are planted in expcrimcr.cal and/or producer areaslocated mainly in the states of Amazonas, Rondonia and Para (Fig. 1; Tables I and 2)where distinct climatic conditions exist, particularly from the hydric view point (Table3). Within the region, however, the most important concentration of plant combinations classed as agroforestry systems is found in the agricultural colony located in Tome-Acu, stalc of Para (Table 1), whcrc systems have bccn adoptcd starting with the plantingof medium cycle crops (papaya, banana, passion-fruit and black pepper) in associationwith annual species in intercropping (cowpca, rice, watermelon, melon and pumpkin).These systems then become bi-siralified agroforcstrysystcnis (such as cocoa vs. forestryspecies) through tlie introduction of long-cycle species (cocoa, coffee, guarana, rubbertrees, frcijo and andiroba as well as manv other frstry or fruit species) (Yarcd andVeiga 1985). 

In this rcgion, predominantly settled by Japanese immigrants and their descendants,the adoption of this kind of system is conse(luence of the search for new alternatives toovercome disease control and market constraints (Yarcd and Vciga 1985). The mostwidcly used syslems in this region are black peppcr/cocoa and passion fruit/cocoa. Inthe former, black pcppcr is planted first, followed by cocoa three to four years later
(Takcta 1982).

Among the systems which include forestry species the most widespread is blackpepper/frcijo following a variable spatial and sequential pattern which reflects the evolution they undergo (Yarcd and Veiga 1985).In Capitao-Poco, Altamira and Prainha, in tie state of Para (Table 1), double systcms associating shading crops (Brazil nuts, rubber trcc) and shaded crops (blackpepper, cocoa and guarana) are grown at an experimental level. Other experimentsare: a rubbcr-trcc vs. black-pepper combination carried out in a producer area locatedon Mosquciro Island, Para (Vicgas 1982); the cultivation of corn followed by cowpea
ntrcroppel in oil palm rolws in Capitlo-Poco (Stolbcrg-Wcrnigerodc 1983); Guarana
crop associated with other economically viable crops carried out in Manaus, Amazonas
(Canto 1982) where there are also systems such as regional perennial fruit crops plantedafterasequence of short-cycle staple crops; and systems associating shading plants and
cocoa planted by CEtPLAC in many parts of the region (Silva and Santos 1982).
In the Tapajos region, Santarem county, state of Para, there is a 
notable use offorcstry species (frcijo, mahogany, andiroba and urua) in systems which include foodcrops (maizc, cassava and banana) (Bricnza Junior ct al. 1983).As far as silvopastoral and agrosilvopastoral systems are concerned there are someimprcssivc experiences such as: the planting of Pinus caribaca in pasture areas coveredby 'coloniao' (green pannic) and Amazon quicuio carried ott al the level of a largeenterprise, in Monte Dourado, Almerim county, Para (Lins 192; Brienza Junior 1982);the combination of pastures for cattle husbandry in a rubber-trce plantation located atBcnevidcs, Para (Dubois 1979b); and the association of forcst species, pastures andshort cycle crops that is being studied in Paragominas, Para (Marques ct al. 1985). 
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Presentation of species found in the concentration areas of agroforestry systems in the Brazilian Amazon.Table 1 
0 
I
 

0h1 FE rctrio'I Or I'CIIA 

Pasture Fruit Crops .?Ftc psrennal.ilut sp-cies1Aniinius Crop. For. 'f v .rspuc' 

Location ource of reference 

- • •- -A A• 

1c79. T,Krtacrs 

I______-hr er z i n 1'62h 

16 r -Capotf-Po.1:r

t-lt.rr., Prlez Ji. l b. 

tio'i 31.1,J 'lbl 
.. ~ Maha- Cimto r koll 1962 

tr~ ro, -r, h~ ~~~~~Alt,e ] 1 6 ti 


ir " 

cAlnricr'vn. Lrns 19523Ju n 19to62 16 
fien'I' I 

Para ormm ias iM,irques , 1 

P r inh a A ,rl r a e s d. 6 
** * 

'~a cff f 7~ 

Ci, lr., -,r tilv< 1 6il>.1 
Cain,*tosI o [/o~I sa z&' . 1 6::i~ i 



T. Dea~ne de AbreuI Sa Dinjz 

Table 2 List of vulgar and scientific namecs of thecspecies found in agroforestrysystemis located in the Brazilian Amia/on. 

\Icfi-ar Name Scient ifi Name 
Avocado Pe.rvtia amnt ricana
Acai Euterpe o/eraci-a
Colton Gossipi'lon /zirhaci'itmAndirolba (1arajuz ,i,'tafsjsAdo.on Andropovonn,'vtit
Rice Orvza sali.valBacuri P/ahtolia inlsigilBa~inan a Alusa /)ra(/iSiacaSweet potato M)omlova huaa
 

Coo 7 7 0obrwnpa c(Ifat)
Acd

Cs.c nut A'iacardu, ()'(jij, 1 Ia/isSgr cane Sacchun offiiarw
Brr I [il t Bc'iio//iia iaxce/saCo wpeal H"i,';a till itaaCedro dra dalCcntrosenma Ceidros/a port cc 
Coconuta 
 Cocos nuiferaColoiaoPanicunCupuiacul inaxi/nunAcohrottiagratidif/oritnOil Palni o'ztis
n11COISjS
Desinocliuni De/aium'vlisl
Eryt brina Ervdrina spp.Eucalypt us Eiucauvyus fereficoisFaveira 
Bleanus Parkia(I.P/haSO'u it /ugan'vFrecijo Cordia goe/dialiaBread- Fruit 

P1trfocarpus aft/is(iliricidia C;iicidIia styniuny(;raioiak Anona munitriaa 
GlianduCajaulis cajlnGuaanaPait/iiiia

Jaca citpan a var. sorbi/isAinocarpuis infc'gnfo/iaPumpkin Orange Cutcurhala nlavmtlaLemion Ginas suwlnsisMacacala cit'nis flinlPa paya P/atvmliswnhmn p.Cassava Jarica papavaPassion fruit Alaniliot lailissiniaWalternie Ion Passiflora edit/isMel~on Citni//us vu'itarisCorn C'ucionis me/aMahloganly Zca mum~Ma'tapi SlveenamarpvlParica 
- hitt)biu liacr -Ophif //aPa -d'arco Ta behia serrafifo/iaBlack peppecr Pipter nigntin

Pin us /l crac 
PucrriaPirar

Puptinha a IIasco/oides
(;U/iS/i .PsipasQuicujio Ilrac/ian Iritniico/a
Soy beam G/vcie ImitLnaRulbhcr-tree 
 He viat hrusi/iensisTat ajuha Igass'a "aianenliSTermiin alIia 
 'i enninat iI.OrcllsiUrua Curt/ia a//ioilora 
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Table 3 Awrag: values of climatic variables insome airoforcstry systems areas in the Brazilian Anazim region 
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Research priorities in meteorology as applied to
 
agroforestry
 
Considering the small amount of agrormteorological information available to supportagroforcstry activities in the Brazilian Amazon, the following list of research prioritiesis recommended: 

1. Climatic analysis of the areas for the cstablishmcnt of present or future agroforcstrysystems. These sludics should include slatistical a ind(other :lpproaches suitable forlimited-data areas. In this contcxt rernote-sensing techniques are becoming important tools for guaranteeing the spatliali/at ion of point observat ions, indispensable forsuitability-assessinent purposes.2. Idcntification of cdaphoclimatic require ments of the species used in agroforestrysystems. For this purpose there ni ust be interdisciplinary team work in whichagromccorologists work hand- in-lhand with pcd logisls and cco-physiologists todcrmine thede tjand forr the differcnt components oft lie systems; and then to allowthe planning of combinations of species which make it possible ,,, optimize the useof the environment.3. 	ldcntification of suitable periods for agricultural operations and practices. Thistopic should also include S!uidiCs Ol the ilcrtification of periods of fire danger aswell as pest and disease risks to aid prevention.4. MicromettLorological charactcri/at i n of different agroforestry systems, includingmicrometcorological monitoring of the hct[ and momentum fluxes as well as lightand rainfall distribution for stuch hlerogcncous sysl cm . Trhesc st udics will provideuseful indications of the choice of plant combinations stiahble for different systems;the cvalualion of the impact of, these syscms on ih art a in regard to the originalvegetation or other systems; and tle itcie!ic manipulation of the species involved.5. The use of modelling in agrofor( stry stands, including the adoption of modellingtechniques for the determination of watler budget and light distribution within these 
systems. 
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Abstract 
The Cerradoregion of centralBrazil atendsover 180 million ha and is characterizedby a prolongeddry season which limits agriculturalprodtuction. Less than 10 million hawere underfeld crops until recently whereas more than 100 million ha were undercultivated or native pasture. Irrigation is not yet widespread. Besides the long dry seasonextendingfrom Aay to September,wet season diy spells, known locally as veranicos, alsolimit the yields offield crops."Tte wter storage in the surface layers of the soil is often insufficient to meet theevapotranspirationdemand ofshalhow rootedfieldcrops because of the low waterholdingcapacit) of the latosols and the ven, deep water tables. Deep well drainedlatosols whichaccountfor about 50% of the Cerrado region also present very severe limitations ofahuminiumtoxicity,phoslphonsd~ficiencvand low basesaturation.Soilerosionisasevereproblem in most areasbecause ofsoil co/mpaction andreducedinfiltrationratesresultingfrom the use ofheay machinery and overgrazing.Agroforestry is not yet a co'ninon practice in the region whereas extensive areasareutilizedftreucalyptts andpineplantations. 77Te potelitialsfor agroforestry.systemsin theCerradoregion are discussed in the presentpaper. Well-planned agroforestrysystemns icentralBrazilshouldminimize the risks of

(1)economic losses due to dry season cropfailures,
(2) degradationofpasturestle to orergrazing 
(3) soil erosion and
(4) unemployment and/orunderemployment offamily labour,especially in case of

unskilledniralfamilics. 

Introduction 
The cerrado rcgion of central Brazil extends over more than 180 million ha, accounting for nearly one-fifth of the total arca of the nation. The region is heterogeneous interms of potential for agriculture, pasture management, silviculture and agroforestrysystems but is often considered to be a savanna-type ecosystem. It is interesting thatthe development of the Amazon region of Brazil and the possible consequences of destruction of the native vegetation of evergreen tropical humid forests there are beingdiscussed at national and internalional levels with great alarm whereas the destruction 
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of the equally fragile ecosystems of the cerrado region continues without ample discus

sions on viable alternatives of safe management of natural resources like soil and native 

Goodland and Irwin 1975).vegctation (Alvim and Silva 1979; 
Intensive agriculture in many parts of the ccrrados is a very recent phenomenon. 

Since the region of cerrados is not an administrative unit, it is very difficult to obtain 

statistics of economics, population growth, agricultural production and productivity for 

Any gencralization of policy recommendations is also difficult 
the region as a whole. and geomorsize, variations in climate, soils, vegetation
because of the enormous 
phology, and uneven pattern of population growth. However, in the present paper I 

shall examine the possibility of agroforestry management in the region in very general 

terms. 

Natural resouces of the region 

Climate 

Thc cerrado region may be. divided into five principal subregions on the basis of cli

matic variations (Azevcdo and Cascr 1979): 

1. The central (core) subregion with an annual precipitation of 1400- 1700 mm and a 

dry period of 4-5 months, 
2. 	The north-eastern subregion with an annual precipitation of 5(X)- 800 mm and a dry 

period of 8-9 months, 
3. 	 The north-wcstern subregion with an annual precipitation of 2000- 2300 mm and a 

dry period of 3-5 months, 
an annual precipitation of 1400- 1700 mm and a 

4. 	 The south-castern subregion with 

dry period of 4-5 months, and 
The south-western subregion with an annual p-ccipitation of 1100- 1400 mm and a 

5. 
dry period of 2-3 months. 

sub-
Subregions 4 and 5 occupy relatively very little area. Azevedo and Caser (1979) 

divide these subregions into forty smaller geographical units on the basis of geomor-

Detailed data on rainfall, temperature, evapotranspiration
phological characteristics. 

and Golfari et al. (1978). Johnsonlargreaves (1976)and radiation can be found in 

and Rcddy and Amorim (1984) discuss the paucity of climatic data for the region 
(1982) 
and suggest modifications for calculations of potential cvapotranspiration and radia

tion for the region, taking into account altitude, latitude and longitude for the different 
more carefulbe achieved only when

stations. Further refinements of the nodcls can 


measurements are available for longer periods.
 

Probably the least variable component is the average monthly temperature which os

cillates around 20 °C in the core region. Maximum tcnperature oscillates around 27 'C 

Day length and radiation are not limiting factors for plant
and minimum around 16 'C. 


growth during any time of the 4 'car. For example, mean monthly values of solar radia
"1 	 in Brasilia with maximum values exceeding 18.5 MIJ 

tiolr is always above 15 MIJ m-d 
M-2d-1. 

The most limiting factors for agricultural production are the variations and uncer-

Wolf (1977) discusses the occurrence of dry spells
tainties in the rainfall distribution. 

The;e wct season dry spells, known locally as 've
during the rainy season in Brasilia. 


ranicos', may last over three weeks once in scvcn years. There is a 50% chance that the
 

14 days or longer and a 15% chance that the dry
longest drv spell in any year will be 
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spell will exceed three weeks. Thus, even if the total rainfall during the season is satisfactory, crop failure due to water stress is a common occurrence in the ccrrado region.In shallow rooted crops like sovbeans, evapotranspiration may be reduced from a highvalue of 4 to 5 mm/day during Ihe first wek of veranico to I to 2 mm/day by the end ofthe third week, mainly because of low water potentials in the top layers of the soils(EMPBRAPA 1981, p. 64-65). Monthly averages of rainfall do not bring out the: variations in precipitation but avcrages for 10-day periods might be sufficient to indicateperiods of water stress (Wolf 1977). Deep rooted ccrrado trees and shrubs, however,show no apparent signs of water stress during these dry spells. 

Soils 
Soils of the cerrado region do "iot fall into any distinct category as different from soilsof other climatic regions of the country. Latosols are the most extensive soils in theccrrado region. These are, as a rule, well-drained very deep soils with a clayey texture3nd very littlc horizon differentiation. The most interesting feature of these soils probably is the very fine niicroatiregalC structure of the subsoil (13)present horizons, which, in situ,a massive appearance. The microagregates are very water-stable and makethese soils highly pe'rmcablc. Iniltration rates measured under native vegetat ion generally cxcccd 15-20 cni/h. The surface (A)horizon often has a stable gran ular structureunder native vegeta tioin but, dcoid(fia vcgetation covr, is susceptible to compactionand erosion lv water. Once the surf.-'e layer is eroded, the massive B horizons succumbvcry easily to fo rmation of very feelp U-shaped gullies.bik de nsily of vuil-drainel soils is often less than I g 

Under native vegetation tile"cn 3 lecause of very intensive 
termite activt
.Deforcsialion
, ing icasy machines; and cultivation, as well as grazing by cattle, generally lead to soil compaclioni and reduced infiltration rates.porous Also,
water retention capacity is rcduced because of tile (lcstruction of the original highlyst riueture. 

The water retention capacity of ccrrado latosols is very low (Wolf 1977; L-opes 1983;EM BRAPA 1982). This is att ilbuted to tle nature of tlie clays and the microaggregatestructure which makes the soils behave as iftl1 texture were more sandy. The very lowwater retention capacity makes tie effect of wet season dry spells very severe. Oncetile soil becomes unsaturaled, hydraulic conductivity of tie soil decreases sharply (-EMBRA PA 1981, p. 71-72) and shallow- rootcd crops will not have enotigh water flowing to the root zone from decpcr la\ers wili high water content.Most of the discussions in the liieralurc focus attention on fertility aspects (Lopesand Cox 1977; (;ocdert 1983) and rcspnsc of crop plants to fertilizer application andliming. The most serious impIcdlint,nl to root growth inlower layers of the soil profile

isproably deficiency tofl" ci in (Rilchev cl al.
located to growing root tips 1980, 1)82) since calcium is not trans-Iit 
lovecr, native shrub and trec 

is nt availablc in the rhizosphcre of growing rootlets.species have very (fcc) roots which help them extractwater even during the dry scas in when top layers (oilicsoil profile hold very little water.Agronomic experiments during the last decadte (ENIBRAPA 1979, 1981, 1982) have
shown that most of the crop t)larl

the ccrrado soils. 

respoild wall to liming and fertilizer application in1f1owevcr, Ihc cconomic aspects of liniming and fertilizer applicationdo not seem to have received lhe altcntion the prblcni mci its.Also lacking is definite proof in many cases that it is tile applied nutrient that is responsible for better gro.vl and higher yields.
in ccrrado soils. 

11is noi just one element that is lackng 
(Bataglia ct al. 

Response to liming could hc duc to higher availability of magnesium19185); that allributcd to phosphorus could also be due to higher availability of calcium from sipcrpthophaltc. Until wc have more information from these 
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cannot determine renutrient uptake by analyzing plant tissues weexperiments on 
Until then any economic analysis of the 

sponses involving different nutrient elements. 
For example, at least in the 

fcrtiliier recommendations will not he very meaningful. 
hangeable aluminium levels do 

case of two eucalyptus spcies, soil acidity and high ex 
phosphorus, calcium and magne

not .ecm to pose any limitations, if other nutrients I,.,c 
Managancse and iron toxicities do not seem to 

sium are adcquate (Ilaridasan 1985). 
soils but may become crucial in water-logged 

pose serious problems in well-drained 

soils. Micronutrient deficiencies may have to be corrected in intensive agriculture when 
p. 424-425) summarizesGoedcrt (1983,

high doses of fcrtili'crs and lime are applied. 


succinctly the need for basic research in soils and plant physiology to understand bet

ter the processes of nutrient uptakc and crop growth in these nutrient-deficient soils.
 

in the ccrrado region include podzolic soils,
The other classes of soils which occur 

no well-defined
soils, cambisols and waterlogged soils. Since there is 

terra roxa 
hierarchy in the Brazilian system of soil classification it is difficult to place these soils 

in other soil classification systems. Equivalent class names in other systems of classi
in the case of soils of the 

fication such as that of Soil Taxonomy and FAO/UNESCO 

Federal District in the core region of the ccrrados are indicated in Table 1. One of the 
a hierarchical classification. 

main limitations is the lack of definition of criteria for 
as criteria far subdivision of 

Many surveys utilize native vegetation or slope classes 

higher ordr categories without aay definition of the variation in soil properties among 

different subclasses (I larida;an 1,AA8). There is very little information available on the 

moisture and temperature regimes of these soils to place them correctly in Soil Tax-

In general, most of the well- drained latosols have an Ustic moisture regime. 
mnomy. 

Native vegetation 

region comprises of widely varying physiognomic forms J vegetation,
The cerrado 
which vary from tall closed canopy forests to grasslands devoid of any trees and shrubs. 

Eiten (1972) provides an excellent review of existing information on these physiognomic 
open tree and scrub woodland

The most common of these formations is anforms. 
sticto. The question of comparing the cerrado 

known locally as the cerrado, scnsu 
ecosystem(s) with other similar tropical ccosystems, especially the so-called grasslands 

and savannahs, always involves controversies and myriads of conflicting opinions as to 

of different physiognomic forms of vegetation (Eitcn 1978, 1986).
the definition 
Botanists have often worried about providing details of species composition and phyto

sociology but very little information is available regarding the adaptability of the cerrado 

species under different -daphic and climatic conditions. Interestingly, agronomists and 

soil scientists have seldom participated in this discussion, leaving it entirely to botanits 
The only welcome exceptions

to argue about the adaptive strategies of native plants. 


were probably the surveys conducted by some British teams (Askew ct al. 1970a, 1970b,
 

Even in their work the only information provided is on 
1971; Ratter ct al. 1977, 1978). 

variations in physiognomy and species composition of vegetation communities in rela

tion to soil fertility and other edaphic factors such as the occurrence of water table.
 

The role of climate, LJaphic factors such as soil depth, water regime and soil fertil

ity, and fire in the origin and maintenance of the ccrrado, sensu stricto, is discussed by 
more a 

Eiten (1972). The consensus at the moment is that ccrrado, sensil stricto, is 
a conon which they occur thannature of the soils consequence of the dystrophic 

sequence of the climate (the long dry period) and intermittent fires which are common 

in the region. 
The ccrrado, sensu stricto, occurs exclusively on deep, well- drained dystrophic soils. 

When the soil becomes shallow as in the case of cambisols on slopping terrain the trees 
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Table I Classification of the soils of the Federal District in the cerrado region of

Brazil
 

Brazilian system 
 Soil Taxonomy FAO/UNESCO
Latossolos Oxisols FerralsolsLatossolo Vcrmelho Ustox Ahod 

Escuro Rhodic/Acrie
Distrofico Hapluslox/Acrustox Fcrralsols 
Eutrofico Eutrustox 

Latossolo Vermelho Ustox
 
Amarelo
 

Nao concrecionario 
 Haplustox

Concrecionario 
 Acrustox

Podzolico Vermelho Haplustalfs
 
Amarelo


Eutrofico Oxic Haplustalfs LuvisolsDistrofico Oxic Haplustults AcrisolsTerra R,.'a Estruturada Oxic Haplustults Nitosols 
Similar 

Litossolos/Cambissolos Entisols/Incentisols CambisolsEutrofico cambisolsDistrofico Eutric cambisolsDystric/Ferralic 

Cambisols
 
Areia Quartzosa 
 Typic Ouatrtzipsamments Ferralic
 

Arenosols
 
Solos hidromorficos
 

Sem pliymtita Inceptisols 
 Dystric/ 
(Aquepts)/Entisols thumic gleysols(Tropaquents/Fluvaqucnhts)


Corn plintita 
 Plinthaquox/Plintaquolt Plinthic 

gleysols 
and shrubs become sparse to give rise to a more open vegetation form known locally as'campo sujo'. When the soil iswatcrloggcd permanently or at least during three to fourmonths of the year the vegetation form isa pure grassland, called 'campo limpo'. Tallclosed canopy forests occur in different situations such as along streams in valley bottoms (gallery forests), (onwell-drained mesotrophic soils (semi-deciduous forests), oncalcareous soils (deciduous forests), and on dystrophic soils (cerradao). There is noconsensus of opinion as to the contribution of cdaphic factors in the formation of 'cerradoes' on dystrophic soils alongside more open form of cerrado when both occur onequally poor soils. Ratter ct al. (1977, 1978) discuss the species composition of forestson dystrophic and mesotrophic soils. Sonic species occur only on dystrophic soils;others ottly on mesotrophic soils. And there arc species that are indifferent to soil fertility. Physiological basis of this preference of soils in native species has not been 
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Goodland (19711) sug
investigated in any detail yet (Haridasan and Araujo 1987). 

adapted to high levels of available aluminium 
gested that ccrrado-nativc species were 

in the soil and exhibited scicrophyllous nature not only because of low fertility of the 

soils but also due to aluminium toxicity. Ilaridasan (1982) reported that several species 

of the cerrado vcgc;ation accumulate aluminium in large quantities in their leaves but 

high levels of aluminium in the leaves of these plants are not associated with low levels 

of other cations. Besides high levels of aluminium in the soil, what limits plant growth 

the extremely low levels of phosphorus and exchangeable cations,
in these soils are 

calcium, magnesium and potassium.
 

Present land use 

The more optimistic estimates put the extent of land suitable for intensive mechanized 

agriculture in the cerrado region to be more than one-third of the total geographic area 

(Goedcrt 1983). However, intensive agriculture in many parts of the region is a fairly 

under field crops is less than 10 million ha (Table 2). 
recent phenomenon. The area 
More than twice this area is under cultivated pastures. The area under native pastures 

is estimated to be nearly 120 million ha which accounts for almost 60% of the total land 

the area cultivatcd arc under monocropping. Crop rota
area of the region. Most 'f practice.

I lowcvc', agroforcstry or agrisilviculturc is not a common 
tion is common. 

Until intensive agriculture with field crops like soybeans, maize, wheat and sorghum
 

was introduced, a common practice was to grow upland rice for two or three years after
 

deforestation and burning and then use the land for pasture.
 

Land use in the cerrado region of BrazilTable 2 

Area (thousand ha)
Use 


119686

Native pastures 

20(X)
Cultivated pastures 

Perennial crops and forest plantations 682
 

8978
Cultivated 
23717Native vegetation 


173063
Total 

There are only very few systematic, long-term studies reported in the literature on 

Research on many aspects of soil 
the decline in productivity of the ccrrado soils. 

management began only about 25 years ago at the Instituto Agronomico de Campinas 

and latcr at the Ccntro de Pesquisa Agropecuaria dos Cerrados in Brasilia (Goedert 

1983). It is estimated that less than 10% of the total cultivable area in the cerrado region 
Most of this land is 

has mcsotrol,hic soils where soil fertility is not a limiting factor. 
under cultivation would 

already under cultivation. Therefore any expansion of area 


essentially be in dystrophic latosols.
 
who studied one of the settlement colonies of small scale 

Lcite and Furley (1985) 
farmers concluded that low productivity of traditional crops was one of the detrimental 

aspects that caused the project to fall short of its crop and livestock production targets. 

of the Sagarana Colonization project which started settling 
Evaluating the success 
farmers in 1973, these authors reported that the productivity of the traditional crops 
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such as rice, beans and maize was hclow the targets established at the beginning of theproject and none of the fruit crops like citrus, mango, guava and "xocado was ever cultivated. The original assumption was that the farmers would utilize an integratedmanagement system involving liming and fertilizer application and soil conservationmeasures such as contour planning and terracing. The original target for establishingpastures was also not fulfilled because of the low productivity of rhe pastures.One of the most serious land managemen problems in the ccrrados is the degradation of pastures due to overgrazing and low primary productivity of the ground layerdue to poor soil fertility. The prolonged (fry seasonstocking rates to 0.2 animals ha"t 

adds to the constraints, limiting.Once the land has been under native pasture for 15to 20 years many areas arc simply abandoned because it is not economirally viable underthe present set up to continue to raise beef cattle. Land recuperation in these areas isa very severe challenge because of Ihe impoverishment of the surface layers of the soilnot only from ovcrgrazing but also because of soil erosion damage. Invasion of theseareas by native species to form a secondary forest vegetation is often a 'cry slow processunlike in small holdings which are abandoned by settlers after deforestation and cultivation for two or three years in the Amazon region (See for example, Leite and Furlcy1985).An important aspect of theholdings. Nearly 45;;'11 
I:ind use pattern in Brazil is the size of individual landof Ile total land area in the country is accounted for by individualholdings of more than 10 i/ha (Table 3).
holdings of I(M)- I0(K) 

Another 35% of the ;,rca is accounted for by
ha. 
possess fewer than 

Only less than 2.5% of the area is owned by individuals who10 ha though they accout for more than 50% of the total numberof individual properties. 

Table 3 
 Size of individual land holdings in Brazil in 1980 (IBGE,1980. 
 CcnsoAgropccuario do Brasil). 

Size of holding Individual holdings(ha) Total area(thousands) %less than Million ha %10 
 2598.0 50.4()10 - 100 9 2.52017.0 39.20100 - 1000 64 17.5489.0 9.501000 - 10000 127 34.845.0 0.90above 10510000 28.82.3 0.04Total 60 16.4
5151.3 100.04 .35 
 100.0 

The population in the cerrado region was estimatednearly 21 million in 1980, with a 3.3% 
to be 15 million in 1970 and
 

(Goedcrt 1986). 
annual growth rate during the last decade
More than 00)%of this population lived in urban areas in 1980.early 19 7 0s less than 501% In theof the population lived in urban areas. With migration to urbanareas increasing while more area is being brought under cultivation, availability ofskilled labour for agriculture in rural areas will be scarce in the future. This mightincrease the need for mcchanizatio,, and lead to faster deterioration of soil in cultivatedland.The reality is that the big farmers, at least for the present, are not concerned aboutlong term damage that can result from the use of heavy machinery and excessive 
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quantities of fungicides, pesticides and herbicides. Soil conservation and preservation 

of natural ecosystems, especially of native plant species that might be of economic use 

in the future, seem to bc only concepts idcalizcd in many federal laws and regulations. 

Adverse effects of indiscriminate deforestation in the catchment areas of big rivers is 

always evident in frequent flooding of low-lying areas during the monsoon season on 

the one hand and the shortage of water in the reservoirs of major hydroelectric projects 

in the country during the dry season on the other hand. 

Potential for agroforestry systems 

The most interesting aspect of agroforcstry systems is that it was once the essence of 

subsistence agriculture with very low inputs, especially in the tropics. Intensive mono

culture involving mcchanization and heavy input of fertilizers and other agrochemicals
 

a fairly recent phenomenon,
of temperate 7one agriculture is

following the model 

especially in the more extensive oxisols and ultisols. In the case of Brazilian ccrrados,
 

it is only in the last several decades that intensive nonoculttirc has been rcplacing
 
to anybe considered with regard

Some of the peculiarities to 
extensive pastures. 

discussion of possible agroforestry in the region arc the following:
 

and the low population density 
more than ISO million ha 

1. The very large extent --
of the region: there is no great pressure oil land in the ccrrado region as in the more 

of the country or the overpoppulatcd regions of other 
developed southern states 

tropical countries of Asia or Africa. to the stage of 
2. While tropical countries in Asia and Africa have already come 

realizing the adverse effects of ovcrcxl~loiting soil and water resources in intensive 

monoculturcs, Brazil is just venturing into intensive monoculturc on a large scale in 

the cerrado region. 
3. The emphasis on agriculture in Brazil has not been on self-reliance of the country in 

food production or on small scale operations by individual families or cooperatives. 

Export-oriented crops such as coffec, cacao and soybeans have received precedence 

over other essential crops like wheat because of the necessity of earning foreign 

exchange. all stages,on credit from banks at 
4. Agriculture in the region is heavily dependent 

This is true of big 
including the purchase of products after harvest by the state. 

farmers who own sevcral thousand hectares as well as landless labour receiving new 

land from the government for the first time in settlement colonies. 

What this means isthat there is very little change possible in the existing pattern of 

At present there is no practice of any 
land use without the governieint advocating it. 


agroforcstry system worth mentioning in the ccrrado region unlike in other regions of
 
in southern Bahia; by 

the country such as the ones described by Alvimn and Nair (1986) 
in the south.

in the northeast; and by Baggio (1986)
Johnson and Nair (1980) 

I shall therefore discuss the potentials of agroforcstry systems in the cerrados with 

emphasis on overcoming important natural limitations of intensive agriculture in the 

region. 

Reducing economic losses due to dry spells 

more serious limitations in agriculture and pasture 
As mentioned earlier one of the 

management in the cerrado region is the occurrence of wet-season dry spells which may 
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last from a few days to more than three weeks. These dry spells caiie severe damageto field crops and grasses which have shallow root systems ,:!....c they occur whenevapotranspiration demands are high (Fagcria 1980; Espinosa 1979; Garrido et al.1979). Though there is often sufficient water lower in the profile, surface soil layershave very little water because of lowwater retention capacity. Tree species are generallycapable of utilizing the subsoil moisture unlike the shallow-roote(d crops and grasses.It is only within the last few years that the Federal (;vcrnmcnt announced plans toimplement large-scale irrition schemes in the cerraito region to increase agriculturalproduction. lHowcver, it is unlikely to be a universal practice in the immediate futurebecause of limited water availability. It is estimated atirrigation in the ccrrados is only about one million ha. 
present that the potential for 

Wet-season dry spells could bevery damaging if they coincide with critical growIh stages such as flowering. The mostserious problem in this regard is the adoption of nionocropping systems by the farmersmainlybecausc no alternativc systems are known to them. Suitable agroforcstrysystenisshould offer some sccurity agaiinst total loss of income, especially in the case of smalltarmcrs. Selection of suitable perennial crops tolerant to water stress and adapted tolow soil fertility and high soil acidity could be one of the useful strategies in this regard.Traditional fruit trees like mango, citrus and guava as well as other native species whichcould be exploited on a commercial scale should be one of the options. Settlers in newcolonization projects with rclatively littleexperience i farming should find this option 
more secure than risking everything in shallo,-rootcd field crops.Besides guaranteeing an alternative source of income, one of the possibilities thatshould be exploited in agroforcstry systems for th,- cerrado region is minimizingevapotranspiration demand by providing shade or reducing wind velocity.Since the lowwater-holding capacity of the cerrado soils is one of the limiting factorscontributing to crop failures during wet season dry spclls, improving the water retentioncharacteristics of these soils should be one of the aims of better management systems.Long-term crop rotations with fast growing

organic matter conten 
trees species which could increase theof these soil should eventually help increase the water holdingcapacity of these soils and thus minimize the risk of wet-season dry spells.Jn spite of the serious lack of fodder in native pastures of the region during the longdry season, very little has been done to utilize alternative sources of forage to supplement the limited grass supply. Silvopastoral combinations involving forage shrubs and
trees should be a viable practice in this respect.
 

Avoiding deterioration of pastures 
The main factors contributing to the complete deterioration of pastures within ten to
fifteen years ,are poor soil fertility and overstocking. Any viable alternative to
utilization of such lands for animal husbandry on 

100% 
a long-term basis should involve fallowing the land periodically. Fertilizer application and liming arc expensive options toincrease the productivity of native pn!stures because the potential response of nativegrasses to fertilizer application is as yet unknown. In such cases economically viable
management systems might incorporate forestry or fruiticulturc altcrnating with animal
husbandry. With ten- to fifteen-year cycles, degraded pasture lands might recoverorganic matter content and nutrient status if fast-growing tree species which wouldfurnish plenty of leaf litter could be utilized. Grass-legumes mixtures are advocated inthe ccrrado region on the following grounds: 

" better productivity per animal per ha per year; 
o better reproductive capacity of the animals; 
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dry season: and o relucing the adversc cffccls ol 

o improving soil fcrlility, csi'.'ciilly soil nitrogen stalls. 

ipt l this svslcm is the high cost of establishing
()ne of Ihe scrious hamndicaps it, 1(lo 

tihe ccrrado recion. 1arec areas of the region are expected to re
cklliv",tcd pa, turcs i 

t ,il. lQ83). ()ne of the viable alterna
main as nalive pastures for man., years (('outo 

tives should be the ;doptii nt arof orc,lrvy cm involving legume trees with tile 
ol beler soil conservation. 

same abljetivCs but with the addIIuIil advarit ic 
those with associated micorrhyt/acspcCe aridI lse of Ilc1umiriou nitrogcn- Ihir 

arcalcs potential in this regard
capable of solubili/ing phosphorus should have the 

.oc:,ct al. l983; Nair ct al. 1984). I-aria t ill. (1)84) made an cxtcn(Faria et al. 1)84; 

sic sarch for aclive nitroucn-fimg rool nodule's aniongsl Brailiantforest lcgumes and 

two new nodulali, gecncra from 
new odllatl d specie',, IiCludi nereported seven I 

,pccics front .lim ooioidcu': iand31 new species, including
C'actsalpnioidac:1S ric\ 

species lave the potential for use in 
lour new gencra, from l'apilioiodeaht. All thesc 

of them are not native to the region.
agrolorcstry systeris in the ccrrado thou-hh some 

should be invcstiuatcd in this conncetion is the adapt
()ne important aspect that 

It should bc 
abioitv of native species with economic poltential in d strophic acid soils. 

ColSe!luence 
ill mind that the predominart natils c vcgctaiion of tile ccrrado is a 

bornte 
( )ther than the rcporls of' Ratter and co

of poor soil fertility and riot of clriith. alonC. 
t.rc is \or, little information in the litcrattuC on the 

,,orkers (1971, 11'77, 11)78), 
Rccent reports (Araujo and I laridasan 

dI trib1tiorn of ccrrado species in difLrCnt ',oils. 
N1achiado l98. ) have shown that resistance or tolcr

I"t and A l'9ST: 


ito high aluninium levels in the soil may involve more than one mcchanism. While

I laridasari atujo 

anc 
some aluminium-accuniuatirg spcics occur oVly i d\,stroplhic acid soils, others occur 

A tL'w occur on dystrophic as well as 
only in mcsotrophic soils with near-rinutral pl I. 


betier on iisotrnilphic soils.
mestrophih soils but gro\, 
aid ir1 soil fertility, another im

for aniial fCC hniprovingBesides furnishing folliage 
to providc shade and sheltr for animals, c,pccially

porlalt use of trees in past tires is 
In manr\ casc,, farmers leave isolatCd trccs in the middle of pastures,

on hot dry days. 
practice often crcatcs tire problem of ag,recgation 

an ideal soltion. li,which is not 
easily to strong winds. 

of arimiia,. Also, individua iolated trees 5tnc urIII more 
Aiothicr practice is to provide isolated palchcs oftr cos, c,,pcciwdly around artificial lakes 

A beier slutkin for providing shade and shelter for 
Which provide drinking water. 

samc tirie providing forage arid helping in soil conservation, wkould lie 
animals, at the 

and undcrstorcy fodder%itli ovs.erstorcv tree .pccics
to develop silvopastoral systems 

ts Taipifra ,ni.ant'lsi.',tree vegetition such
species. Many species if tle natlive 

IhVIi'naa s igo/ocarpa (
Copaif'ra langsdoqi, (Calli.thitcmajor, "i*'on tk',lnia Sp., 

tile potcntial to bc used
'lath.\l i riaai'ticilata havrtalata (barui), andJttoba ), Dipn'r -xhiustivC lists of indicnou1s tree 

as shade trees (iMachado, personal Communication). 
to compile but experimental

Used in agroforcstrv sstcms arc cas.v
species that can be 

dations for farmers. Foraill,y dcl nilive recolmniievidence is yet lackirie to niake 

example, several species which occur in the gallery lorcsts in the Federal District have 

the potential for cormercial-sCale exploitation . 

Soil conservation 
M.ny puhIlications erroneouslya

Soil erosion is a scvcrc problem in tile ccrrado rcgir. 

state that soils of the ccrradi region arc not ctsily erodible. Sheet, rill and gully erosion 

problems in the ccrrado soils because rainfall intensity is generally very 
pose scvcrc 
high. The problen is worsened 1v the use of heavy machinery in lalosols which after 
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compaction loses its orii nally-high porosity and inliltralion capacity. The fact that tlesoil is left without adequate vertclalvc cover at the end of the long dry season makesthe soil extremely 'vulnerable to arl' torrential rains.The problcm becomes more scvcrc whcr ("lassIV to VIII lands are left wilhout anyvegetation cover after fire or dcforestlat"On 1t utilise available wood for charcoal pro'duct ion. Though exist inrig laws prilhibil destruction of gallery forest along rivers andstreams in vallcy bottorns, indiwriminale dcforcstation of such vegetation is very coim
mon leading to not only erosion and increased runoff during the wet season but also tolie drying of the st rcaMUs in tie dry season making, ilc water available to cattle.Suit able agroforst rv s\'stcis should Ihcrcfore aim at not only conserving soil where it
has not ,et btcn d-of degraded soils. radCd bul should shift the emphasis in many cases to recuperatioNlost discussi us on agroforeslrv svytenis usually decpeid on refrences to piblicalions fron ct to)cwhcrcjustify tie possiibiltl of utili/ing exotic speciesfor such purposes. What should be dole in tlie ccrrado region is to exploibilit, of utiliiing the nalive species which are 

tlie possi
adaptcd to the climate and low soil fertility. It is well establislicd that ihc ccrrado trce alld shrub species have extremely deeproot systems capablc of utili/in, subsinio dmoistuirc during tie dry season and have severaladaptive strategics to resist fires which are I'rcqucnt in tie region.The main forest plantali is in the rcgion are cucalyplus and pine. Because of thepresent ccorllOlic Coinditiuns in thc (mrnlry, indiscriminate destruction of the nativevcgetation and plantinig ofucallvplus and pine were encouraged. The long term effectsof repeatcd cultiValion of ClcalpItLs and pine ire still unknown but depletion of soilfertility and arcclcralcd crosiol, especially on (lass VIsequences. (C)nt wav to 

to V!I lands are certain conas id t0tal dctcriorition of such lands would be to developsuitable covrcrops ill Slch planillions and Iollow fallowing or crop rotations wih treecrops which help rccupcrael smi fertilily, for example by nilrogen fixation.viable alternative would Athierviahlnitrogen,. tothink1i agrosilvopastoral systens with multiple objeclives if we should conserve nat ural resources ofthe region. Such areuments apply not 

fixation.dAnother 

only for tie conscrvation of st,il rc buletl.Cs list, for tine eonservation of genetic resources of native vcegtatio ias cll as native fauna. The extinction of many aninial andbird species in tie rcuio~n oftenare ailributed to large-scale cucalyptus and pine
plantalion s. .
 

Better utilization of rural flanily labour 
One of the nmos! serious social problcms in fira/il is thi very low income of rural families
who do not own 31nV land but work on 
tile farms. Even those who own sonic land andthose who receive hind front tIre gcrnlcrrit its a conscquencc of agrarian reforms oftenabandon tie land aftcr one or t o cr p failures. This liappens often because of low inputs such as good qualityv sCCds, fcrlili/c rs arid pest and disease control.farmers ha'c no iincorie in such Often tinecascs because they depend on monocultures.deforestation, they cuhivatc Afterrice or otlhcr lieId crops for one or two cars and thenabandon the area to fallow or pisItLrc.
()rc of the serious CIlsC(fiicrlCCs olsuch irregulair productivity of cerrado soils is tire
abandoning of rural lands b\ silli-scale 
 lanicrs who Ininrate to urban centrcs. Furlcyand l-ite ( 1982), for cxairplc, stale fial 50 familics out of'-2tS ','ho had received bclwen05 and 240 hIa of land undcr thc Sagaraira colori/atiori project abandoned their propcrty within thc first couplc td .\cars. Thcy could not cope with officially-cstablishedtargets for land clearing, planting of crops and rcpaynt[ of' loans. Divcrsilication ofcrops and adoption of' suitablc agroforcslr s'stcns should provide a better chance ofsuccess in such cases. The dc\eopincnit of agrosilvopastoral systenis in such cases 
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should be based on the utilization of available family labour throughout the year pro

viding full-time employment but at the same time avoiding overburdening. Small-scale 

animal husbandry is one of the possibilities to be considered in this regard in agro

foircstry systems in the cerrados, besides options such as apiculturc and inland fishcries 

whcrc the facilities exist. 

Constraints and research needs 

It is interesting that during the review of literature for writing this article, I cncountercd 

more articles on the possibilityof agroforcstry in the Amazon region than in the ccrrados 
The main limitation for the adoption and 

(for example, Hlccht 1982; Eden 1l2). 


devclopment of agroforcstrv sys-tcms in the ccrrado region seems to be the lack of plan-

The need foi soil conserva

n;ng and forethought on the part of government agencies. 

tion on a long-term basis and welfare of rural families seem to be ideal!, advocated only 

on paper. The emphasis on monocropping and intensive agricult ure in the region is in 
to support 

many ways artificial, sustained only by the eagerness of the gomvrnment 
about soil and water consc-rvation or cnviron

cxport-orientcd crops with no concern 


nicntal protection.
 
There is no careful planning in the nanagemcnt of fortsis or pastures in the cerrado
 

region. There is no replanting in degraded lands and there is no attempt to replenish 

stock of felled forests. Eucalyptus and pine plantations arc intended only to furnish 
th 
wood for industrial purposes and arc monopolies of large firms. 

Sonic of the existing models can scrvc successfully for small farmers who may get to 

reforms (Furlcy and Loite 1982). 
own land as a result of the proposed agrarian 


Agroforcstry should provide viable alternatives to existing models in such cases.
 
cases is that the 

Yet another argument in favour of agroforcstry systems in such 


ulturc does not exist because:
possibility of intcnsixc agri 

1. energy costs arc very higi," small farmers do not have the capital to invest in heavy 

machinery and other infra ;tructurc cssential for intensive agriculture; 

no financial inccn-ives or insurance against risks for small farmers to try 

new farming systems; and 
2. 	 there are 

3. 	 government policy favours cxp irt-oricnted crops because of the heavy debt crisis in 

spite of the food shortage withir the country. 

There has been no serious attempt toevaluate the potentials of agroforestry systems 

in the ccrrado region. One of the scriou' handicaps seems to be that none of the more 

is iocated in the cerrado core region.
prestigious agricultural colleges in the ci .,try 

*',animal husbandry and forestry should 
Post-graduate courses in agronomy, soil sc.. 

!,ionif new farming systems are to be 
be encouraged in different universities in the 

ccntrcs of the fuucral agricultural organization (EM
cxpcrimcntcd with. Research 

arc geared to attend research needs of individual crops; and, in some cases 
BRAPA) 
like the CPAC, to specific needs of the region. I|owcvcr,there is very little attempt to 

try novel ideas. 
As mentioned earlier, there are several native species which have the potential for 

are many fruit trees that have the potential
utilization in agroforcstry systems. There 

1973a, 1973b) list several 
for commercial exploitation. Hcrringcr and Ferreira (1972, 


of these species. However, very little information is available on the agronomic aspects
 
agro

of these plants. Incorporation of these in agroforcstry systems would warrant 


nomic research on the following aspects:
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1. Survey of genetic resources, which -shouldinclude studies of natural distribution ofthese species in different climatic regions and adaptability to different edaphicconditions like soil fertility and water regimes.2. Collection and preservation ol gcrmplasm since native vegetation is fast disappcaringin the region with the extension of agriculture and pastures.3. Agro-silvicultural trialsexploitation. to increase the productivity of the species for commercial 

4. Exploration of the possibilities of multiple uscs such as controlling erosion, use asshelter belts, usc for firewood or charcoal, use as animal feed, and nitrogen fixation. 
There arc no worthwhile attempts nimde to utilize native species in reforestationagroforcstry systems at present 	 orthough there are isolated suggestions regarding theutility ofseveral native species. For example, Escudcr (1980) reports that leaves ofmanytree and shrub species such as Kicnyuvera coniaccae, K. obtida, OurateahexaspermaSyagnis spp., Palicouriarigicz, Borreiraspp. and Didvinopanarmacrocarptmarc common in the diet ofsheep. Castro and Junior (1984) found that Dislproshisnida,Ouratcahlwaspenna and Bvrsonitnacoccolobifoliafoliage was consumed in great quantities andDalbergiaviolacea,Blepharoca:vsuav'olen Y,Ervthro.yhm fortuosun,, Davillaellipticaand Stvraxfemigineus leaves n smaller quantitics, especially during the dry season.Utilization of these species to supplement the ration of sheep and of other tree andshrub species to supplement the ration of cattle and goats are possibilities that shouldmerit attention in the ccrrado region. 

Conclusio n s 
Whatever the prospects for agroforestry systems in the cerrado region, no progress willbe possible until the philosophy of conservation of natureregional fauna and environmental 	 - soil, native vegetation,quality 
dilemma 	 is accepted by the community. Thisis well expressed in a recent publication of the 	Ministry of Agriculture(Downes 1983) regarding the nccessity for institutionalization of soil and water conservation 	in the country. Once this philosophy is accepted by the government and thefarmers, adoption of agroforcstry systems is only the next logical step because
kind of multiple some
use and periodic fallowing of agricultural land seem to be a must intropical oxisols. The present outlook that Brazil still possesses land that can be yet
brought under intensive mechanized agriculture just doesn't seem right if land deterioration is not to be our goal.
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agroforestry systems by management practices 

in Pakistan 
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POBox 1031, L- 13 Ahnarkaz, Islamabad,Pakistan
 

Introduction 
Pakistan having a total land arca of about 88 million hcctares is blessed with a varietyof climates. Being predominantly an agricultural nation it is located between latitudes24 0N and 37ON and longitudes 61VE and 76)E. The area under agricultural use is about25 percent while about sixty million hectarcs constituting about 68 percent of the totalland area have been classified as rangelands. The forests cover about 4.37 millionhectares which is about five percent of the land area. 

Fuelwood producton from farmlands 
In Pakistan about 70 percent of households use wood as fuel which ;s usually supplemented by cowdung and agricilh ural residues (Sheikh 1985). The pr( .:nt consumptionof fuelwood in the country is difficult to determine precisely but it has been estimatedto be about 19 million m annually. This requirement is met partly from the government forests which produce only 10 percent. The remaining 90 percent is producedfrom the farmlands. Wi',h per capita consumption of.4 m annually, the country wouldneed about 42 million m of fuclwood by the year 2000 when the population would haveincreased to 152 million. Thus an additional 23 million m3 of Firewood requirementsarc met from the farmlands managed by the farmers. Therefore, these private landsoffer considerable potential for planting trees in conjunction with agricultural crops. 

Climatic regions 
Cliiatically the country can be divided into the following major forest ecozones. 

Mountainous regions 
Mountains occupy the northern and western parts of the country. The northern mountains are the termination of Himalayan range with a number of small and large peakswhich remain covered with snow. On account of this the climate isundifferentiated. Insummer the mean daily maximum temperature is about 35 C and in winter the meandaily winter temperature is 0-4 'C with cold spells. The mean monthly rainfall in summer is about 236 mm and inwinter 116 mm. Only about 25 percent of the area is under 
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Rice isgrown in small areas
rait,-fed agriculture with main crops as maize and wheat. 

which are irrigated through springs (PARC 1980). The forests in mountainous regions 

are characterized by the following types. 

Subtropical pine forests 

X)0 m elvation up to 1650 m on the mountain
These forests occur from a little below 

slopes. The principal species is Pinus roxburghiimixed with Qucrcusincana,Xylosina 

lungifolitum and lyrutspashia.The chir pine ( Pinus roxburghii ) however, occurs almost 

in purely dense form with undergrowth of Myrsine afticana, Carissa opaca and Do

donaeaviscosa. Fires are generally of frequent occurrence in these forests resulting in 

elimination of shrubs. These forests are subjected to heavy population pressure. 

Temperate forests 

These limits
The temperate forests range in altitude from 1650 m up to about 3000 m. 

depend largely on the asects of slopes. The principal commercial species are Cednts 

deodara, Pinus wallichiana,Abies pindrow and Picea smithiana. Taxits baccata also 

occurs in the form ifscattered trees or small patches. The trees are generallyvery large
 

in size due to selection system of managemcnt and long rotations. The broadleaved
 
AcsctluA indica, Quercus dilatata, Juglans regia, Acer 

specics in these forests include 
A. pictwn, Uhlnus wallichiana, Fibunumnerosuzm, Lonicera quinquelocularis,

caesitul, 
Popuhsciliata,Indigoferagerardiana.The stocking rate in these forests varies with the 

extent of degradation largely due to expanding agriculture and summer grazing of alpine 

Most of these forests grow on very steep slopes. It isnot uncommon to see 
pastures. 
slopes up to 80 percent which have been terraced for crop culture. 

Dry temperate forests 

not very high and are as-
The mountains located towards the west of the Indus are 

The monsoon rains do not 
sociated with plateaus, semi-arid valleys and plain lands. 


reach here and the low precipitation is confined to some winter rains and mostly snow.
 

During winter the mean daily minimum temperature varies from 1 C to -7 C with oc-


The mean monthly summer rainfall ranges from 5-95
casional prolonged cold spells. 

mean daily maximumThe summer is mild with mm and in winter it is 30-35 mm. 
temperature being about 32 C. The winter is cold with mean daily temperature around 

Parts of the loamy soils are used for growing maize,-0.2 C with frequent cold spells. 

wheat and alfalfa. Fruit orchards of apples, peaches, plums, apricots and grapes are
 

common. The coniferous species in these forests include PiousgerardiaaandJuniperus
 

etcelsa. Broadleaved species include Fra'inusxantho.t)'loides, Pistaciamutica, Cara

gana ambigua. The canopy in these forests isopen and trees generally remain stunted.
 

Alpine forests 

The alpine forests occur between 3,000 m and 4,200 m. The forests consist of Betula 

uilis either with or without Abies spectabilis, Pinus wallichiana,Salic spp., Junipents 

squainata,J.communis,RhododendronIhypenanthunm and other herbaceous vegetation. 

The crop isvery open and stunted. These forests are of little economic importance due 

to their poor stocking and inaccessibility. 
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Tropical thorn forests 
The tropical thorn forests are also known as the desert scrub. The climate is arid andhot, subtropical continental. The mean monthly maximum temperature ranges from4505DC to 48 °C in summer and from 50C to 8 °C in winter. The mean monthly rainfallin winter is about 33 mm while in summer it is about 21-.M mim. The main crops in thisregion are wheat, sorghum, millet and gram (PARC 1980). A number of thorny specicslike Prosopis cil'rana, Cappliris aphylla and .tcaciamodesta are representative of thistype. Tamnariv articulata, Salvadora oh'o ides and Prosopis juliflora also grow commonlyin these degraded lands. These forests provide firewood to the local communities andforage to the livestock. They consisl of small patches ofshort-boled, low-branching treespecies and a variety of shrubs scattered over a total area of 1.1 million hectares in theplains which offer great potential for development of rangelands. 

Dry subtropical evergreen forests 
The dry subtropical region has two distinct parts. A small narrow belt lying along thefoot of the mountuins is nearly hunid with hot summer and cold winters and has a shortdryseason in early summer. The south-wc,;tcrn portion is scmi-arid and hot. The meanmonthly maximum temperature is around 40 while the mean monthly lowest minimum tcmpcraturc ranges from 0 to 1.5 'C. The 

0C 

mean monthly rainfall is about 200 mmin summer while it is about 50 mm in winter. Rain-fed cultivation is the main land use.The important crops include millets, maize, wheat, oilseeds, pulses and fodders.The formations arc constituted by evergreen species of small sized trees and shrubsand grow lip to about 1,00X) m altitude
Olea cuspidata, 

on the hill slopes. Typical tree species includeAcacia modh'sta, Aal/ms phillilensis, Flacourtia indica, Sagerctiatheezans, Gvnospor'arovleana andAdhatoda vasica. A large part of these forests hasbeen dcgradJcd by heavy grazing, browsing, lopping and over-exploitation for firewood.These play an important role as vegetative cover of the main water catchnients. 

Indus plain 
The Indus plain is the western part of the Indogangetic plain which forms one of themost prominent and extensive physiographic division of the subcontinent. The plain isbelieved to be more than one thousand m decp and is formed by large quantities ofalluvial material deposited since time immemorial by the Indus and several of its tributaries. The Indus plain is composed of silt, sand, clay and rarely gravels. 
 Much of theland in this basin was dcscrtic and has been developed by irrigation. The land isfertile
and heavily populated.
The eastern half of this region is semi-arid while the south western part is arid subtropical continental. The mean daily maximum temperature during summer is 40-42 °Cand in winter the mean daily minimum temperature is 6 'C.is 20 0 -300 mam. The mean annual rainfallCanal-irrigated cropping is the main land use and the major cropsgrownare rice, wheat, sugarcane, cotton, maize, bersecm, millets, oilseeds and lemons. Fruitorchards of citrus and mango are also important especially in the central part (PARC1980). Irrigated plantations comprisi ig largely ofDalberqa sissoo and Monis alba overan area of 0.23 million hectares have been developed. 
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Riverine forests 

Rivcrine forests also occur in the Indus plain within the protection embankments of the 

Indus river over an area of 0.3 million hectares. These are subject to seasonal flooding 

wilh erosion and deposition. Typical plant species include Acacia nilotica, Prosopis 

cineraria,Popults euphratica,Tamarixdioica and Salvadorapersica. 

The climate is arid sub-tropical continental with hot summers and mild winters. The 

mean daily maximum summer temperature varies between 40-45 °C and the mean daily 

minimum tcmperature in winter is about 8.5 °C. The mean monthly summer rainfall is 

about 16-20 mm in the northern parts while in the southern areas it isabout 45-55 mm. 

Canal-irrigated agriculture is the predominant land use of the region. Cotton, wheat, 

mustard, sugarcane, berseem, rice, gram and sorghum are the main crops (PARC 1980). 

Coastal zone 

The climate in the coastal zone isarid tropical marine with moderately hot summec and 

very mild winter. Mean daily maximum temperature ranges from 34-400C and 19-20°C, 

insummer and winter respectively. The mean monthlysummer rainfall isapproximately 

75 mm while in winter less than 5 mm rainfall is received. Due to the sea breeze the 

It is not possible to cultivate any crops due to high
relative humidity is generally high. 
tides from the sea. near the 

are located in the shallow waters along the coast
The mangrove forests 

mouth of the River Indus. These forests mainly comprising of,'..icenniaofficinaliscover 

an area of 0.35 million hectares. Where accessible these forests are heavily cut for fuel

wood and are mostly shrubby. The leaves serve as a valuable fodder. These forests have 

little commercial value except for small quantities of firewood and grazing. 

Agroforestry systems 

In Pakistan, farmers grow woody perennials in conjunction with field crops, vegetables 
The aims and rationale of most 

and horticultural crops to meet their domestic needs. 

agroforestry systems at the farm level are to optimize the positive interactions in order 
from the availablediversified productivityto obtain a higher sustained and more 

Following are some of the examples of prominent agroforestry systems and 
resources. 
practices in Pakistan. 

Agrisilvicultural systems 

'Free gardens 

Common in all ecological regions of the country depending upon the choice of the 

farmer which is generally very varied but largely for firewood, fodder and to meet the 

domestic timber needs. 

Multipurpose trees and shrubs on farmlands 

Found in several forms both in low and high altitude areas, e. g., hill farming in temperate 

regions. This is common both on private and public lands either through the resources 

of farmers themselves, or financed through sponsoring agencies. 
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Crop combination with plantation crops 
Integrated production systems in small land holdings, shade trees in plantations andother crop mixtures including various trce species in the form of household or community forestry. 

Agroforestry fuelwood production 
Common in various forms including some forms of social forestry. 

Shelterbelts and windbreaks 
In the arid regions of southern parts of the country where strong winds damage the agricultural crops, use of eucalypts and casuarina as shelterbelts and windbreaks of different kinds are very common. 

Silvopastoral systems 

Protein bank (cut-and-carry fodder production) 
Multipurpose fodder trecs on or around farmlands are frequently planted especially inhigh hills to meet the feed rcluircments of livestock during the fodder deficit period inwinter. 

Living fence of fodder trees and hedges 
Planting of fodder trees as live fences and hedges like Sesbania, Euphorbia, Acacia,etc.,to protect the properly from stray animals or other biotic influences.
 
Trees arid shrubs on pastures
 
There are several tree and shrub species being used very widely on pastures and rangelands in all ecological regions to supplement forage production.
 
Agrosilvopastoral systems
 

Woody hedges for 
browse, mulch, green manure, soil conservation, etc.
Very common in different forms especially in arid and semi-arid regions to provide
browse or serve as mulch or litter to conserve the available moisture.
 

Homegardens 
Common in all ecological regions especially the temperate regions where fruit orchardsare very profitablc enterprise. 
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Other systems 

Aquaforestry 

areas and trees on banks of fish-breeding ponds.
Silviculture in mangrove 

Apicuiture with trees 

Raising of honcybces on different tree species for production of honey isvery common 

in all ecological zones. 

Current research status 

Very little scientific work has been carried out in Pakistan on agroforestry. Studies on 

windbreaks of Eucalyptuscanialdidensis carried out during 1980-83 in the arid regions 

of Pakistan have indicatcd that after 3-4 years, quicker wood yields are available from 

the farmlands through thinnings. The ndi increase in yield of whcat, cotton and maize 

is negligible at this early stage of tree growth (Khaliquc and Sheikh 1985). 

measured the yield of wheat grown in unprotected 
In another study, Rahman (1978) 

fields and that grown in fields protected by either a single row of TanzarivgalliCaor two 

rows of T. gallica and one row of Calligotilulpolygonoidcs. lie found that the wheat 

15 and 13.5 percent, respectively, over the unpro
grain yields were increased by 7.5, 

tected fields. 
The wood-deficient areas, particularly the arid and semi-arid regions, offer consider

for planting of trees through cultural and management practices and 
able potential It is possible to reseed the arid 
modifying the micro- and macroclimatc of the region. 

and semi-arid regions with grasses like Ccnchnis ciliarisand Lasiunissindicus besides 

growing multipurpose fodder trees and shrubs including Alcacia alhida,A. aneura,A. 

victoriae, Ccratonia siliqua, Parkinsoniaaculcata and Tecomella 
11odesta,A. fortilis,A. 

u1ndulata. Maximum survival of these species is obtaincd in sloping catchments without 

trench. Contour trenches give rather low survival due to flooding from flash rains caus

ing long submersion of plants under high desert temperatures (Sheikh 1985). 

Recommendations 
As in other parts of the world, in Pakistan the bcncficial effects of shclterbelts and wind

breaks are quite convincing. The biological effects of windbreaks are numerous for 

agricultural purposes and in regions affected by strong and frequent winds especially 

in arid regions. Conventional design and composition of trce plantings either isolated 

or in the form of windbreaks have led to variable results in different climatic regions 

and cropping patterns. 
Agrosilvopastoral systems need to be encouraged. Multipurpose t "ee species which 

not only provide wind protection, but other commodities such as timber, fuelwood, fod-

This would also provide plantings where inter
der, fertilizer, etc., should be planted. 

actions between shclterbelt trees and crops could be studied. 
as land use and tenure, 

Besides technical problems, socio-economic factors such 
understanding of cost-benefit 

community involvement and organization, long term 
are important particularly in the arid and 

appraisal, public motivation and education 


semi-arid regions.
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Abstract 
In Vietnain forests cover about 75% areaof the county. 7hey play a very inportantrolein theformation ofclimate,waterresoturces,soil,environmentalconditions, andforestecologicalsystmns and the3 aregreatly influenced by hydronieteorologicalconditions too. Inforest zones of 1ietnamn with different ecologicalconditions there is a meteorologicalandagromneteorologicalstation network jondted long ago. 77e aptplicationofmeteorologicalandagrom eteorologicalinformation to planningand na.'agemnentofagroforestrysystemshasgaineti in importanceas it has intensifiedday by day. 77ze humid andtropicalcliniaticresourcesin theforestr , of 1,7etnamn, especialv in nountainousareasof Tay nguyen (theHighlandof the Centralpart of Vietnam), the East of South Vietnam, North East andNorth fi'est of North [letnam are multiformn antl rich. 77tat is why Jrestflora has highpotentialproductivity.

Unfavourableconditionssuch as dr amndhot wind,drought,heaty rain,flood,fire,landslide, erosion and unratic;,alcploitation have caused remarkable changes in hydromcteorologicalregimes. here, there are also proposalsin the directionsof the study andmethodtsof the applicationsofagrometeorologicalinformation(methodsforecastofforestfire andmnethods offorecast of biomnassgrowtlh offorest trees in everyiyear) in theplanningand mnanagenientof agroforestrv ,systems,especiallyin new plantingandregenerationof
forests. 

Introduction 
In Vietnam, forests and mountains cover about 75% of the country. Climatic resources
of Vietnam arc multiform and play a decisive role in the formati .a of forest systems and
their yield. 
 The estimation of climatic resources is of great significance in planning,management and exploitation of agroforestry systems.In the various forest zones, the Hydronictcorological Service of Vietnam has foundeda meteorological and agromctcorological station network long ago. Since 1960, hydrometeorological and agrometcorological data have been actively used in the planningand management of the forest zones.This paper discusses two problems: estimation of climatic and forest resources ofVietnam; and the application of meteorological information in forecasting forest-fire 
danger.
 

281 



--- 

_________ 

Met, 	 rology and Agroforestry 

Bioclimatic resources 

Forests in Vietnam are divided into eight main zones: 

I 	 North-wcstern zone, 9% forested; 

North zone of north Vietnam, 20% forested;I1 
15'',%forested;III 	 North-eastern zone, 

Red River delta, 5% forested;I\ 
North zone of central Vietnam, 151'; forested;V 

forested;
VI 	 Maritime provinces and central Vietnam, 20% 

Eastern zone of south Vietnam, 10% forested; andVII 

VIII Mekong delta, 6(,;, forested; (Figure 1)
 

1 Main forest zones of Vietnam.Figure 

The Main forest zones in Vietnam 
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The following are average meteorological data of two characteristic forest zones: 

l.aichau (Zone 1):244 m asl; 2Y 03' N; 1030 9' E.Month Jan Feb Mar Apr Nlay Jun Jul Aug Scp Oct Nov DccTemp. (°C) 17.3 18.8 21.6 24.0 26.5 26.5 26.5 26.6Rain (am) 26.1 23.9 20.7 17.2i6 42 61 122 278 413 409 246 156 00 39 1 

Corlglt un (Z ic' VI): 536 m sl;140 21'N; 107' 59' EMonth Jan Feb Mar Apr May Jun Jul Aug Sep NovOct DecTemp. (C') 20.) 22.6 24.8 2-.5 25.4 25.( 24.3 24.3 24.1 23.6 22.9Rain (mm) 3 2(.7
', 4(0 107 2(14 24,8 3-12 352 325 151 59 11 

Degree-days abovc the base 15 '(', rcprcsenting the growth period for forest trees,arc calculated for twelve forest localions and prescnlcd as freqite ncy distributions inTable 1. Rainfall suims during the growth period arc also presented. In forest zones I,II and III in north Vict nam, docre-day sums indicate favourablc conditions for forestgrowthl (due to the long winlcr), but rainfall in this period is very small. Moreover,
rainfall i.i,[ regularly disiribultcd in the ycar. It occurrs mainly in a rainy season thatbrings [lie danger (Rcsults scritis fltds which cause sc'crc soil erosion aid landslides.of anal Vsis ant! calculation
Xclianinov (Trung 19)70t) 

show that the hydrothcrmal coefficientissuitablc for determining forest zonation in Vietnam. 
of 

also be used planning It canand managenrent of agroforcstcoefficient is calculalcd as: 
systms. Thehydrothcrmal 

IIC - R/(0.16 f I15) 

where R is tlie sum of rainfall (mm) in the period with temperature above 15 °C; T15 isthe sum of avcragc daily temperat tires above 15 'C; and 0.16 is an experimentallydetermined coefficient for Vicnam.Distribution of tie hydrollhcrnal coefficient has a seasonal character. In nearly allforest zoncs in lie rainy months, June through September, the coefficient is high (Table2). In winter and spring months, it is very low. If wethcrmal coefficient (I1C) 
assume that a monthly hydroequal to Imeans a deficiency of moisture, and IHC equal 0.5means a great dclcicncy of moisture, then there are 8 out of 10 years very deficient inzones 1,111, IV and VI. Thus the hydrothermal coefficient can be used in the planning
of new forest plantations and the determination of techniques for intensive farming.
 

Number of rainy days 
Beside itotal rainfall in the period with temperature greater than 15 °C,the number of
rainy days is an important climatic parameter for the planning of forestry systems.
harmonious occurrence of rainy days and sunny days is optimal for the growth and the 

A
 

formation of biomass of forest trees.In general, in the growing period of forest trees (from February to November), thenumber of rainy days in zones 1,i1
and IlI is rather regularly distributed with 14-20 rainy
days per month. In such months each two days has one rainy day, cspecia'ly in centralpart of Vietnam (zone V) the number of rainy days in everv month from March to Juneis less thn the one of other months. InPlaycu (zone VI), the number of rainy days inspring months is very smoll: 0.1-01.9 days per month. 
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- 15 °C and rainfall in 
Probability of exceeding sums of temperatureTable 1 

(base 1960 -1980).
months with average temperature > 15 °C 

Probability of excecding tabular values (%) 
95 

Location 5 10 20 30 40 50 70 9060 80 

1500 1350 
R 2150 2020 1865 1775 1705 1640 1570 14. 1280 

Mocchau 
5480 5260 5140) 50WX0 4860 4620 450 

T 6160 :2140 5700 5510(zone 1) 

1590 1425 1305 1250 1300 1133 
R 1910 1820 1690 1500 1303 

Baccan 
 6730 4680 6453
7(00 7200 6950 6840 

(zone 11) T 8200 7920 7400 7080 

220 2100 1970 1860 1760 1640 1500 1400 
R 2660 2520 2320ThainguyEi 

8080 7820 7550 7350 7240
8360 8220 7960 7680 

(zone II) T 8620 8520 

160 1400 
R 2870 2330 2060 1920 1840 1750 1680 1510 1300 

PhuHo 7830 75602660 8220 8100 7960 7680 7400 7280 
(zone 11) T 8900 8400 

2940 2780 2620 2530 2430 2330 2200 2080 1910 1770 
Ha giang R 3090 

7420 7160 
T 8500 8280 8000 7840 7720 7620 7520 7300 7040 

(zone 11) 

1880 1780 1660 1550 1470 1390 1280 1190 
R 2270 2150 1865
Tuyenquang 


7760 7620 7500 7360 7250
 
8640 8500 8320 810)0 8040 7900

(zone 11) T 


1350 1180

R 2120 1970 1790 1670 1380 1480 1410 1286 980 

Van chan 
8260 8020 7780 7650 7500 7480 7260 7120 6970 6780 6600
 

(zone II) T 

2Y)0 1800 1550 1440 1330 1250 
Dai tu 2890 200 2280 1940 1660
R 

T 8540 8360 8140 7960 7820 7650 7500 7340 7160 7940 6820
 
(zone II) 


1930 1660 1340 1140 1020

2180 2060 1800 1510 

Do luong R 2720 2420 
8940 8800 8600 8520 8260 8120 7960 7820 7660 7500 7400 

(zone V) T 

2450 1800 1670 1550 1450 1350 1175 930 750 
Tayhieu R 2750 2040 

7980 7660 7160 6940 
8740 8420 8260 8120 7840 7550 

(zone V) T 8600 

2150 17002800 2550 2450 2300 1880 
Bao loc R 3600 3350 2950 2650 

(zone VI) T X X 

2100 1860 1630 1520 
3110 2600 2400 2230 1980 1750 

Playcu R 2875 
7940 7820 7760 7680 7560 7460

8050 7980 7900
(zone VI) T 8260 8160 

Total rainy days in forest zones show small differences. Ma.imum is 154 days in the 

north (Bacquang, zone II) and 189 in the south (Bao loc, zone VI). However in order 

to estimate more correctly we calculated the number of rainy days with probability 80% 

in the period with temperature greater than 15 °C and found that there are 8 out of 10 
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Table 2 Average monthly hydrothermal coefficient in different forestry zones 
of Vietnam. 

Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov DecPhu ho 0.64 0.85 0.60 1.61 2.22 2.90 2.59 3.30Dai tu 2.25 2.33 0.94 0.420.56 0.70 0.63 1.61 2.78 3.37
Bacgiang 1.41 

3.62 4.68 3.17 2.62 0.70 0.491.49 1.28 3.60 1.04 1.18 11.58 7.60Thai nguyen 0.48 0.71 0.69 1.87 
5.12 5.32 1.32 1.96

2.62 4.24 4.38 4.26Baccan 3.28 2.02 0.62 0.560.42 0.60 0.71 1.67 2.19 3.63 3.56 3.74 2.06 1.25 0.62Van chan 0.35 0.52 0.57 1.38 1.86 0.46
3.04 2.60Playcij 0.85 3.86 3.44 1.92 0.53 0.360.68 0.38 1.30 3.66 4.84 5.98 6.95Tayhiu 0.42 0.47 

4.99 2.09 0.87 0.130.44 0.96 1.76 2.01 1.78 3.52 4.94 3.60 0.44Moc chau 0.42 0.70 0.99 1.02
1.71 2.84 3.49 3.67 4.88 4.94Yen bai 2.44 1.10 0.350.75 1.01 1.20 1.93 3.01 3.46 3.58 4.40 3.93 2.40 1.11 0.63 

years in which the number of rainy days in zones 1,11, 111 and IV is no more than 120days; and in zones V and VI is no more than 140 days. Reality shows that the periodwith average temperature more than 15 'C in Vietnam is usually year-long. Therefore,the greater the number of rainy days with probability of more than 80%, the greater theproductivity and biomass of the forest zones. 

Number of hot-and-dry days 
In 1968, 1969, 1970 and 1971, climatic surveys in many forest zones showed that hot anddry winds cause great damage to forest trees. The meteorological factors causing thedamage are high temperature, low atmosphcric humidity, and low soil moisture resulting from low rainfall. The criteria for a hot-and-dry day are Tmax > 37 2 8M C, Rmin< 50% and rainfall in the previous two days < 5 mm. In the forest zones of Vietnam,hot and dry days are common from March to October (Table 3), and are the main causeof forest fires. 

Table 3 Number of hot and dry days (Tmax 
 37 °C; Rmin 50%) in forestry zones of

Vietnam.
 

Location Zone March April May June July Aug. Sept. YearYen chau 1 4.7 10.7 14.7 5.5 4.0 1.7Dien bien 0.2 41.3I 1.5 3.8 5.0 1.7 0.2 0.3Lai chau 0.2 12.71 1.7 6.2 10.0 4.2 1.7 3.2Lao cai 2.3 29.3II 0.0 0.7 4.7 4.5 3.5Langson 2.7 1.3 17.4III 0.0 0.0 1.0 1.0 0.5Bacgiang I!I 0.2 0.0 2.70.0 0.0 1.8 2.6 1.8Hanoi 0.2 0.0 6.4IV 0.0 0.0 1.5 4.5 2.5Donghoi 0.3 0.0 8.8V 0.0 2.4 4.8 7.6 7.6 5.6Vinh 1.2 29.2V 0.4 2.0 6.6 9.6 8.1 4.4Cua rao 0.5 31.6V 0.7 7.7 16.5 10.0Thanh hoa V 0.0 
13.0 7.0 0.7 55.60.2 2.2 4.8 3.7 0.7 0.0 11.6 
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Forest resources 
Forest land in Vietnam comprises more than 20 million ha, of which land with forest 

trces is about 7.8 million ha. In general, the forest is poor, the quality and quantity are 

low, and tile capacity of the forest for commercial exploitation is limited. This is so 

because much of thc forest is in a primitive and unmanaged state. Although the total 

biomass is large, the quantity of usable matcrial isvcry small. On the average, annual 
3/ha although pine shows a growth of 3-5 m3/ha.

growth of natural forest is only 1-2 m
same forest trees, the 

The caC'zulation of potential productivity shows that with the 


productivity would be 10-15 times greater if the forest were better managed.
 
an ex

of yearly growth of forest trees allows management to devise 
Knowledge 3 of wood was removed, 3

ploitation plan. In each of the last 20 years, 15-16 million m

4 times more than the natural growth of the forest. 

Forecasting forest fire weather 

Forest fires have rapidly reduced the forcst area of Vietnam. In the last 20 years fire has
 

Forest fires from natural causes are rare and
 
damaged about 10 million m of wod. 


appear only in meteorologically favourable conditions. The forest fire season is usually
 
In the north it is from 

from November to April in the highlands of ccntral Vietnam. 


May to October. Forest fires usually occur in the time from 1300 to 19).
 
the forest rcsour"e, it is necessary to 

In order to cffcctively and actively defend 
In Vietnam, it was dctermined that the main 

predict the potential for fire in each zone. 
cause forest fire are air temperature and humidity, wind, 

meteorological factors that 

and soil moisture. We have u,;cd two methods to forecast fire danger: the methods of 

Nestcrov and Trung (Trung 1970). 

According to Ncsterov, the complex indcx, D, is the sum of products of saturation 

vapour pressure deficit and the air timperature at 1300 of all days since the last rain: 

D = KxD-1 + Ta x Td 

where D.i is the value of the index on the previous day; K isa rainfall coefficient which 

has ihe value 0 for a rainy day and 1 for a dry day; Ta is the air temperature at 1300; and 

T(I is the dew poiat temperature at 1300.
 

The index is divided into the following classes:
 

Index
Level of dangerClass 

0 - 150 
no dangerI 
 15 - 250 

II average danger 
25 - 500 

III high danger 
50 - 2000 

VI vcry dangerous 
> 2000 

V the most dangerous 

for the determination of 
In Vietnam, we also use the drought index of Trung (1970) 


forest fire seasons :
 

X = SxAxD 
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where X is the drought index; S is the number of dry months with real rainfall < 2 xaverage temperature; A is the number of months with rainfall < 1 x average temperature; and D is the number of months with rainfall < 5 mm. 

Outlook 
In the future, the Hydrometeorological Service of Vietnam plans the following servicesto forestry: 

1. Study the relationship between the growth of biomass of forest trees and differentclimatic and ecological conditions.2. Estimate climatic and hydrological resources for planning and management offorestry zones.3. Forecast capacity of yearly growth of forest trees in different forestry zones toestablish yearly exploitation plans.
4. Develop methods of forecasting forest fircs in Vietnam. 

References 
Trung, Thai Van. 1970. Ecogenesis and classification offorest vegetation of Vietnam.Hanoi: Publishing House of Sciences and Technology. (In Vietnamese). 
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The need for climatic information for 
agroforestry systems in the Philippines 

B.P. Sapitula 
AgroforestryDepartment,Don MarianoMarcosMemorialState University

Bacnotan, La Union, Philippines 

Abstract 
7hepaper presents the status and extent of use and tie needjor climatic information foragroforesty systeis in thePhilippinesand hopes to draw sugestionsfronl theparticipantsfor a better systelm of implementation ofour programme in agroforestry.Existingagroforestry systems in the Philippines have no sustainedproductivity becauseaside from being still in the apectniental stages, the lack of acceptance by the uplandfarnersand considerable supportfrom the government, environnientalfactors like climatewhich directly affect plant/aninal growth and survival have not been significantly considered.Moreover, there are not enough meteorological stations which could provide climaticinfonnation. Many existing ones do not have the necessary instruments. Most of theexisting meteorologicalstations are providing data for their own projects or other linkedagencies' consumption. There is very minimum effort of trying to provide suchitsefulinfonnation to the uplandfanmers to assist orguide them in the selection ofsite, selectionofplant or animal species, proper combination of agroforestry crops, tuning of culturaltreatments,pest and disease control, conduct of development activities and other actionsailned at improving the productivity of their agroforestryfans.Because ofthispresentsituation there is a dire needforagencies in gathering andnioniforing clinatic infomiation to coordinate with agencies implementing agrofrestry progralmnes to come up with a betterplan and effective implementation of the programmes.77tere is a need to increase the present number of stations and the kimid of instrunmentspresently used to efficiently provide agronieteorological infonnation necessaryto supportdevelopmental efforts of the government to increase the level ofproductivity especially inthe hillside farms. 

Introduction 
Information 
on various weather elements are being monitored for use from specific
areas relevant to agricultural planning to information required in the construction of
infrastructure; for the development of alternative sources of power, e.g., water, wind,and sun; for the safety, efficiency and regularity of all types of transportation and movement of perishable mcrchandise; and information required by legal authorities andinsurance companies in resolving cases.In agriculture and forestry, climatic information has as much importance as in otherfields. From the time the seeds are sown until the plants arc harvested and stored, cropsare more or less at the mercy of the weather, particularly during certain critical periods 
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in their growth. Variations in the weather during the growing season, such as delay in 

rains, droughts, etc. wocd very seriously 
the outbreaks of rain, untimely or excessive 

affect the developmeni and the final yield of the crops. 

Studies conducted in other countries such as India have given ample evidence for 

concluding that of all tle 'controls', climate had the greatest effect on crop yields over 

a series of years (Acuna 1980). In the field of agroforestry, climatic information could 

be used as a basis for determining which species of plants and animals could better 

area; in the implementation of a cropping pattern in terms of proper 
survive in an 
combination of the crops; in the proper timing of cultura! and development activities; 

and finally, as a factor that could be considered in planning and implemeting a project 

effective and economic conduct of different activities. This should remind 
to ensure 
planners, agriculturists and foresters on the importance of climatic information and the 

need to take all efforts for its consideration in planning and implementing a project. 
and the need for climatic 

This paper presents the status and tilhe extent of use 


information for agroforcstry systems in the Philippines.
 

Monitoring agromeLeorological information in the
 

Philippines
 

The Philippine Atmospheric, Geophysical and Astronomical Services Administration 

(PAGASA) is the government agency mandated to monitor atmospheric, geophysical 

iwcful utilization. The agency is best known to the 
and astronomic info,rmttion for their 

public through its daib' weather forecasts, advisories, bulletins and warnings through 

It has the following funcions (PAGASA 1977):
the broadcast and print media. 

1.Observes, reports, and forecasts the state of the atmosphere, sea and rivers. 

2.Issues warnings of severe weather systems, tropical cyclones, rough seas, floods 

(in specific areas) and related hazards. 

3.Provides climatological, meteorological, geophysical and astronomical 

information and related environmental data. 

4.Provides assistance on the interpretation of environmental data and weather 

forecasts and on related problems. 

5.Maintains and disseminates precise Philippine Standard Time. 

6.Collaborate with other agencies on disaster mitigation and community 

preparedness. 
7.Pursues integrated research and training programs in areas within its distinctive 

competence. 
8.Actively involves itself in interagency, international and regional endeavors and 

projects in the fields of atmospheric science, geophysics and astronomy. 

9.To undertake these functions, the PAGASA maintains and operates several 

networks of obseiving stations country-wide supported by communication links. 

The following are the types and numbers of stations composing the networks: 

................. 1

Meteorological forecasting center 

M ain meteorological office ....................................... 1

54

Synoptic .............................................................. 


Upper-air synoptic .............. ........ 9

9

R ad ar........................................................................... 
450

Clim atological ................................................. 
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Agrometcorological ........................................
28
V isual storm signal ..................................................36
Main flood forccast center.................................
4

Hydrom cteorological .............................................
66
Storm surge monitoring ......................................
4
 

PAGASA is divided into major offices or divisions; one is the Agrometeorological
Division which manages the operations of the different agrometeorolog;,al stations.
These stations werc established to gather and provide, on a routine basis, simultaneous
meteorological and biological information. A list of existing stations 
 is given in the

Appendix.A typical agromctcorological station in the Philippines has the following recording
instruments set up in 
 a well-exposed area: raingauges (ordinary and automatic) for
precipitation intensity; sunshine recorder for sunshine duration; pyrhelionicter forsolar
radiation; evaporation pan for evaporation rale; soil thermometer to record soil temperature; hygrol hcrmograph to recoi d relative humidity and atmospheric tcmperaiare;and an anenomcer for wind velocity.
At present, there are 2P agf, ometcorological stations ofwhich about 75%
stations stations owned by c' 

are auxiliary

government agencies, schools or private institutions.
They receive assistance hiorn P,',GASA in the setting up of the instruments and for
technical support. Many ofthese ,


(Acuna 1980) and most 
'ations are located at agricultural and forestry schools
of them are in an experimental site t, '1,-nitC'r the effects of
weather elements on crops.
From the various meteorological stations, data are
rological Division which ir 

relayed to the Agrometeoiesponsible for the processing and interpretation of data
prior to dissemination. To complement its services to the public, it conducts lecturesand advisories, offers technical assistance to other agencies and individuals, and disseminate inormation through the broadcast nd print media. It also conducts weathercrop relation s!udies and their application to farm operations. The response of thecrops to weather conditions at different times of the year are used in recommendingcrop-weather calendars for specific localities (Acuna 1980). 

Extent of using climatic information in agroforestry 
systems 
Most of the existing agroforcstry systems in the Philippines (1o not have sustainedproductivity. Among the various reasons for the relatively unsuccessful implementation 
are: 

L.Existing agroforcstry farms are experimental, still trying to discover the propercombination of species and proper cultural activities to improve productivity;2.Aside from the lack of manpower, the extension service has not really achieved a
considerable degree of its objectives;
3 .Negative attitudes of the tupland farmers to the technology being introduced;4.Lack of cor'sidcrable government support for the program (e.g., insufficient fundsfor rcsearch and extension); and5.Non-consideration of some physical and environmental factors in the planningand implementation of agroforestry projects. 
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programmes are the 
involved in the implementation of agroforestryAgencies 

Bureau of Forest Development (BFD); Forest Research Institute (FORI); University 

of the Philippines at Los Banos; College of Forestry (UPLBCF); Philippine Council for 

Resources Research and Development (PCARRD); logging con-
Agriculture and 
panics; some upland farmers; and several schools offering agroforestry and forestry pro

grammes such as the Don Mariano Marcos Memorial State University (DMMMSU). 

F(O.RI and the College of Forestry at UPLB conduct researches on agroforestry and 

othcr rclatcd Fields. The results of these researches are transmitted to the implementing 

agency, the BFD, for execution. It is the responsibility of the BFD to establish exten

sion services to transmit the improved technology to the farmers. But since agroforestry 

is still a relatively new concept and with the presence of tree components requiring a 

long period to maturity, there are still very few completed research projects. In the case 

Social Forestry department to implement research 
of the UPLBCF, it has its own 


findings in the field.
 Because it 
Nevertheless, the mode of implementing their programmes is the same. 

is difficult to change the farming system of a certain upland community, the approach
 
And because of the
 

is to introduce improvements to the existing cropping schemes.* 

lack of provisions and acceptance by the upland farmers, existing agroforestry farms
 

serve as demonstration farms to
 areas and will 
are locatcd in selected pilot project 

adjacent communities. 
Some improvements being introduced are the planting of forest crops (e.g., ipil-ipil, 

sweet potato, peanut, ginger,
acacia, agoho, narra, mahogany); short-term crops (e.g., 

monge bean, corn); medium- term crops (e.g. pineapple, cassava); and long-term crops 

papaya, cacao, coffee, black pepper); ind the application of farming techniques
(e.g., 
(furrow contour, hedgerow and furrow contour, contour strip cropping, terracing and 

buffer contour) (FORI 1986). 
Some logging industries such as the Paper Industries Corporation of the Philippines 

(PICOP) have also promoted the practice of agroforestry by inducing farmers to plant 

on their farm lots and then buying their wood products at 
fast-growing tree species 
reasonable prices. 

Universities and other agencies conduct agroforcstry researches with the financial 

assistance of PCARRD, the National Science and Technology Authority (NSTA), the 
But most 

International Foundation for Science (IFS), and other funding institutions. 

are cropping patterns, still discovering whether a 
of the researches being conducted 

certain tree crop is compatible with a set of agricultural crops already thriving in the 

locality. 
of the different research stations, micjorological instruments are set 

W;thin some 
In short, climatic information is 

up to monitor the effect of climatic factors on crops. 


only being used in agroforestry research to assess the effects of weather elements on
 

In most of the other agroforestry systems, farmers 
crop responses and performance. 

combination of trecs and agricultural crops that have been thriving in the 
plant the 
locality and those that could provide their economic needs. With this practice, at least, 

climatic factors have been considered; but there may le more crop combinations that 

would perform better in the area if they were guided by meteorological information. 

As of this time, mast of the agromccorological studies conducted on agroforestry 

on provenance trials, soil moisture, germination, soil erosion, shading by 
have been 
trees, environmental changes as a result of farming schemes, plant diseases, rehabilita

tion of forest areas, and time of planting (Gayanila 1984). With these, it seems that 

Pcrsanal interviews with Nicanor Iscala, ill); Marcelino Dalmacio, FORI; and Vicenic Ato, 

U111 .ICF. 
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many important researches have already been conducted but most of the results have 
not yet been transformed to marketable goods for the farmers. The extension services 
must do a lot of work in this regard. 

Conclusions and recommendations 
The response of many plants to the different weather elements is still the subject ofcontinuing research. With only 28 agromet stations, it could be inferred that there arenot enough stations to provide climatic information specifically for agroforestry. Almost50% of these stations are located in schools and other agencies not directly involved inagroforestry. They are not really being used to provide direct information to the uplandfarmers but to satisfy the immediate needs of the agencies' projects. For schools, forexample, the instruments are used for instruction and in supporting research projects.Because of this situation, there is a dire need for agencies involved in gathering andmonitoring climatic information to coordinate with agencies implementing agroforestryprogrammes, with the goal of producing better plans and implementationgrammes. This will maximize the use of the very few agromet stations. 

of pro-
There is an apparent need to increase the present number of agromet stations andthe kind of instruments used to provide agrometeorological information.more comprehensive and effective extension programme should be formulated to disseminate more information in a manner acceptable to the upland farmers. 

Likewise, a 
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Appendix: Existing agrometeorological stations 
1.Mariano Marcos State University - Batac, Ilocos Norte
2.lIsabela State University - Echague, Isabela
3.Benguet State University - La Trinidad, Benguet
4.PAGASA Office 
- Beguio City

5.Bureau of Plant Industry - Baguio City
6.Central Luzon State University - Munoz, Nueva Ecija
7.H1fcienda Luisita - San Miguel, Tarlac8.Central Agromet Observatory PAGASA, Quezon City-
9.Cuyambay - Tanay, Rizal10.University of the Philippines at Los Banos, LagunaI.Camarines Sur Agricultural College - Camarines Sur12.Albay Provincial Nursery - Albay13.University of Eastern Philippines - Catarman, Northern Samar14.Me~nbusao Technical College - Mambusao, Capiz 
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15.Visayas State College of Agriculture - Baybay, Leyte
 

16.Sab-a-Basin - Tacloban City
 
17.La Granja, La Carlota - Negros Occidental 

18.Calape - Bohol
 
19.Bayugan - Agusan del Sur
 
20.Trento - Agusan del Sur
 
21.Central Mindanao University - Musuan, Bukidnon
 

22.Dagat Kidavao - Valencia, Bukidnon
 
- Valencia, Bukidnon23.Kahaponan Auxilliary Station 

- Marawi City, Lanao del Sur
24.Mindanao State University 

25.Twin Rivers - Tagum, Davao dcl Norte
 

- Davao City26.Philippine Coconut Authority 
-- K~lbacan, North Cotabato

27.University of Southern Mindanao 


28.Paiawan National Agricultural College - Aborlan, Palawan
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4 SECTION 

Measurement and analysis 
of agroforestry 

experiments 

- Inexpensive instrumentation for monitoring S.M. NewmanPAR in agroforestry. 
- Appropriate instrumentation and the appropria- C.L. Coulsonteness of instrimcntation for agroforcstry/agricultural research in dcN'cloping countries. 

CJ.Stigter 

- The design and analysis of experimcnts to S. Langtonmonitor agroforestry systems. 
- Sampling procedures. 

S.Langton 
- The analysis of data from several sites and years. J. Riley 
- The analysis of data collected over time. S. Langton 
- Agroclimatic analysis for semi-arid conditions. P.S.N. Sastry 
- Ecological methods for agroforestry research. S.M. Newman 
- Recent developments in homoclimc analysis to T.H. Boothassist species selection. 
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Inexpensive instrumentation
 
for monitoring PAR in agroforestry
 

S.M. Newman 
AppliedBiosystenis Unit, Energ Research Group


Facultyof Technology, Open University

Walton Hall,Milton Keynes MK7 6AA, England
 

Abstract 
A revtiw ofmethodsforsensingand integrating the transmissivityofagroforestrycanopiesto photosynthetically active radiation with reference to samplingpattern, costs andergonomics. 

Introduction 
I define agroforestry as an activity where woody plants (usually trees) are used in moreor less intimate association with animals and/or crops in order to make use of ecologicaland economic interactions in the production of awide range of materials including food,fuel, timber, fodder and chemicals.Photosynthetically active radiation (PAR) is defined asmagnetic spectrum with wavelengths between 400-700 

that part of the electro
nm. It is that part of the sun'senergy that is tapped by green plants and upon which all life ultimately depends. It isextremely useful to know how the canopy of the woody and non-woody components inan agroforestry system intercept this radiation. one By knowing how much is interceptedcan calculate the photosynthetic efficiency of the system and match this againstalternative canopy structures or theoretical models. By knowing about the transmissivity of the tree canopy, that ishow much light passes through it,one can gauge thepotential for growing an understorey crop in close association with the trees. Knowledge of the spatial and temporal variation of this available PAR is useful in the desigvand optimization of both overall and component crop yields. There are many general
reviews on the measurement 
of PAR and the physiological effects of reduced PARavailability in plants (Anderson 1964; Coombs and Hall 1982; Monteith 1973; Sestak et
al. 1971). 
 In this paper I have attempted to concentrate on those aspects of specialimportance to the study of agroforestry. 

Spatial aspects of agroforestry canopies 
The spatial arrangement of systems includes horizontal and vertical planes. Horizontally one can consider the system to be an arrangement of holes in the ground of aparticular geometry with crops allocated in different ways. The arrangement of holescan be regular, random or with systematic variaticn. Regular arrangements can besquare, triangular or rectangular. Plants can be allocated to ihese holes as rows, e.g. as 

" -M :.,-.1 C 
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in alley cropping; in a random fashion, as in hand-broadcast mixtures in Acacia scrub; 

or in rectangular plantations, as in fruit and nut orchards). 

Vertically the system can also be complex witl, what could crudely be described as 

canopy laycrs from diffcrcnt specics with trees usually, but not always, occupying the 

In thc more complex systems such as 
top laver and herbaceous crops the bottom layer. 


modiied forest gardens, intermediate layers with shrubs and/or climbing vines com
 

plicatc the vertical system further.
 
Spatially, then, the most important attribute of agroforcstry systems is that they are 

very complex. They contain complexity in that they are discontinuous and that they con

tain mixtures of species with different leaf and whole-plant morphology and phenology. 

Edge effects or 	how big is an agroforest? 
ana field crop with a single tree planted at its centre is

I am not going to argue that 

emany cases where the tree component is 
agroforcstry system. Ncverthelcss, there are 

so widely spaced that for all intents and purposes the system is a collection of individual 

This occurs in tea and coffee where leguminous shade trees are widely spaced
trees. 

and duringthe establishment phase of plantation tree crops when they are intercroppcd.
 

Edgec 'ffccts are important in small agroforcsts and should be studied rather than
 

ignored or designed around. Figure 1shows the importance of cdgc effects for differ

sized plantation and represents a tree classification based on ncighbours. Many 
en 
agroforcsts are run by smallholdcrs and are consequently small. 

One can observe that if aspect is ignored then in most systems we have three broad 

If the trees are of different heights or species this will 
catelZories of rcprcscntative tree. 

furtlhcr complicate matters. It is a traditional and significant practice in Kerala to grow
 

It is 
arc:a nut in a mixed age system with trees of 5-year age differences (Aiycr 1949). 

alko evident from Figure 1 that for a repetitive rectangular array a sampling unit is a 
corner. For smallat the centre or with a tree at each

rectangle either with 	a tree 
agroforests tree height is of crucial importance in that it will directly affect the distribu

tion of PAR available to the understorcy. This is due to the important contribution 

made from radiation incident from the edges. 

1 The size of the array of trees in a plantation and its imil ct on the number 
Figure 

and form of representative trees assuming no major cfi,("ts due to aspect. 
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Number of sensor points required
A single sensor is of no use as this will not be able to discriminate between changes dueto the canopy or the atmosphere. Two sensors -- one above the canopy and one belowwill give a measure of canopy transmissivity; but where should the lower sensor beplaced? In order to take into account the effect of aspect at least four sensors placednorth, south, east and west will be required to adequately characterize an arrangementwhere the trees arc not grown in continuous rows, i.e., the canopies do not touch withinthe row. I would suggest at least eight sensors to characterize an individual tree's #cffect on the undcrstorcy replicated enough times so as to represent trees of acertain sizeor location. The understorcv sensors should be placed at a few centimeters above themaximum height of the crop. Other layers of sensors will be needed to characterizePAR available to other species or other leaf layers if required. As the study will relateeverything to the upper reference sensor, more than one should be used to insure continuilyof the record in case of sensor failure. I woul suggest therefore that a minimumof 15 sensors is required in most serious studies. 

Active area of a sensor aaid costs 
Obviously the larger the sensor the laigc, the area that PAR can be averaged over. Thesize of the sensor will be limited by cost and the resolution of the study. It is unlikelythat any manufacturer will produce a sensor at a price lower than £ 100 that isguaranteed against somc standard. There arc several designs in the literature that canbe built in a standard workshop. In order to choose thc correct design it is importantto define appropriate characteristics.Ideally a PAR sensor should have the following characteristics: a suitable spectralresponse; a correct angular response: a rapid response time; a small surface area; alonglife; and a negligible temperature response.Two types of sensor have been used by plant scientists that differ in spectral response,i.e., the energy or PAR sensor and the photon or quantum sensor. The energy/PAR sensor has a m.rc-or-less flat response betwccn 4{X)-7(X) 
 nm and is calibratr . "2
The photon or quantun in W m .sensor has a resYonse based on Einstein's law ofphotochemicalequivalence and iscalibrated in E mn2s' (McPhcrson 1969).'Fle quantum 


ciency in 
sensor is often preferred for nicasuremcnts of photochemical effirclation to absorbed PAR whilst the energy sensormeasurement is preferred for theof PAR in relation to canopy transmissivitics and where other meteorological and physiological measurements are available in energy units (Blackburn and
Proctor 1983). 
 The lattcr sensor can be calibrated against measurements taken by a
Kipp solarimcter. Energy sensors have become increasingly popular since tile publication of detailed crop response spectra (McCrcc 1976).
The standard angular response for scnsors 
that is required is a close match withLambert's cosine law (Anderson 1964). This is a physical standard and may not alwaysbe close to biological rcalityv. This isthe case in some terrestrial systems where the leavesarc predominantly align d away from the horizontal, and in most aquatic systems (-Williams and Jcnkinson 1980). This iscommonly observed in Pipernignon trained ontree trunks in agroforcstry systems of the humid tropics.The response time of asensor should be short in order to account for rapid changesin irradiancc and photosynthesis, if instantancous or short integration periods are used(Szeicz ct al. 19(4). A small surface area is required for complex systems where thespatial variation is important. Tube solarimetcrs are useful where spatial averaging is 
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required as in row crop situations but tend to have deficiencies in angular response 

whcn filtered to measure PAR (Blackburn and Proctor 1983). Any sensor should have 

minimal interference from moisture and temperature and should not 'fatigue' with high 

light intensities, as has been the case with many of the filters in tube solarimeters. 

The most popular sensor designs are based on silicon photocells with glass filters to 

remove the infra red response. These are stable and readily constructed (Williams and 
sensors 

Austin 1977; Woodward and Yaqub 1979; Newman 1985). Selenium-ccil-based 

have the advantage of lower filter costs and are cheaper per unit active area in many in

stances (Newman 1984; Powell and Heath 1964; Jackson and Slater 1967). 

All sensors are used with a load resistor in the short circuit mode in order to give a 

linear current-irradiance relationship and improve temperature stability. The spectral 

response of a PAR sensor built by the author from readily available components is given 

in Figure 2, along with the spectral response of crop species. 

Figure 2 Spectral response of senor ( x ) and mean response of 20 field crop 

species ( + ) and 8 species grown in the field (A ). (McCree 1976; 

Berman, Biran and Braunstein 1978). 
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Temporal aspects of PAR in agroforestry 
Esscntially this isno different from other systems in that the focus of the studywill relatePAR to the period when the leaf area of the components is active. In order to compensate for changes in solar incidence angle, sampling should occur through the day eitherby instantaneous sampling over the sensor array or by integrating the value over theentire period. Changes in phenology throughout the year will be important in manystudies. 

Methods for integration or instantaneous logging
Electronic data loggers are now a reliab!e method for giving detailed information onthe temporal variation in intensity of PAR. But at scan rates requiring five minutes(Anderson 1964; Newman 1984) or even two minutes (Salminen ct al. 1983), analysis ofthe large quantities of data generated may require a main frame computer. The expenseof the logging and analysis of data and the problems of security and signal loss due todamage to wires often precludes their use in remote sites.In estimating canopy transmissivity, an integrated reading taken over the period ofa day or more will often suffice. Several methods of integrating light measurementshave been developed. These can be classified into electronic, electrochemical and photochemical methods. Commercial electronic integrators tend to be rather expensive,costing well over £ 1(K) (Appendix). Designs for the construction of inexpensive electronic integrators have been published (Woodward and Yaqub 1979; Saffel et al. 1979;Collocott 1980). The basic working principle is the conversion of the voltage outputfrom a PAR sensor to a frequency which is fed to a counter. These devices can bedifficult to construct in quantity and may require frequent changes of batteries if usedfor a long period (Woodward and Yaqub 1979). Recent advances in ComplementaryMetal Oxide Semiconductor (CMOS) chips with low power consumption should improve this (Collocott 1980). One design (Saffel et al. 1979) uses a calculator for thedisplay counter and should reduce costs.Electrochemical integrators that use the voltage output from a sensor have been usedin the past. These involve some form of electrolysis or electroplating to integrate theoutput. Examples included the Siemans-Megatron direct-current meter which involved
the measurement of gas volume from the electrolysis of dilute sulphuric acid (Trickett
and Moulsley 1955), unfortunately no longer available. Another way is to measure thechange in weight of copper deposited on copper or silver electrodes dipped in copper
nitrate solution (Powell and Heath 1964; Jackson and Slater 1967; Fairbairn 1954). 
 Afurther method involved the use of mercury coulometers where the position of a smallvolume of electrolyte ismeasured after the change in volume of mercury electrodes ina capillary tube. Weighing coulometers are difficult to read and will not stand anysudden shocks during transit or use.Photochemical sensor integrators in the form of photosensitive film/solutions havebeen used but suffer from -ensitivity to infra red and ultra violet radiation and a poorangular response (Anderson 1964).More recently, coulometers known as E cells have been used (Berman et al. 1978).These are inexpensive, accurate, can be read electronically and were used in the systemoutlined below. 
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E cells as integrators 
E cells are small inexpensive components consisting of a silver can electrode housing a 

solution of silver ions and a gold electrode (Figure 3). They are distributed by G. E. 

Electronics in the UK (Appendix). The cells have an impedance of about 200 ohms at 

room temperature. They can be connected directly to a photocell sensor with an out
" . 

put of 50-100 p.A per kW m 

Figure 3 Design of an E cell coulomcter. Wire (1); gold electrode (2) insulated 

from silver can (4) by plastic plug; silver can contains silver ion electrolyte 

(3). (Monteith 1973; Berman, Biran and Braunstein 1978). 

42 3 

The electrochemical capacity of the integrator isabout 2.2 x 1019 silver atoms. The 

small self-contained component which looks like a small electrolytic capacitor can be 

readily mounted into a bnc plug. During operation, radiation reaching the sensor is 

converted into a current which is used to plate silver from the electrolyte onto the gold 

In order to 'read' the device, the E cell is removed from the circuit and a 
electrode. 
current passed in the opposite direction. The characteristics of the cell change drasti

cally when all the silver is deplcted from the gold electrode. As this point a potential 
The time taken for 

difference exists that signals that the end point has been reached. 

this end point to be reached is directly proportional to the total quantity of radiation 

falling on the sensor. 
Using home made sensors the cost of a sensor integrator unit was below £ 10 (-

Newman 1985). The total capacity of the E cell is 1000 p.A h. The output of the sensor 

is varied by changing the active area of the photocell. One determines the maximum 

amount of radiation to be recorded in KWh and attenuates the sensor to keep the 

integrator below full capacity during operation. This attenuation is achieved by opti

cally masking the surface of the surface area or selecting components with appropriate 

It cannot be achieved by electrical means. Periods of one hour to one 
surface area. 
week can be iiitegrated but radiation sensors should not be left unattended for more 

thain one day due to errors produced by dirt and dust deposits. 
can readily be constructedfor low cost microcomputersInexpensive interfaces 

(Newman 1985) to time deplating and convert this into the quantity of PAR per unit 

C:libration iscarried out using a Kipp solarimcter. Other sensors could be used 
area. 

The instrument is stable at a wide range of 
for measuring quanta or spectral quality. 
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temperaturcs (-15 0C to + 60 C) and can be used for over 10,000 times at low generatingcurrents without loss of performance (Newman 1985). A certificated instrument willhandle 40 channels and an RS232 interface is now available commercially (DidcotInstruments) 

Conclusions and suggestions for further research 
Due to the complex nature of agroforcstry, any characterization of PAR will requirethe use of many sensors. The most popular sensing instrument used in complex discontinuous canopies is the filtered photocell in the form of a PAR or quantum sensor. Selfcontained battery-powered integrators or E-cell integrators are recommended ratherthan data loggers for less-detailed agronomic studies due to lower cost, greater reliability and ease of data analysis. A list of UK manufacturers of equipment for PARmeasurement is appended.Further statistical research is required to optimize sampling pattern in a spatial andtemporal sense. Recent developments in materials such as photochromic glass shouldallow the development of stable chemical methods for integrating PAR. 
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Appendix: Instrument suppliers
 

Delta T. Devices Ltd., 128 Low Road, Burwell, Cambridge.
 

Didcot Instruements Ltd., Station Road, Abingdon, Oxon.
 

G.E. Electronics Ltd., Eardley House, Campden Hill Road, Kensington, London.
 

Skye Instruments Ltd., The Old Manse, Skeabost Gridge, Portree, Isle of Skye.
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Abstract 
Instrmnnentsfort'temeasurementofcropalden vironmentalparametersmay be mechanical orelectlical,simple or complex. 7he use ofsome instrments in developing countriescon be probleaticaiforvarious reasons.General and specificproblems of conmercial instrumentationas well as the benefitsandproblemso;alfternativestrategies,as they relatetodevelopingcountries,are discussed. 

i1t Iod fiction 
Recent events in certain African couItries have highlighted the cridcal nature of theirfood production and the catastrophic results which can occur when adverse naturalforces impinge on fragile ecosystems. The need for agricultural research in such areasisself evident and represents an important facet of he total endevaur aimed at solvingor at least ameliorating toe problem.Increased food avaiiabiiity will depeal on increased crop yields (McCarthy andMwangi 1982); although pricing systems, extension services, storage technology, etc.'Aill play an importarn, part. Yield sustainability is important. The measurement ofenvironmental variables (temperatures, rain, solar radiation, etc.) in crop space managcment and an understanding of crop response to these factors is ;mportant in assessing a crop's pote(ntial productivity for various agroclimatic situations and management

practices.
Such physiological and agrometcorological research frequently requires electronicor mechanical instrumentation. The electronic instrument may be of the manual kindrequiring the prcscnce of the operator or the automatic kind which may be left to collectdata, thc data being later retrieved at some convenient time. Non-electronic instruments may range from the simple evaporimeter to the more complex actinograph. 
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examine the problems of such instrument-based research in developing 
Here we 

countries; propose some solutions, although perhaps partial; and discuss the spin-off 

benefits and problems arising from the suggested approach. 

Appropriateness of instrumentation 

It can be appreciated that sonic commercial equipment may not be suitable for use in
1of the reasons that are outlintBesides some

developing countries (Coulson 1984). 
be raised concerning the validity of measurement,.
 

latr, fundamental (qucstions can 

Some of these questions can be asked regardless of the 

made by some instruments. may result because of the 
clina!e in whicti the instrument is operated, while some 

Both these situations affect researchers in 
extreme 'limate in which they arc operated. 


In the casecwhere the basic functioning of the equipment is suspect,
 
the Third World. 

the developing-country researcher may not have the back-up facilities to investigate the
 

an added dis-
The lack of scientific journals and technical books may he 

problem. food production may bc limited by the 
i,;countries whereadvantage. In dcvclol ;uch factors as 

cimate and working conditions, both of these arc likely to be extreme. 

the radiation load on cquipmncnt and sensors, the effects of dust, high humidity storage 

conditions, the rough roads that have to be travelled, etc., may render the instrument 

The fact that an instrument may 
inappropriate for use in the conditions that prevail. 

not perform well under them may not be fully apparent to the manufacturer or local 
more banal end of 

the time when the cqwipment is ordered. At the 
researcher at 
equipment problems is the fact that some equipment is not easy to physically use out

doors, though this may be as applicable in developed countrie:; as in developing oneas. 

However, what may be minor inconvenicncs in temperate climates can become major 

problems in extreme conditions. 

Appropriate instrumeitation 

In the context of appropriate instrumentation we should initially consider innovation 

purposes, innovation can be regarded as the use of 
rather than invention. For our 

The early stages of appropriate instru
existing technology for appropriate local use. 

ones should initially involve the 
the assessment of alternative 

ment development or 

simplest but most useful ones, though complex commercial equipment can be tested, 

using relatively simple techniques. If the construction of an elcctronic 
in some cases 
instrument is being considercd, two main problems should be assessed. The first is that 

the skill levels available will parially dictate the complexity of the instrument and the 

Complex equipment can be expected to take 
probability of its successful completion. 

longer to make and have a smaller chance of success than simpler equipment. An early 

and complete failure in an attempt to build or test an instrunaznt does little to encourage 

A second problem is that it is likely the components for a complex 
further attempts. 

instrument may cost a lot more and may not be locally available. The cost of components
 

in a developing country can be very high duc to import duty and sales taxes and having
 

It is quite possible that to make 
to order them from overseas can involve long delays. 

can cost more in parts than importing the ready made one, should one 
an instrument 

In this respect projects with overseas 'back-stopping' have an advantage 
be available. 

since urgently needed components or advice can easily bc provided.
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The equipment 

Electronic 
The advances in electronics over the recent years have led to increased sophisticationand complexity in field instrument design. The miniaturization of circuits resulting fromthe advances in semiconductor device technology (Page 1985) .s starting to revolutionize the instruments used in crop field research in the same way it revolutionized microcomputers. However, the restricted demand for electronic field equipment has notyet led to price reductions and, in some cases, more 'user friendliness', as has been the case with home-based consumer items.The specialized knowledge required to design and produce commercial field equipment successfully separates the majority of users from understanding the principles ofinstrument sensors and signal conversion systems and thus often from information aboutits accuracy. The inclusion of internal calculation facilities obviating the tiresomemanipulation of rav (lata or sensor outputs is now commonplace.commercial equipment has the facility to interface with 

The fact that some 
a microcomputer can furtherseparate the user from understanding the equipment. Fault finding and maintenance 

can thus become a critical problem. 

Non-electronic 
Many pieces of non-electronic equipment may be used in agricultural research, particularly in agromctcorology, and some of these may be relatively siimple. Simplicityand accuracy, resulting from an understanding of the principles of operation, leads toa more universal use and acceptance. For instance the Gunn-Bclani radiometer whichis based on simple principles is routinely used in East Africa because of past work onits calibration. It is possdle that other simple instruments could be used for researchif the factors influencing their operation were better understood. Sonic examples are

given later. 

The developing country and equipment 
It would seen axiomatic that countries or global regions that have a high iisk potenL. Ifor food production problems arc the ones least able to support the research toameliorate them. Bilateral and multilateral donors give assistance usually in the foi'm
of capital aid. By using such funds, equipment can be purchased, usually in the donor's
country. In some cases they may provide local funds from which the recipient countrycan purchase ct, ipment, again from the donor country, but overcoming the problemsof the rcscarcl er obtaining foreign exchange. While such funds are of obvious benefitto the recipien, country, unexpected problems can and do occur, e.g. mismatch betweenrequirements jtid the eventually-stupplied item, the arrival of non-functional or partlyfunctional equipment and long time delays betwcn purchase initiation and eventualreceipt. We have experienced delays amounting to years, for equipment which

essentially 
was

off the shelf in the donor country.The rapid advances in electronics coupled with delivcry delays can mean that newermodels of the cqu;pmcnt may have been released in the donor country prior to receiptof the older model by the developing country. This can lead to problems in obtainingspare parts and, coupled with problems of maintenance, this can lead to equipment
being shelved. 
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Cost and complexity of some commercial equipment can discriminate against young 

local rcsearchers in developing countries. Bcsides having to gencrate a projcct in which 

equipment funding can heavily outweigh othcr expcnscs the rcscarchcr may be faced 
expenses 

with the problems of foreign exchange regulations and future unexpected 

when spare parts or overseas maintenance are rcquircd. The lack of sustainable back

whole scheme at risk. The high cost of 
can pul the

ip facilities during a project 

commercial equipment will naturally limit its distribution in a developing countrywhich 

in turn limits both the amount of data taken ind possibly where tile data are taken. 

problem which faces developing countries. Although 
Lack of technical skills is a 


there may be the opportunity for both local and overseas training, 'hands on' experience
 

in a local problem situation would seem to have many benefits. The involvement of local
 
function investigations
 

staff in, for example, small electronics projects or equipment 
The need for many measure

raises skill levels and forms a basis for further training. 

ments in agroforcstry and agricultural research situations coupled with technical staff
 

with low skill levels imay neccssitatc the use of equipment that is both cheap and easily
 

1-lowcvcr the validity of using existing equipment may have to be rcsearched. 
used. 
Such an cndeavour may bring simpler cheaper equipment into use as well as train staff. 

Donor projects which provide training and tcchnical 'back-stopping' in such situations 

can be invaluablic in assuring that research and training efforts do not conic to a pre

rmature end. cases assess the appro-
Endeavours to make appropriate instruments or in some 

priateness of others can taktL place with reference to one or more specific requirements 
an actual need to make a 

(Appendix). The requirements fall into three categories: (a) 
to over

specific mcasurement not pr,' ided by a piece of commercial equipment; (b) 

as the lack of money: (c) to produce a meaningful training 
comc constraints such 

It can readily be appreciated that each of these requirements will have its own 
exercise. 

For instance with rcquircmcnt (a) it could be that novel 
set of individual problems. 
sensor applications may have to be investigated while in (b) cheap alternatives may be 

tried out. Being a training exercise, (c) is likely to involc ahigh time commitment. While 

identified along with certain problems, inter
requirements (a), (b) and (c) may ibe 

For instance if a novel instrument is produced (e.g., 
connected'spin-off ienefits occur. 

money (e.g., (b) above), valuable 'hands 
(a) 	above) or production is attemptcd to save 

may result. If the instrument is rclatively :;rioplc, its potential construc
on' training (c) 

may be possible and the original constructors may then become 
tion by other users 


considerations.
involved in 'user-fricndliness' an important common factor in 
In most developing countries training may beconlc 

all projects, sincc ,vithou, elevating the skill levels, the prolilens of long acquisition time 

data being obtained may not be solved. Similarly, without the 
or prospects of more 
elevation of skills, problems with equipment imported from developed countries will 

eventually occur.	 
of cndcavour may be identified.areas

In the case studies that follow, three main 
another is tile assessment of simpler 

One is the production of pieces of equipment, 
The third is tile as.;cssncut of the functioning of 

altcrnativc methods or instruments. 

existing commercial equipment. The first two could be considered appropriate instru-
In aill these, the authors 

mentation; the third, the appropriateness of instrumentation. 


have noted a strong training component, whethcr scrcndipitous or intended.
 

Solar radiation 
Such data may be, 

Solar radiation data have many uses and various types of data exist. 
or at crop 

for instance, collected from meteorological stations or from within crops 
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interfaces. Meteorological data in developed countries are increasingly being taken withautomated electronic weather stations. Because of the level of technician training,shortage of money, etc., this approach may not be possible in developing countries.In Tanzania non-clectrical equipment (the actinograph and Gunn- Bellani) was usedto collect data at various sites. The results were compared with more sophisticatedequipment at 	 the University of Dar cs Salaam in cooperation with the NationalDirectorate of Meteorology (Stigter and Waryoba 1981; Stigtcr, Jiwaji and Musab•lha1987; Stigter ct al. in prep). This allowed the performance of non- electrical equipmentto be assessed and simultaneously also allowed simple alternative electrical equipmentto be assessed in terms of cost effectiveness. 

increased by this project. 	
The skill levels of local staff were greatlyThus, in this case, while ihe central theme was to findappropriate instruments, a spin off was training.Problems of maintenance, repair and poker supply have been addressed at the University of Dar cs Salaam for the integration of solar energy values (Stigter and Mabuba1980; Stigter and Kainkwa 1983). Maintenance and repair problems were solved bylocal technical staff, previously trained through a 	 Dutch University Co-operativeProject, as they were able to identify malfunctioning electronic modules which couldthen be sent to The Netherlands or elsewhere (via the project) for repair or replacement. The problems of unreliable power supply were solved by the use of electrochemically integrating equipment. Rechargeable battcrics which could be rechargedusing simple solar cells are an altcrnative and are presently used in the project.Appropriate low-cost solar radiation intruments could be used in the large numbersrequired particularly in agroforestry or agricltural research. Such instruments haverecently been described (Newman 1985). Large numbers of these could be conveniently'read' using a microcomputer. The basic approach however uses existing technology in 

an 	ingenious way.Requests for the loan of solar radiation equipment by graduate students of theUniversity of Nairobi working at various research stations promptedproduce an attempt toa cheap electrical instrument for PAR measurement.students faced was The problem sucieither the lack of any instrument for such measurements or theavailability of non-functional commercial equipment which had proved difficultpossible to get repaired. or im-The construction of the initial instrument involved consideration of available sensors, linearization, cosine response, circuit design and construction,general construction techniques and calibration. During a three- month trainingscheme
conducted by the University of Nairobi and the University of York, an Electronics Link
technician (funded by The British Council)

analogue was able to 'update' this instrument from
to 	digital. This change has allowed new avenues of 	data storage to beinvestigatcd; for instance a circuit has becn designed to allow many light readings to beput into memory and retrieved later. This would allow rapid spot measurements to be
made in crops and at crop interfaces.
The appropriateness of some commercial solar radiation equipment has come intoquestion during its use in our experiments. In circumstances common in the tropics,particularly in semi-arid and arid regions, it has been found that some of the materialsused may deteriorate rapidly under the high solar loads experienced. The manufacturers are aware ofthe problem, though the field experimenter may not be initially awareof how quickly the deterioration occurs in some tropical conditions. One of us (CLC)found a filter in a solarimcter to break down after only 15 min exposure on the coastjust south f M)nibasa, Kenya. 
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Temperature measurement 

have an impact on crop productivity through various 
Crop and soil temperaturcs canmcasurcs temperature 
physiological processes. Commercial equipment which 

have eithcr or both of two main drawbacks. It can be cxpcnsivc and it may not measure 

what i, purports to (Coulson ct al. 1986). Examples can be cited to illustrate both these 

situations. 
on beans indicated that the Icaf temperatures obtained depended 

Measurcments of a small
1985; Coulson ct al. 1988). The use 

(-n tih instrument used (Coulson 

thermistor in a simple circuit for measuring leaf tcmperaturcs provided encouragement 

for the production of a simple leaf-tempcrature mcasui ing device. This was constructed
 

(Coulson and Muyoki 1986) with a view to simplicity and cheapness and to obviate one
 

fihult inherent in our commercial instrument. Considerations involved the analysis of
 

problems inherent in contact leaf temperature measurements and calibration methods.
 

Althotgh an appropriate instrument was the initial considerition, cheapness and train

ing were important 'spin-offs'. 
Problems of non-contact temperature measurements using infra-red thermometers 

Salaam (Stigter, Jiwaji and 
have been addre-,sed at the University of Dar cs 

(IRT) 1983; Stigter Mwampaja and
and Jiwaji 1982,

Makonda 1982; Stig.cr, Makonda 
Besides the drawback of high cost, IRTs may suffer from other faults, 

Kainkwa 1984). 
Using 'commonly available' equipment and 

calibration not being the least important. non
possible to improve the performance of a 

locally developed techniques it was 
thermocouplCs necessary for testing the IRT were 

commiercial Dutch IRT. Initially ti 

made in Holland, though during the project it was possible to fabricate them at Dar es 

as to devlop the methodology for the construction of the calibration 
Salaam as well 

surface.
 

Problems in making temperature measurements in the tropics may occur because of 

the high solar radiation levels. Problems may also occur in temperate regions with some 

more serious in the tropics. Un
may be potentially

types of equipment but they imported piece of 
the inlet tubing of an expensive

controlled radiation falling on 
results in an experiment to

of erroneous 
equipment was found to be a train cause 

examine leaf/air temperature differences (Coulson et al. 1998). 

In field experiments there is a frequent need to take environmental readings over 
in such 

long periods of time, perhaps at frequent intcivals. Data loggers are of use 

Although commercial data loggers 
situations, especially at distant experimental sites. 

are available, though at high cost, maintenance problems can limit their applicability in 

dcvclopirig countries, except where there is adequate back-up. 

This view depends on the situation of the individual researcher. ThL breadth of skills 

at a university can be expected to be grcatcr than in many other situations; and as such 

may lend itself to the use of more complex instrumentation. For example, because of a 

previous successful attempt to use a simple technique and a cycling millivolt iecorder 

and the wide skill base at the1984)
to record temperatures (Coulson ,:nd Taylor 

University of Nairobi, the development of a prototype temperature data logger was un-

In the first case, further investigations 
It attempted to solve two problems.

dertaken. 

on crop flower abscission (Kamweti and COulson 1984) required the frequent measure

ment of air temperatures within a crop over a period of weeks; and secondly, a graduate
 

student in thL Physics Department of the University of Nairobi required an electronics
 
an 

The prototype logger (Naniuyc 1986) incorporated 
project for his thesis research. 
existing microprocessor board which simplified the task. 

In this cndeavour it was ncccssary for people of different disciplines to appreciate 

Besides the production of a piece of potentially useful 
own.prolKems outside their 
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equipment, the enterprise served as an excellent training opportunity in the applicationof electronics, as wcl as iaducing a great amount of iocal confidence. As a result of thisexperience, a field data loggcr is being developed for use in a Ph.D research on allcycropping in Machakos District. 

Wind and air movement observatitns 
Information on air movement parameters in and around crops is important. However,the two main problems are that commercial instruments may not measure the windcomponents that occur in and around crops; and in multi-point simultaneous samplingsitua!ions the necessary duplication of commercial equipment may be too expensive.In Dar-cs-Salaam and 'Wad-Medani (Sudan) an investigation of simple appropriatetechniques for measuring air movements was undertaken.elucidate Work was carried out tothe factors affccting the evaporation of water from shaded Piche evaporimeters, since data from this instrument had been used to replace the act odynamic termin the Penman evaporation equation (Sligtcr and Uiso 1981; Stigter, Uiso and Rashidi1984). The instruments being simple and cheap could possibly be used as multi- pointair movement sensors, via mass exchange obscrvations. This work continues.The use of naptha or moth balls as air movcnnt indicators is currently being studiedat Wagcningen in relation to two ongoing agroforestry projects in the tropics involvingair flow in low-density tree plantations. The Pich6 will also be tried out in these projects. 

Soil water and crop water use 
Information on water availability and use is of obvious importance in many developingcountries. Unfortunately their measurement is not easy, particularly if it is necessaryto make readings over long periods of time at distant sites.
We hay_ been unable to successfully measure 
soil moisture in Nairobi using commercial psychrometric equipment. The initial interest by the ovcrseas manufacturer inthe problem seems to have waned leaving us with expensive but non-functional equipmnrit. The equipment is now over three years old and is well out of its guarantee period.Its complexity, coupled with lack of circuit diagrams means that local repair is probably
impossible. Special bafttrics are 
not availablc locally.with a ncutron probe. A similar situation has arisen
Following return from thc manufacturcr the probe functioned
for about an 

says 
hour and the new fatilI was diagnosed as an IC which the manufactureris no longer availablc. 

Both of these problems illustralc the shortcomings of using complex electronicequipment in developing countries. 

linked project been operative 

Both might have been solved had an overseasto cover the cost of equipment shipment backmanufacturer and with an to the
wcrscas contact to explain the fault to the manufacturer and
keep track of the instrument during its repair and subsequent shipment back.
The use of resistaice blocks i. 
 y offer a cheaper altcrnalive allowing many points tobe sampled, an important point considering the possible inhomogencity of soils andhighly variabic microclimatic gradients arising in agroforcstry siltations. The use of anAC bridge eliminates problems of the capacitance cffict found with DC techniques,though the electronics of the meter may lie se nsitive to the high temperat ures commonlyfound in the tropics. I lowcver, rcsislance blocks are not without their problems andsonic of these are present ly being invest igatcd at Wageningen through the TTMI projectprior to their use in the fichl in Ke nya, this being an example of tlie use of a linked
project. 
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Parts of these could be 
Lysimeters are large and expensive. pieces of equipment. 

ispossible that with the purchase of some parts 
fabricated in developing countries and it 

from overseas a commercial equivalent could be produced. Comparison with simple 

'oil drum' lysimeters could then take place locally. 

Discussion 
has been divided into the appropriateness of 

The consideration of instrumentatior 
The former covers the functioning 

instrumentation and appropriate instrumentation. 

of commercial equipment under optimum conditions and extreme conditions. Appro

priate instrumcntation refers to the construction anduse of simple equipment whose 

the general skill levels locally available and whose 
and use is withinmaintenance 


accuracy is acceptable. If :',' develop-

The cost of locally built appropriate instruments zah,be assessed. 


ment is the first one attempted, the cost will be relatively high and the major part of this
 

Thee will include initial equim.-t -_,c as soldering
will be the development costs. 

irons, multimcters, oscilloscopes, trial components; and the time spent by personnel.
 

an 
can be easily costed, time estimation is more difficult except in 

While hardware 
industrial situation where the criterion isprofit versus loss. One of the important initial 

considerations concerning the building of appropriate equipment is the cost advantage 

High customs duties can increase costs so much that it could be cheaper 
of doing so. 

If this is the case little encouragement isgiven to 
to import a commercial equivalent. 

local developments unless duty iswaived and evcn fthis isdone the time taken to clear
 

such items can be very dispiriting. 
From the point of view of training, established courses can be costed; but frequently 

ex
they aie, lack relevant 'hands on' experience. Such 

such courses, necessary as 
perience is best gained in trying to solve real problems in the country in which they 

In institutes of learning, training and research or development are the basis of 
occur. In such a situation costing of time 
the job and the training of one person helps others. 

What is more important is the question of which endeavour is most 
is more difficult. 
profitably started with reference to perhaps numerous aims (Appendix). 

Some of the difficulties that occur in the transfer of methodology and technology in

volve language. The developmcntal state of a language has important implications in 

this, since some languages have been able to embrace the abstract concepts associated 
Whether we are involved in the tes ting 

with modern technology while others have not. 

of commercial equipment or the building of appropriate equipment, this problem will 

exist. The development of a linguafrancaisnecessary and will naturally occur with the 

people involved in the various endcavours. (English has shown itself to be a convenient 

scientific language). 
Unless we continue to find ways of dealing with the problems outlined, developing 

countries will be increasingly and adversely affected. 
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Appendix:
 

Considerations for appropriate instrumentation (Al)
 

Scientific and educational requirements 
Type of measurement required 

Level of sophistication and accuracy 

Usability and durability 

Performance 

Distribution and availability 

Overcoming constraints 


Lack of funds 


Lack of foreign exchange 


Long acquisition time 


Lack of trained personnel to operate or 

maintain sophisticated commercial 
equipment 

Maintenance problems 

Restricted distribution or access 

Training of local staff 

Design and development skills Fabrica-

tion skills Maintenance skills Improve-
ment of local confidence 

Al considerations 
Develops awareness of sensor applica
bility and specific measurement needs 

Develops awareness of minimum re

quirements and performance limits 

Develops awarcness of practical aspects 

of equipment 

Analysis of performance and possibility 
of improvement and tropicalization 

More data required or more stu
dents using equipment simultaneously
 

Al Considerations 

Possible cheapness of Al 

Possible purchase of components locally 

Can be longer er shorter depending on 

complexity of Al 

Simplification and dedication of equip

ment for local operation 

Locally built, therefore locally main

taincd 

Local production, maintenance and 

possible cheapness will increase dis

tribution 

Al Considerations 

Result from local investigations of com

mercial equipment and local produc
tion of equipment 
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Abstract 
77Te erperimentaldesigns availablc for mnonitoringagroforestrysystems both on a largescale andfor measurene,:tof microclimate will be reviewed. These will inchde designsforinvestigating the tree/cropinterface as well as conventionalfield plot trials.Analysesappropriateto the designs will be sttggested. 

Why design experiments? 
A glance through the literature relating to the measurement of microclimate and otherenvironmental variables will reveal large amounts of data which are the results ofisolated observations rathcr than designed experiments. The usefulness of this workcould be greatly improved by the use of properly designed experiments incorporatingthe principles of randomization and replication. Without replication it is impossible tojudge whether an observation is an isolated freak result or is typical of the system beingstudied, and without randomization there is always a risk of bias. 

Designs for agroforestry 
It must be remembered that the same basic experimental designs are just as appropriatefor agroforestry experiments as for other field experiments, and the same analyses are,in general, equally valid whether the variable being measured is yieldvironmental variable. or is an en-Thus the need for blocking and other devices to control the
residual variation or 'error' still applies inagroforestry experiments, and the advantages
of using a factorial design arc just as great. Further details on these subjects may befound in any textbook on experimental design (e.g., Cox (195d), which is very readable).
In addition the literature on the design of intcrcropping experiments isof considerable
relevance to agroforestry and has been reviewed by Mead and Riley (1981).It isnot, of course, possible to list the best design for every conceivable experiment.Instead I will discuss those designs which seem to have the most potential fo': use inagroforestry, using the following headings: 

o simple designs for investigating the tree/crop (or tree/tree) interface;" systematic designs for spacing experiments; and 
o general designs for agroforestry systems. 
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Simple designs for investigating the tree-crop interface 

Figure 1 shows two desig ,s given in Chetty (1986) which could be used to investigate 

The designs should be replicated unless they are purely observational 
the interface. 
and in the case of Figure la the orientation should be randomized (perhaps with just 

two possible orientations). In both cases the analysis will involve fitting response curves 

describing the change in the variable measured with increasing distance from the inter

face. In Figure 1a, the effect of orientation could be considered and in Figure 1b, aspect 

(north, south, east or west). 

Figure 1 Two designs for investigating the tree-crop interface: 

(a) parallel rows of trees and crops; 

(b) concentric rows of crops around a single tree.
 

Thick lines represent hedges; thin lines, rows of crops.
 

0 

rows of crops(b) Concentric 
(a) Thick lines represent hedges, thin 

around a single tree 
rows of cropslines represent 

Systematic designs 
designed to investigate the optimal plant spacing 

Many agroforestry experiments are 

particular system and in this type of experiment traditional, fully-randomized
for a 
designs have a number of shortcomings. Even where the spacing of only one component 

of the system is to be investigated, the number of 'treatments' (i.e., different spacings) 

is liable to be comparatively high and, combined with the need for adequate guard areas 

to separate the different spacings, this results in an unacceptably large block size for a 

Even when an incomplete block design is used a 
randomized complete block design. 


considerable proportion of the experimental area will be taken up with the guard areas.
 

Secondly the size of the plots needed will depend on the spacing used: closely spaced
 

plants requiring a smaller area. This may create problems in arranging the plots in the
 

field, unless all plots are made the same size as the largest, which again results in a waste
 

of the experimental area.
 
The solution to these problems is to use a systematic design in which spacing varies 

Figure 2 shows 
in a regular fashion, thus removing much of the need for growth areas. 

Suitably 
two very simple systematic designs for a hedge-crop intercropping situation. 

replicated, the effect of spacing could be invesligated by examining the change in yield, 
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or any other variable, along the length of the plot by fitting an appropriate responsecurve. One of the five systematic designs proposed by Nelder (1962) for use in monocropping situations is shown in Figure 3. The shape of the area available to each plantis constant, but its size increases radically; another of Nelder's designs varies the shapebut keeps the area constant. These four designs suffer from the disadvantage that thecrops are not rectangularly arranged, but lie on the arcs of circles. Bleasdale's (1967)parallel row design (Figure 4) avoids this, although at the cost of confounding the effectsof area and shape. 

Figure 2 Two simple designs in which spacing varies systematically.
Thick lines represent hedges; thin lines, row. of crops. 

(a)(b 
i)7) 

These designs can be adapted to deal with a system involving more than one speciesin a number of ways. Where it is desired to keep the ratio of the two species constantbut vary the overall density a certain proportion of the 'spokes' (radii) can be plantedwith each species. Planting alternate spokes in a fan design with different crops, for
example, will produce the simple design of Figure 2b (although with the within spoke
density varying as well as the distance between spokes). Where the density of only one
of the specics is to be varied it is plantcd in the positions indicated by the fan design
while the other species is planted on the same land at its usual spacing.
Figure 5 provides a design which allows the effect of independent variation of the
densities of two crops lo be examined. It consists of two parallel row designs arranged
at right angles; the scale of the two designs can, of course, be different
differences in size and desired density between the twu crops. 
to allow for 

Analysis is again byexamining response curves, but since both densities are varied, the response surface in
two dimensions is now of interest. 
 A nearest-neighbour type of analysis, which will bediscussed later in this paper, may also be of use in this experiment.Before leaving the subject of systematic designs a word of caution should be added.These designs were developed by Nelder, Bleasdale and others for use at experimentalstations in Britain where the land was known to be fairly homogeneous. They shouldnot be used on land with a trend across it,or on land that has not been studied previously,since any such trend could seriously distort the results. Even where no trends arebelieved to exist, the experiments should be replicated, with the replications at differentorientations; this will in any case help to eliminate factors such as wind funnelling, the 
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Figure 3 A fan design (Nelder 1962).
 

ong as the design is properly replicated
effect of which depends on orientation. As 

small scale heterogeneity is less important, bit will result in differences in the response 

curves between the replications. 
Another disadvantage of the designs is that the death of onc tree has an effect on the 

effective spacing of the neighbouring trees. It is therefore important to grow soine non

expcrimental plants of a similar species and age nearby to act as replacements in the 

event of this occurring. For similar reasons systcmatic designs are not generally useful 

when thinning must be carried out during the course of an experiment. Finally it should 

be noted that while guard rows are not necessary within each replication, they are still 

nccdcd at the edges and between the treatments where the exper iment inwtves factors 

other than spacing. 
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Figure 4 	A parallel-row design (Bleasdalc 1967).
Individual plants are shown only in the central section. 
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General designs 

As was stated above, agroforcstry cxperiments can use the same designs that are used 

in single-species agronomic or forestry experiments. However, I want in this section to 

look at one or two more unusual designs which are particularly useful for agroforcstry. 
can be seen that each 

Fgure 6 shows an example of a ncarest-ncighbour design; it 

treatment occurs next to each other treatment (i.e. to the right, left, above or below) on 

four occasions. Thus any delcterious or beneficiai 2fects of one treatment on its neigh

bours should balance out. This may permit some reduction in the arca needed for guard 

rows, although it is still preferable to have an adequate guard row in order to minimize 

such interactions. More complex designs taking account of the relative positions of the 

Analysis of these designs can be by the 
treatments are to be found in Freeman (1979). 

,sual methods for Latin squares or special nearcst-neighbour methods can bL used. 

The latter form of analysis is still the subject of statistical research, but involves adjusting 

by the yield (or whichever variable is being measured) of the neigh
each treatment 
bouring plots in order to remove the effect of local heterogeneity. Nearcst-neighbour 

analyses are of particular relevance to agrotorcstry since it may be possible to adjust 

the 2ields of one spcciCs in a two-species system by 'he yields of neighbouring plants of 

the other species. 
Designs balanced for ncighbours have also been worked out for the situation where 

plots are arranged in a long strip, so that only two neighbours need to be considered. 

These designs and their analysis are considered by Dyke and Shelley (1976). 

Figure 7 A beehive design. The 
Figure 6 A nearest-ncighbour design 

symbols o and x represent two 
based on a 5 x 5 Latin 

diffcrc -t species. The full de
square.The numbers rcpre-

sign consists of two hexagons,
sent five different treatments. 

with the positions of the two 

species interchanged in the 

second one. 

X X X X X 

X X 0 0 X X 

1 2 3 4 5 X 0 0 X 0 0 X 

4 5 1 22 X 0 X 0 0 X 0 X 

2 3 4 5 1 X X 0 0 0 0 0 X X 

5 1 2 3 4 X 0 X 0 0 X 0 X 

3 4 5 1 2 X 0 0 X 0 0 X 

X X 0 0 X X 

X X X X X 
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In most expeiments plants are arranged in rows but, if the interactions betweenindividual plants are of interest, a hexagonal grid can be useful and such arrangementshave been used in competition experiments. These designs are tcrmed beehive designsand further information about them may be found in Veevers and Boffey (1975)Martin (1973). and 

species. 
An example is shown in Figure 7 in which o and x represent two differentIt can be seen that different plants have different numbers of neighbours ofthe other species, thus allowing the measurement of competitive effects. Hexagonaldesigns can be easily adapted to the situation where more than two species are involvedand provide a grealcr number of inter-specific interfaces than in a row layout. 
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Abstract 
Where laic plantationsare being studied it is necessary to use someform ofsampling. Thevariousmethods available (eg.sinple random sampling stratified random sampling andsystematic sampling) will be discussed. Particular attention witl be paid to the situationwhere climatic variables can be used as a basis for stratification. 

Why sample? 
In any scientific investigation there will be situations where it is advantageous to usesome form of sampling. There arc three basic reasons why this may be the case: 
1.Complete enumeration might take too long or be too expensive due to the largenumber of measurements needed; e.g., we might wish to find the average height ofthe trees in a 10,0X) ha forest;2. Destructive nieasurecnlrts: for example, the true germination rate ofa batch of seedscould be found by growing them in a laboratory, but this would leave none to sow in 

the field;
3. In some circumstances sampling may actually give more reliable results than completc enumeration. This may arise if the smnalcr number of measurements allowsmore care to be taken over each or permits the use of more sophisticated equipment,

leading to more accurate measurements. 

Definitions
 
In everyday speech the words 'accuracy' and 'precision' are nearly synonymous, but inthe context of,.ampling they have different meanings. Accuracy refers to the success in
estimating the true value, whereas precision describes how closely clustered the values
of successive estimates are. 
 To make this clearer, consider the measurementspeed. If of windwe asked four people to guess the speed and took an average of their guesses,
the result might, by chance, be very accurate (i.e. chV;c to the true speed), but wouldprobably b imprecise (the four estimates are likely to be very different).hand,ifwc On the othertook four readings using an anemometer which always under-recorded thespeed by 20 per cent, the results might be precise, but not very accurate. The latterresult could also be described as biased; that is, it contains a systematic error. Whetherprecision or accuracy is more important depends on the situation being invcstigatcd,although both properties are ()l',iou.sly desirable. 
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on which individual measurements arc 
In a sampling procedure the objects or sites 

made, are termcd sampling units and the population consists of all such sampling units. 

A sample refers to a group of sampling units selected from the population, on which 

measurements are made. 

Simple random sampling 

In :,implc random sampling not only does each sampling unit in the population have the 

same chance of inclusion in the sample, but each combination of n units (where n is the 

sample size) is equally likely to be included. This is achieved by randomly selecting each 

unit in the sample from amongst the whole population. 
Suppose there arc forty shade 

The :clhod is best considered Iv taking an example 

trees in a section of a coff,:c plantation and wc wish to make a variety of measurements 
(Thus in this case the sampling
 

at the tree-crop interfaces of a sample of these trees. 
The stages in taking a
 

specifically, the forty interfaces.)

units arc the trees or, more 


simple random sample arc:
 

might wish to exclude
 
This might he all forty trees, or we 

1. 	Dedc:e on the population. 

trees on the edge of the plantation, for exanple.
 

This will depend on the cquipnicnt available and the 
2. 	 Decide on the sample size. 


pr,:cision required for the final estimates.
 
method (usually by using tables of random numbers). 

3. 	 Select the sample by a,randon 
methods, such as throwing quadrats; these lead to bias. 

Beware of scmi-randon 
4. Take the measurements and calculate means and standard errors. 

Systematic sampling 
Thus 

One problem with simple random sampling is that coverage can I,c very uneven. 

the trees selected to form the sample might come 
in the example of the last section :, 


from the same corner tf the planta'.ion. An obviousway to avoid this is to sclect a regular
 
To give 

every fifth tree); this is systematic sampling. 
pattern of sampling units (e.g., 

of land a grid of squares would be drawn
of an area

another example, in a soil survc 	 Theposiion within each square. 
on the map and a soil simple tak :n from the same 

and the simplest way 
particular systematic sample chosen ,mist be selected at random 

of doing this, in order to avoid all risk of this, is to choose one sampling unit at random 

and then to select the other units in the sample 
from amongst the whole populatiOt, 


relative to it.
 
as follows:

The advantages of systematic sampling .re 

lead to greater precision than a simple random 
1. Its evcn coverage will freqiCnl' 

sample; 
2. Once the random starting point has been choscn the process is very simple to operate; 

3. The information obtained Can easily bC used to construct a map, if desired; 

4. The population siuc need not be exactly known at the start. 

is that the precision cannot be 
The chief disadvantage of systematic sampling 

Approximate 
calculaled and so no reliable standard error can be quotcd for the mean. 

formtlac, which give some idea of the precision :ubject to certain conditions, are to be 

1Iow important knowledge of precision is 
found in Yates (1981 ) and (ochran ( 1977). 
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will depend on ihe purpose of the experiment and Ihe nature of the variable beingmeasured; the experimenter must weigh this against the likely advantages before
deciding to adopt systematic sampling.One situation where systematic sampling should be used with care is when there issome form of periodicity or regular variation amongst the sampling units. For example,it is obviously unwise when sampling soil on terracing 10 m wide to adopt a systematicsample at 10 m intervals (or 20 m or Y) m, etc.), since all samples will be at the sameposition relative to the terraces. Even when the sampling interval is not particularlyclose to the scale of periodicity (or a multiple of it) there is some risk of bias, especially in small samples. Unaligned systematic sampling may help in this situation (see
Cochran 1977). 

Stratified random sampling 
Both the methods discussed so far have not exploited the structure of the population;stratified random sampling divides the units into two o.r more strata, grouping similarunits into the same stratum. Seprate estimates are ithen obtained for each stratum,usually using simple random sampling, and these are finally combined to give an overall estimate. Provided the sampling units in a stratum rcally are less variable Ihan unitsin different strata, this method provides a more precise estimate than does simplerandom sampling. 

in any case 
In addition the method is very useful where separate estimates areneeded for different sections of the population, or where it is desirable todivide the population for administrative reasons. One slight disadvantage is that it isnecessary to know the sizes of the strata.


Many different factors can 
 be used t stratify the population; for a large survey (e.g.,over a whole region) it might he possible to use climatic data, where these exist. Otherwise factors such as geographic area, soil type, height above sea level, or land ownership can be used. Satellite photographs have formed the basis for stratification in somestudies. On a smaller scale, any past or present knowledge of the site can be used.Where the edge of a plantation or plot is different from the centre, this can possibly be
treated as a separate stratum.Formulae for the cstimatcs and their standard errors can be found in any of the booksrecommended below. These books also contain advice and formulae relating to thenumber of units that should be sampled from each stratum. 

Discussion 
In conclusion, the relative merits of the methods discussed can be summarized asfollows: Simple random sampling is adequate for populations that are fairly homogcneous, particularly where the total number of units is small. Stratified randomsampling, on the other hand, should be used when the population is heterogeneous, butcan be divided into more homogencous sub-populations. Systematic sampling is a goodprocedure to adopt when cvcn coverage is important, but is not appropriate if exactknowvledge of the precision is required, and should be used with care when there is anyregular variation amongst the sampling Units.This review of sampling procedures is by no means exhaustive and the followingtopics would repay some study for those doing a lot of sampling; multistage sampling,cluster sampling, and ratio and regression estimators (including double sampling as ameans of updating surveys, which is described in Freese (1961)). 
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Press. (This is the same as the 11)&2 Freese book.) 

An introduction to vanpliig theon'. Edinburgh and London: 
Sampford., M.R. 1962. om-
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of advice on the practical details of sampling in a forest: 

Guide to the establishment, ,neasuremnent and analysis 
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ofpennanentsample plots. Oxford: Fl rcstry Institute.
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The analysis of data from several sites and years 

J. Riley 
RothamstedErperimnentalStation 
Harpenden,Hens ALS 21Q, UK 

Abstract 
The collection oftata from different sites and/oryearsAives rise to a data set subject toboth spatialand temporal variability caused by climatic and other variables. Anystatisticalanalysis of the data must take into account these different types of variation; a review ofthe available methods with reference to agroforesty eperilnents is presented. 

Introduction 
It is common practice to extend the results of a simple experiment by repeating the trialat a number of different sitcs or veer a number ofycars. Such extensive experimentationwill provide information about the treatments or genotypes under a range of environmental conditions. Although sites may be chosen according to similarities of soiltype,climatic or other factors may be present that will give rise to possible differences in theresults obtained. Experiments repeated over years will be subject to fluctuations inweather pattern,. The analysis of data from such a range of environments permits theexperimenter to determine the sensitivity of his treatments or varieties to a range ofconditions and to provide recommcndations about their use for a wider geographical 

area.
The data collected from such an experimental scheme, however, present substantialproblems of analysis. Statistical analysis depends heavily upon the idea of rsdomnessdata collected from a number of locations or from several years cannot be consideredrandom: sites are chosen for their particular characters; and years, in terms of climate,can be considered to be correlated to some degree. Particular techniques thus need tobe adopted when analysing data from treatments or varieties collected from a numberof environments. Where thc environments are represented by different points in timeif is sometimes possible to examine the behaviour of the varieties by response curvesover time with possible adjustments for seasonal effects. This is discussed in greaterdetail in the following paper (this Section) by S. Langton. Concentration here is on the
more general data set classified according to treatments 
(or genotypes) and environ

ments.
 

Analyses available 
Much rtatistica! research has been done on the examination of genotype x environmentdata sets and, since no single technique has been found for analysis, research iscontinuing. A summary of suitable approaches to the analysis of such data sets is given 
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and by Good-
More recent work was presented by Silvey (1982)

in (:iceman (1973). 
child (1982) at the Xith International Biomctric Conference. 

Although each data set requires analysis tailored to its structure, a common approach 

alysis of data collcctcd from different environments is as follows: 
to the a. 

to determine whether genotype
of the complete data set 

1. Analysis of variance 

environment interactions exist; if they do not exist, there is little problem but if they
 

do exist, then interactions need examination.
 
as described by Finlayon environment 

2. Joint regression analysis of genotype yield 
to detect genotype sensitivity to changes of environment. 

and Wilkinson (1903) 

3. Multivariate analysis of the genotype x environment table, possibly by one or more
 

of the following methods:
 

- principal components analysis; 

- canonical variate analysis; 

- cluster analysis;
 
- principal coordinate analysis; or
 

- significant rank ordering.
 

Analysis of variance 

A most important part of any statistical analysis is to determine the questions that are 

When data are collected at a number of sites, are recommendations 
to be answered. 

or for the one area incorporating them all? 
to berequired for each site, for groups of sites 

produced. If data are 
Only with this information can a relevant analysis be 

combined from different environments then an analysis of variance accounting for the 

main effects of genotype and of environment and for their interaction will determine 

whether any substantial interaction exists. Subdivision of the main effects and interac

tion into components of interest are described by Cochran and Cox (1957) together with 

appropriate significance tests. 

Joint regression analysis 

if genotype x environment interactions exist these can be examined in more detail by 
The sum of 

regressing the genotype means upon a variate of environmental indices. 
for the hetero

can thus be subdivided into a component 
squares for the interaction Each of these components 
geneity of these regressions and a remainder component. 

can be subdivided correspondingly into comparisons of interest. Environmental indices 

Wood (1976) examines a number of them. The 
can be determined in different ways. 

usual choice of index is the mean yield of all genotypes at each environment, but others 

are the yield of control genotypes, climatic variables such as rainfall, altitude, tempera

ture; environmental variables such as Nl,'(. in the plant or the P content of soil; or even 

or function of several of these external variables. The method of joint 
a combination as 
regression analysis provides useful indications of the bchaviur of each genotype 

external conditions vary. Response to cnvironniental change cannot always be expected 

to be linear and an extreme index value for one site may well distort results. In practice 

it would be wise to perform such regressions for several different forms of index to avoid 

the use of spurious results. 
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Multivariate analysis 
The data in the two-way genotype x environment table can be considered as a multivariate set in order to investigate the variation within it more fully. Principal componentanalysis can be used to identify those environments that are most influential in the production of interactions. Similarly, the technique can be used to identifygroups ofgenotypes contributing largely to the interaction. The method is described clearly in Holland(1969); a brief outline is given here.Principal component analysis involves the transformation of the original variates intoa new set, usually of fewer variates, which are independent and which successivelyaccount for maximum proportions of the total variation. The independence propertymeans the new variatcs are more easily examined by standard statistical methods; thefact that fewer variatcs arc involved means that calculations are less cumbersome.Although principal components do not necessarily correspondpretations, Holland (1969) to biological intershows that by gcomclrical manipulation linear functions ofthe original variatcs can be found, having biological meaning, thus aiding more fully inthe interpretation of the data. Canonical variate analysis has been used by Paterson(1974) to test whether the environments differ in their response to the treatments (genotypes). Although the treatments are not random effects, Paterson was able toproduce a satisfactory analysis, although the method appears to be of most use withlarge data scts.
Other methods used arc cluster analysis and principal co-ordinate analysis. Incluster analysis, aticmpts are made to find similarities between clusters of environmentsusing the yields from the treatments or genotypes.

similarities exist and these may give rise 
Various methods for calculating

to different clusters.analysis has also bccn used by Shukla (1972) 
Principal coordinate 

to demonstrate groups of genotypes makingsimilar contributions.
A recent approach to the cxamination ofgenotype x environment interaction data ispresented in Beale and Goodchild (1980). They used analysis of variance followed bya ranking process and called this significant rank order. It should be noted that thisapproach was suitable for the data in question, analysis of variance alone and rankingprocedures alone not being used because of the nature of the variation in the data andthe small number of r( plicates. Analysis of variance was used for the data from eachenvironment (site) separately to provide least significant differences (LSDs). Themeans for the genotypes within each site were then ranked and grouped together if theirdifference was less than the appropriate LSD. The groupings obtained were compared
from site to site. 
 Interactions could be clearly seen through such examination. Care,however, is needed when using the LSD since its use over many pairs of means giveslow precision. 

Discussion 
If data from many sites are required to be combined then no single method of analysisexists. Exploration of the data is necessary by several approaches: joint regressionanalysis to determine the response of the genotypes to site fluctuations and multivariateapproaches to determine clusters within sites (environments)(genotypes). or within treatmentsThe nature of the experiment and the form of the data will need closescrutiny to indicate which analyses arc suitable and whether any further modificationof the analyses is necessary; no routine form of analysis is possible, the analyses chosendepending upon the information required from the data. 
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Abstract 
Evrperinientsarefrequently carriedout on the same erperinentalplots over a numberofycars. Thisposes a inumberofproblems which will be described,togetherwith theproposedsohttions. In particular,the useof responsecuresfordescribing changes' in yieldover timewill be considered. 

Introduction 
One difference between experiments involving trees and those involving field crops onlyis that the former generally continue for a period of years, whereas the latter often onlylast for one year or season. Thus in agroforestry experiments the data frequently consistof sets of successive measurements of the variables of interest, one set for each year orseason, with the same treatments being maintained at each plot through the experiment(this situation should not be confused with a cross-over type of experiment, wheredifferent treatments are applied successively to the same experimental units). Such dataare referred to in the statistical literature as 'repeated measurements', and the best wayof analysing them has been a subject of considerable controversy. 

Methods of analysis 
The simplest method of dealing with repeated measurements of this sort is to sum oraverage them over time, and then carry out an analysis of variance on these sums ormeans. This analysis is perfectly correct from a statistical point of view, but providesno inlormation regarding changes in the data with time.One procedure that has been used to produce such information is simply to producea separate analysis of variance for each time or season. Each of these analyses, with itsassociated tests of significance, is completely valid but, because results in successiveseasons will almost certainly be correlated, the analyses are not independent of eachother. In practice this means that, for example, significant treatment effects in fivesuccessive years in the experiment do not provide such good evidence for real differences between treatments as would significant treatment effects in five totally separateexperiments. This type of analysis is not as attractive as it appears at first sight.One common, but erroneous, method of analysis is to treat time as a factor, usuallya sub-plot factor in a split-plot analysis. The first objection to such an analysis is thattime can never be properly randomized; each treatment is in its second year of growthin the same calendar year, for example. Randomization is, of course, essential for a 
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valid analysis of variance. A further problem with the split-plot analysis is that the sub

plot error is unlikely to be homogeneous, because observations closer in time are likely 
and Walters 1976). 

closely correlated than those further apart (Rowell 
to be more 

or 'criss- cross' type of analysis which is 
Similar objections apply to the 'split-block' 

sometimes recommended. 
Multivariate methods have sometimes been used for the analysis of repeated meas

and this approach is unquestionably valid. Un
urements (Cole and Grizzle 196) 

fortunately these methods are conceptually more difficult and the results are not always 

Hence there is a strong case for avoiding a multivariate approach 
easy to interpret. 
whcrc there is an alternative that is statistically sound. 

The fifth method provides such an alternative; it was first used by Wishart (1938) and 

It involves the analysis of 
and Walters (1976). 

was described in detail by Rowell 

contrasts over time, and is discussed below. 

The analysis of contrasts over tim 

TheThe hypothetical example that I will use to describe this method consists of an experi

as three randomized blocks of three treatments each (Table 1). 
ment arranged 
treatments are actually three different agroforcstry systems and the objective of the 

experiment is to compare the changes in soil moisture content between the systems. 

Measurements were taken every 30 days over a period of 90 days following rain; during 

this time there was no rain or irrigation so the soil moisture content shows a continuous 

decline. 

NB: Variables measured on a percentage scale should normally be transformed before 

Table 1 Hypothetical data for analysis 

System 
Day: 

Block 

0 30 60 90 

Moisturecontent, % 

1 1 
2 
3 

19.83 
20.58 
21.08 

14.83 
14.58 
17.08 

12.17 
11.92 
12.42 

8.67 
9.42 
7.92 

2 1 
2 
3 

20.58 
19.33 
20.58 

19.25 
20.00 
19.25 

17.58 
19.33 
17.58 

9.08 
12.83 
13.08 

3 1 
2 
3 

19.67 
19.67 
19.17 

17.50 
17.50 
18.00 

14.00 
15.00 
16.50 

12.33 
11.33 
11.83 

analysis. 

The first stage in the analysis is to plot the mean soil moisture content for each system 

against time (Figure 1). This graph clearly shows that the moisture content is decreasing 
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with time and, as is the case in many of these analyses, orthogonal polynomials can beused to break the change down into linear, quadratic and cubic components. 

Figure 1 Graph showing the changes in soil moisture content for tho threeagroforestry systems (- system 1; -----system 2; - -system 3) 

20 

' 10 

0-3 
D ays 60 

90--

The formal analysis is best described starting with the erroneous 

9 

analysis of variance (Table 2) described in the previous section. 
split-plot type

N6 

Table 2 Analysis ofariance with split plots 

Source of variation d 
systems df 
error (a) 

total between plot 
2 
4

days 8 
systems x days 3 

6 e rro r (b) (b lockssxxdsaysse+lcs xd y)1 

total within plot 
2 

total35 
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As was mentioned earlier, the problem with this is that the within-plot error (error 

b) is heterogeneous; this problem is solved by splitting it into separate components for 

the linear, quadratic and cubic contrasts, in the same way that the time effects can be 

split. To carry out this sp.': it is also necessary to divide error b into the two interactions 

that make it up (blocks x days and blocks x systems x days). The resulting anova table 

is shown in Table 3. Such a table can easily be produced using a computer package such 

as Genstat or can be calculated by hand by the methods described in any good textbook 

(in the analysis of designed experiments (e.g., Cochran and Cox 1957). 

Analysis of valiance with interactions
Table 3 

d.f. s.s. m.s. 
Source of variation 1.7503.500 
block 39.288 

2 
60.577 

system 1.833 0.458 
2 

(error a) 4 
blocks x ystem 3 426.173 142.058 
days 1 415.538 415.538 

liner 8.5178.517 
quadratic 2.119 

1 
2.119 

cubic 6.318 
1 
6 37.907 

systcm x days 2 16.077 8.039 
system x linear 10.2042 20.408 
system xquadratic 

2 1.421 0.711 
system x cubic 0.3332.000 

Nlock x days 1.644 0.822 
6 
2 

block xlinear 0.1110.2222 
block x quadratic 0.0670.133(error b) 2 
block x cubic 1.33312 16.000 

block x system x days 1.9567.8224 
block x system x linear 1.6116.4444 
block x system x quadratic 0.4331.733) 4 
block x system x cubic 

35 547.990
Total 

The contrasts can now be compared with the appropriate component of the error 

,ariancc; for example quadratic contrasts will be compared with a mean square calcu-

The tabular form given in 
and block.system.quadratic.lated from block.quadratic 

Table 4 (after Rowell and Walters 1976) is a clear way of displaying this. The days and 

mean squares are taken directly from Table 3, but the error terms are 
system x days 
-)btained by adding together the appropriate component oi the block x days aind block 

x system x days sums of squares and dividing by the degrees of freedom (e.g., for the 

lincr contrast: 

(1.6 + 7.82)/6 = 1.58 ). 
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Table 4 Analysis of variance of lincar, quadratic and cubic components 

Source of variation d.f. linera quadratic cubic
days 1 415.54 8.52 2.12system x days 2 8.04 10.20 0.71 
error (block x days + 

block xsystcn x days) 6 1.58 1.11 0.31 

Now by comparing the days and error rows of Table 4 it can be concluded that tieoverall trend is mainly linear, but with smaller quadratic and cubic components. Thesystem x days interaction gives information about the way thLse trends vary between 
systems; it can be seen that the differences lie in the linear and quadratic components,especially the latter.

Orthogonal polynomials are not always the most appropriate foirm of contrast to use,and the method will work witi any set of contrasts. Yates (1982) gives sone alternativesuggestions for a medical example where Ilie curves are sigmoid. Rowell and Waltersconsider ao example concerning yields of apples over a 14 year period. The graph ofyield against year shows that while there is a gradual increase in yield, good and badyears alternate. Such biennial yields are best dealt with by considering sums and differences of successive years. The seven two-year totals showed the overall increase, whilethe seven differences deminstratcd the extent of the biennial effect. Orthogonalpolynomials were still used within the two analyses to reveal the changes in these effects
with time.
 

A brief mention should be made of the number of times at 
which measurementsshould be made. Sometimes this will be dictated by other factors, but in maiiy cases theexperimenter will be free to choose. In experiment!, such as the soil moisture contentexample, where there is a regular pattern of increase or decrease, there is seldom muchpoint in measuring at more than four or five times. Five times would permit fitting termsno high as quartic, and it is unlikely that we would be able to interpret terms higher thanthis, even if they were significant. Of course if there was the possibility of some morerapid change of soil moisture during the experiment (e.g., due to rain or irrigation) wemight wish to make a more regular check to study this. 

Other uses of this technique 
Although all the literature on this method refers to measurements repeated in time,
there is no reason why it should not be used for measurements repeated in space in
situations where the level of correlation decreases with increasing distance apart.
Examples might be where measurements of yield or microclimate are being made at
different distances from a tree or where vertical profiles of CC 2concentration or wind
speed, for example, are being compared between systems. 
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Abstract 
:ince development of K5iplwn sclimatic cla':siflcation,severalindices have been used todelineate climaticaly' ltontogo'el'ots regions and someairocliltalticclassification in several coutntries. 

of thetn have been applied to
'7it delineated regional pattens, whetherbaedon rainfall or climateic water balancewhich includes the soilfactor,do not gcnerallydifferfrom .neanoter and
one 
:echnique can be considered as good as the other. Semiarid regions like te In dian/sthonttimtet beim~g characterisedlhy both spatial a1/d tentpoll

variability andadvt/(iiv conditioisthirintgfit e break monsoot periods, ithei ditfferenit pitenophi as, as/nes inpo 
effect ofclimate

Tlance.The teed for a phentohol-basedanalysisof rainfallprohabilit for gro:lintaticputposes for majorcrops is brought out. 

Introduction 
Delineation of climatically homogcncous regions has been an importan: aspect ofagroclimatic analysis that received cxtcnsive attention since the 19th century. Mainly,such an analysis sought to explain natural vegctation-ljinate relationships based onrainfall, temperature and potential cvapotranspiraliion either singly or in combination.Inclusion of soil moistLure holding capacity and water balance concepts developcd byThornthwaite was considered to provide aThese lechniques 

rational basis for climatic classification.serve the limited purpose of identification of natural climatic boundar;cs that represent the different plant .ommunitics, soil groups and land forms interms of numerical climatic data ar.d bring out vegetation-climate associations.While climatic classification is a preliminarystcp, it is often supplemented by rainfallreliability analysis and presented in the form of rainfall probabilty maps in order tomcct the requirements of crop planning. The form that such a rainfall reliability analysisshould take to mcct specific requirements such as those of agroforcstry or crop planning does not seem to have received adequatc consideration. The need for inclusionof a crop parameter into such an analysis is discussed below. 

Rainfall distribution and climatic indices 
An examination of normal annual rainfall distriblution map of India in comparison withthe patterns that are obtained using several dlimatic indices that have been proposedfrom timc to time  climatic types according to Kippcn's syscm based on rainfall and 
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watermoisture regime using climaticon
1c mpCraturc, Thornthwlitc's sYStem based 

1jo( 5 ), Meyer's N-S quotient,Rlao and Stbramaniami)al ance (Subrahniarnam, Suia 
range or potential evapo

annual tcmpcraturemeanLIm's rainfactor, rainfaU versus 
indicateS a striking similarity in the nature of de

transpiration (Figures I, Apndix) -- ncy (Subralimanyam 
iinca Led /0on3l piatters. The regions of mean annual ",alerdefici 

I 82), while yielding valuabl quantitative estimates for purposes of long term planning 

differ from the pattern that could be 
in any wa' 

of waler resm'trccs of a region, do not Tihus, while the individual indices 
epected from the normal rainfill tribution map. 


evolved for different purposes have their own significance, as far as delineation of areas
 
one tech

of clilatic homogenitv in gclie ral is conCCruCd, it Could be concluded that 


as the other for identifying climaticitpcs. Except for the differences
 
nique is as good 

in the quantitaltivc coct-icicnts or manlit udls. the different indices clearly point out the
 

to the
aid its spaltial distribution iin relation 


dlominla3nt role plAyLd by rainfall anmollnt 


teatures of the region in decermining the Climatic types of India, Which 
pihysiograpllhic 

is suhtropical and prCdonuin l t Cd by sci-itrid climatic conditions over a large part.
 

1henology-based agroclimatic analysis 
for a few days in 

In the season when rainfall is tile dominant factor, its non-occurrelicc 

the semi-arid tracts is associated with pCriods Of high tempe rature and increased evap

orative conditions (Sastry 1970). The Indian subcontinent is characterized by: 

wv oh:Alnes Ill upper air circulation) during the 
break monsoon situalioiis (inducedo 

crop growth scason prevailing for two to three wceks at a stretch causing dry spells 

over a large part.ol the country and 

o 	 early withdrawal of monsoon rains two to three weeks earlier than normal, which has 

been the experience during the rce.nt decaCe also. 

The break nonsoon situations \wcrc found to bring in advectivc conditions (Sastry 

1979) which may cause yield reduction even in an irrigated crop such as paddy (Sastry 

186) duc to atmospheric stress wvhcn there is energy transfer from the surroundings to 

the ev\aporating surface. Such an effect is also rclectced in the walcr balance in the root 

lone in particular scasots as shown in Figure 2 for different growth phases of pearl mil

let crop. variability, such situations occur 
It is significant to rte that because of high teiimlra 

cars and irrespective of tlie total seasonal 
at different crop growth slacs in different 

to \car, such as that illustrated for corn 
rainfall the drought severitv vtries from ye ur 

Thus the groIh stace of any particular crop at which ad-
C I (A1 pplendix).crop in Tl 

v'rsc cnivironientdl conditiOuns occlir in different years is of significance as this becomes 

'Ihis is particularly so, since susceptibility of 
an important yield detcrmliniig factor. from 

adverse weather conditions differs between crop species or even 
crops to sane 

In this conliCxt, relation of rainfall reliability or water 
one growth stage to tile other. ,r crops can be considered to provide a 
balancc pri ilitics to growth stages of ,, 

oil 	 meteorologicalI or instance, inlormiati 
better base in agroclinlat ic analysis. 

i s of crops growni in a region would cn
has c 

driught probabdiliics if related to plhcnop	
On this basis,agroforestry systems. 

hancc its practical value in planning cropping or 	
differentSastrv (1979) developed two 

chain niodtl, Victor
using the NIarkov and 

runs during monsoon season at Delhi 
cuniulative probability nomograms for dry spell 

using (a) calendar nintlis (b) growth stzagcs of pearl millet crop. 
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Figure 2 	 Water balance during de"elopmental phases of pearl millet crop. IARI,
New Delhi. 

GERMIN-	 VEGETATIVE FLOWE-	 EAR EMERGENCE AND 
ATION 	 I 


i 
 I RING I 	 MATURITYI 

100 
* 

/11972 	 ,1 ,7 --- 1 	 NORMAL YEARw 	 I
C 80 9 7

I LJ 	 -I 2ADVECTIVE
I CONDITIONS 

0 6 I 

N .J_ 

<~ 40 

20 

AUG. SEPT OCT. NO .2-8 6-12 3-9 1-7 4 
WATER BALANCE DURING DEVELOPMENTAL PHASES OF PEARL MILLET 

IARI, NEW DELHI 

Table 1 	 Distribution of dry wcckly pcriods starting July 1 in the crop phases of
maizc at New Delhi. (Sastry 1976) 

Year Week No. (x = dry year) Rainfall Drought 

1 2 3 4 5 July-Oct class6 7 8 9 10 11 12 13 14 15 16 17 mm
1951 x x 
 x x x x x 

1940 x x 


x x x 	 x x x 214 Disatrous 
x x 	 x x x x x x 	 x1952 x 	 527 Severe 

x x x x x x 	 xx 360 Moderatc1942 x x 
1961 x x 	

x x x x x 522 Light 
x x x x 925 Unaffected 

-
11 IV 

I= Sowing and germination. II =Vcgctative phase. III = Tasselling phase.
IV = Grain filling and mature stage. 
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of agricultural drought and potential moisture 
Figure 3 	 Probability of occurrence 

coi.ditions in the root zone during growth phases of corn and pearl millet 

crops at Delhi, India 
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or W -It (rD z ' 

- CL 

Q 40 

CL 20

101112 1314151617I 2 3 4 567 8 9 
3 4 5 6 7 8 910111213I 2 

AFTER SOWINGWEEKS 

Comparative statistics on rainfall reliability in the different growth stages using cli

matic water balance techniques can bc gcncrated to assess probability of drought prone

of potential moisture conditions in respect of two or more crops 
ness or occurrence 
grown in the same season. This is illustrated in Figure 3 which shows that of the two 

crops considered, pearl millet is better suited to tle local rainfall distribution since, 

comparatively, probability of drought is lower and potential moisture conditions higher 

in the different growth stages, than that for the maie crop. Similar data gnerated by 

for five major crops grown in the Delhi region in India showed 
Victor and Sastry (1984) increases in the 
that for same climatic conditions, probability of drought-proneness 

order: pearl millet, sorghum, peanut, corn, and upland paddy. A point to note is that 

such analytical approach includinga crop parameter like itsgrowth stage period inplace 

of calendar dates permits selection and breeding of crops tailorcd to rainfall distribu

tion. 
It is possible to extend such analysis to several other stations in the region to obtain 

climatically hornogeneous areas with respect to probability of moisture adequacy based 

on phenophases of major crops. Evaluation of probable periods of advective conditions 

for semi-arid regions in the subtropics would enable selection of inter-crop combina

tions for provision of needed sheltcrblts. Such an approach to agroclimatic analysis 

may be expected to lead to development of integrated agroforcstry system for semi-arid 

regions which exhibit high temporal and spatial rainfall variability. 
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la Zonal patterns of India according to different clii".tic indices. 
Figure 
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Figure la continued 
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Figure lb Rainfall/PET, climatic types of Koeppen and Thornthwaite and mean an

nual water deficiency patterns ovcr India. 
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Figure lb continued 
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Abstract 
A review of ecologicalmethods that may be appliedto the agronomicsof agroforestryivpresented. The researchhasfocused on the use ofvarioustechniquessuch asphytometers,associationanddiscriinantanalysisandtheirapplicationin the studyofproductivityand resourceuse efficienc,. 

Introduction 
I define agroforcstry as an activity where woody plants (usually trees) are used in moreor-less intimate association with animals and or crops in order to make use of ecologicaland economic interactions inthe production of a wide range of materials including food,fuel, timber, fodder and chemicals. The concept underlying agroforestry then is thatthere may be some advantage in combining elements in an agroecosystem rather thantreating them as collections of disparate single species with negligible interaction. Thefocus of this paper isto assess the value of certain ecological techniques in the evaluationand optimization of the interactions between the plant components in the system. 

Measures of effectiveness for agroforestry 
Some of the most common mcasure;s of effectiveness of agroforestry used in ourresearch and inthe literature relate to the productivity of the components in the systemand the sustainability of that production within a given environmental and resource
base. Some common measures of effectiveness and their context are presented below.
 

Total yield 
Can a homogeneous single product be increased by agroforestry? This simple productincludes energy, animal fodder, a chemical and so on. Here we compare the totalproductivity, e.g. total dry matter of the agroforestry mixture, with the highest yieldproduced by any of the component species grown as a monoculture. 

Supplementary yield 
Can a supplementary crop be added to the main crop to give supplementary productswithout affecting the yield or profitability of the main crop? Here we assess the species, 
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density and spatial arrangement of crops that when intercropped will not depress the 

yiel'd of the main crop to unacceptable levels. 

Mixture yield 
cd. Should they be grown as a mixture or as twoTwo distinct crop products are requi 

such as the land equivalent ratio (LER)
Ilcre we usC a measurediscrete monocultures? 

which is the sum of the proportions of intercropped to sole cropped yield per unit area 

for each of the components in the system. For examnile, consider a given hectare of land 

Ilat will produce 10 tons of walnuts per year or 10 tons of wheat. An agroforestry system 

Of wheat and walnuls giving 6 tons of wheat and 7 tons of walnut would give an LER of 

7/10 which is 1.3. An LER of greater than one indicates a yield advantage. In 
6,10 as 301% more land would be 
this system it could he said that the advantage is 30% 


required to produce the same yields from monocultures.
 

The ecological approach 

up an experiment to see if agroforestry results in an 
Let us assume that we have set 

improved total, supplementary or mixture yield and we have a result. Likely agronomic 

questions are: 

I. Would a different set of spLcies perform better? 

2. What is the biologicai basis of the yield outcome?
 

". Is the result site-speciFic?
 
4. 	 (an the spatial and teraloral arrangement of the system be improved?
 

are the limiting plant growth resources?
5. What 

The conventional physiological approach to these questions would be to investigate 
e.g. light, and soeic plant

a single environmental variable,
the correlation between 
process such as photosynthesis measulred by a single variable such as gas exchange. This 

could be carried out in the Field or in laboratory situations. This approach is powerful 
In agroforestry - with 

but often requires considerable expertise, time and eq(ulipment. 

this approach, if it is to be comprehensive, is often not feasible. 
its inherent complexity 

in many field experiments in the tropics.
This is especially the case 

The ecological approach is not a direct replacement of the above but is meant to be 

a complementary set of techniques to give focus to physiological investigations or to 
The ecological ap

provide low cost techniques to answer physiological questions. 

proach attempts to use organismic responses in terms of distribution, abundance and 

plant process in order to factor complexes or environment al subsystems. It is inherently 

a mult ivariate ailproach. 

[le phytometer technique 

A phytometcr is an individual plant or population of plants used in a controlled way to 

indicate the importance of various environmental factors in relation to aspects of plant 

form or process. These can include changes in appearance, composition, process rates, 

fertility and longevity. Gardeners and farmers use plants as phytomcters in a qualitative 

sense all the time as implied by statements such as 'the plant is wilting, it needs some 
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water'; 'brown spots on the leaves indicate a nutrient deficiency'; and 'the plant was talland spindly due to lack of light". The use of this idea in a quantitative sense started inthe 1920s whcn plant ecologists used transplanting techniques to determine the environmenial limits to the distribution of certain species (Clements and Goldsmith 1924;Clements and Weaver 1924).A literature review by computer indicated that the technique has not been widelyused in agriculture in recent times. A search through Agricola (1970-1986) and CAB(197 86) data ses yie ed only 17 references (Newman1976; Mlizuochi 1969; Leach 1984; Walton and Smithand Walson 1968;Yokobori 1984; 1Hruszka 19 8 2 Trlica, Child and Bauerlc 1985;a, 1982b; Nasu and Kugimoto 1981; Turkinglon ct al. 1979;Radomski, Madany and Nozyn 1977: Insercntent and De Sloover 1976: Piotrowska andKabata-Pendias 1974; Bonde et al. 1973; Balini 1974; Rodomski, ;Niewiadomski andNozynsk; 1974; Kochendorfcr and Lee 1973).Ti most frequent use of phytomcters is to separate aerial hirn soil factors. Onecan investigate the effect of the aerial environment which includes changes in microclimate o1 climate, light effccts and pest and disease incidence or crop growth. This isachieved by growing plans in c mtainers filled with compost or nutrient solutions andplacing them in different situ ;:tio is. . he compost or nutricnt solution is kept uniform for each phyt oiter so that anyvariation is due to aerial factors alone. This technique has been used to investigate thegeographical limits to crop growth in fundra (Walton and Smith 1976; Bonde ct al. 1973)and the effects of climate on the early growth of crops in Uganda (Huxley and Beadle1964). Plants grown in containers have been used in pollution studies (Trlica, Child andBaucrle 1985; Yokobori i984; Nasu and Kugimoto 1981; Pialrowska and Kabata-Pcndia 1974) and root exudate or allelopathic research (Hruszka 19 8 2a, 1982b).Vcrtical canopy structure effects on photosynthesis in field crops have been investigated using phytometers in the form of kale plants placed in glass vessels withnutrient solution.- placed at different heights in the crop profile (Leach and Watson1968). Plants grown in trenches lined with polythcne sheet wererelative importance of soil used to assess theversus aerial interactions in mixtures of pearl millet andgroundnut (Reddy and Willey 1980). In mixed cropping it is very useful to havemix, ure treatment where the root effects a are kept separate by a polythene partition inorder to examine the aerial interactions that take place and their effect on both LER
and the balance of yield within this system. It is also important with this level of disturbance to have a monocultural control to investigate the effects of trenching with partitions so as to eliminate experimental artifacts.Phytonicters have been used recently to investigate several effects in agroforestry
(Newman 1984). 
 In this cxpcrimcnt the aim was to classify certainenvironment wi!hin zones of aeriala plantation system in terms of the responses of potential tinderstorey crops. The pcrformance of a range of crops 
 - pea, carrot, radish and oniongrown in pots with adcquate soil resources - was assessed in various zones in a pearorchard. Some of the phvtometcrs were placed in areas away from the influence of thetrees. Others were plaited in various zones in the orchard in relation to position relativeto trees. Wi'h sufficient replication it is possible to classify these zones in a number ofways and test var:ous hypotheses using analysis of variance (Figure 1). The relativeperformance of different species can also be assessed. Results from this kind ofexperi

yield. 
ment can be used to show how close to a tree a crop can be grown and still give economicIt may be feasible to grow one understorcy species in areas adjacent to the treesand another species farther away at the mid-point between rows.characterizing the area of influence of the tree component. 

One is in effect 
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in the ground in positions where the 
By simultaneously growing the intercrop 

soil versus aerial effects and thus focus 
can compareare placed onephytomcters It may be possible to gener

physiological investigations in the appropriate direction. 
Fm instance if the
 

alizc about other crops from the pcrformance of a phytomcter. 


response was one in which leaf dry matter was increased in areas adjacent to trees, then
 

a reasonable hypothesis may be that crops with leaves as the economic parts should be
 
or phy

particular form of photosynthetic mechanism 
used. Similarly a plant with a 

siology may closely rcsemble other plants. 

A crop from a particular taxononic family may represent other members of that 

family. Obviously the most relcvant phytomcters are the candidate crops but in sonic 

situations it may not be possit-le to use them due to the difficulties of managing very 
many other plant 

large or slow growing crops in containers. It is important to measure 

rcsponsc variables apart from economic yield in these studies in order to build up a rich 

Useful measures include root/shoot ratio, leaf length, leaf 
picture of plant behaviour. (uxle y 1971),

Many can be mcasurcd non destrucl ively, c.g. leaf volunm 
thickness etc. 

Most of the costs of carrying
various growth stages.

and can be replicated throughmrt 
are related to labour rather than equipment.

out the technique 

1 The layout of an orchard 'plot', defincd as a rectangle with a tree at each 
Figure 


corner. Phytomneters were placed at the centre of each of the 16 positions
 

shown. These positions were then classified in various ways such as 'Dircc

tion' and 'Alphabetical' and their importance assessed by analysis of 

variance. 
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Refining the phytoraeter technique:
 

the use of discrirninantanalysis
 

This can 1: done by using statistical analysis and a varied range of control treatments 

(Newman 1986). In thc previous experiment the hypotheses generated were at the level 

of soil versus aerial eivironment or zones defined in terms of tree proximity or position. 

can le refined to test hypotheses about shade, rooting depth, water, 
The technique 

nutrients and so oi.
 

Consider a situation where yield is dcpressed in an undcrstorey ina zone of radius 

The question arises, What is the ecological 
3 m from a tree in an agroforestry system. 

One could set up a replicated experiment with plants grown in this zone 
It is for this? 

with a variety of simultaneous control treatments used to simulate effects such as levels
 

of shade, soil depth, water availability, fertility, etc.
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Now consider that at the end of the experiment the intercropped plants had pooryield with thin leaves, long internodes and leaves of a particular shade ofgreen. If plantswere found with a similar form and yield in a shade treatment alone, then a reasonablehypothesis would be that shade w,,s implicated in the intcrcropping system.rarely happen Things,so simply in reality, so statistical techniques are requircd in order 1,odiscriminate the most important patterns of behaviour in the system. In graphical termsone could represent the response ,.feach plant in mullivariate space with variables suchas height, root/shoot ratio, etc., used as coordinates. One should look for similaritybetween intcrcroppcd and control response in terms of the proximity of the resultingsurfaces in multidimensional space. Discriminant analysis (Klccka 1975) car,be usedin this form of problem and along with other multivariate techniques can aid many stepsin agroforestry research (Oranga 1981).Consider a situation where understorcy crops are sampled from three zones relative
to trees (Figure 2). Zone A is 
an area farthest away from the trees in Ohe plantation.Zone B is an area primarily influenced by the tree canopy. Zone C is an area where tie
understorcy is affcctcd by the trees roofs and canopy. At the same time the crop was
grown in a control area with no treatments (Zone D) a shade treatment (Zone E) and
a root treatment (Zone F). At the end of the experimn;t manyvariables were measured
on each plant. For radish this may be leaf length, leaf dry weighl, root dry weight and
bulb diameter. The data are then pooled and discriminant analysis applied to find out
what is the most important description of system behaviour, or more 
correctly, whatpolynomial function could best discriminate between zones. Let us assume that the best
function was: 

y = a(w) + b(x) + c(y) + d(z) 
where a, b, c and d are parameters; w is leaf length; x is leaf dry weighi and so on. Themagnitudes of the parameters indicate the relative importance ,fthe variables. 

Figure 2 Possible morphological responses of understorcy radish plants grown indifferent control areas and agroforestry zones. Zones A-C representareas of increasing tree proximity with zones D-F representing controltreatments away from the influence of trees. 

A0 
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A number ofdiscriminant functions are often generated. The usefulness will depend 
discriminan!ccount for. Consider that 

on what percentage of the variance they 
Each zone in Figure 2 would have a y 

function I accounted for 9)% of the variance. 
-I, B = 4 and C 

value using discriminant fmction 1. Results could hiv',c values of A 

F 4.1 andL -1.2 indicating the similarity of A and D, 
= -4with values 1) 1.1, 

a hypolt hesis th,,t 7one A isnot affected by 
B a nd E,and C and F. This would generate 

This is a rather( is al fected 1y roots. 
trees, zone B is affected by shading and ,one 

The main point is that by in
and over-simplified ciarlple of this technique.

crude asured and devising relevant and simple 
thc number of plant attributes mecrcasin can rapidly generrate hypotheses about systems 

similtancou!, control treatme nts one 
evaluate the potential for inter

interactions. This technique has bccn used in this way tI 

Again no ,expensive measuring equipment 
cropping in a I-ear orchard (Newman 19,8)). 

and furthcr investigations can be focused on the important parts of the 
has been used 
system. 

Association analysis 

ltal of interest in tIhe design of agroforc:stry systems in terms of species 
There is agreat 
composition ret ating to tile concepts of ecological combining ability. This could be 

An 
the combinations of species that have mutually positive interactions. 

defined as 
agroforcstry syst em with high ccolovi.kd combinilng ability would have an understorey 

which enhances tree growth and vice versa. com-
Thcoretically it may be possible to trace the crop ancestors of agroforestry 

ponent s and uisnatural associations isatbasis for dc signing s\'stc is. ()ne example of 
foundare of'en associated or 

this is the obseivation that vario us Rub/is specimen's This would suegest that 
growing with Aa/'S or J'VriLS species hi temperate woodlands. 

rcsources 
Ihey have a high pk'tcntial for co-existe nce and may be able to partition growt 11 

!in crop 
ratier than directly compete for them. This natural association is also a comre, 

association in the agroforcstrv of eimpcrate fruil orchards where apple and pear were 

a number of closely iclatcd shrubs (Fekete
0ith blackberry andoften intercropped 

The quantitative analysis of plant associations is a central part of plant com
1958). 
munity ecology and a vast array of techniques has been developed for its analysis (-

Some of these may be ,appropriate for analysing the complex semi-
Kcrshaw 1975). 

natural agroforcsts of the humid Iropics whrc-c the genetic and functional properties of
 

the crop species are not too distinct from wild ancestors.
 

Conclusions 
can further 

In sulmiary it appears that plant ecology has many useful techniques that 

be developed to provide answers to agroforestry problems. Techniques are available 
Metlhods are available for

aCd by trees. 
to fit understorey species with the 'niche" cr,_ 

c\pected yields in many mixtures.
deviations from

focusing on what factors cause the design of totally
answers to questions on 

Finally, ecological stlidies may providC 


novel systems.
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Recent developments in homoclime analysis 
to assist species selection 

T. If.Booth 

CSIRO Divisionof ForestRescarchP.O.Box 4008 CanberraA.C. T.2600, Aist-alia 

Abstract 
Two methods ofhonoclitneanalysis haiebeen devisedto assistthe selectionofAustraliantree speciesfor trials. Both methods use modent interpolation techniques to estimatemeteorologicalvariablesatsites which itna' be some distancefromrecordingstations. Viefirstrequiresno biologicalinfonnation,but simply comparesclinaticconditionsat a trialsiteoutsideAustralia with conditions of2795 locationsin a reptlarhalf-degreegridacrossAustralia. The second tses informationfrom a species' ntiattraldistributtiontand resltsofits perfornancein trials to develop a detaileddescriptionof its climaticrequirements. 

Introduction 
The Australian Centre for International Agricultural Research (A C I A R) is supporting studies of the potential ofAustralian trce species for fue!wood and agroforcstryuse in developing countries (Turnbui 1986).Two methods of homoclime analysis have been developed to assist the selection ofspecies for trials. Both methods makc use of modern interpolation methods, whichprovide better estimates of mean climatic conditions for remote sites than techniquespreviously used. For example, the surfaces fitted for Australia estimate mean monthlyvalues of average daily maximum and minimum temperature with mean errors of 1.3and 4.1 per cent respectively. Errors associated with estimatesprUIl)itation are generally below 1t) 

of monthly mean per cent. The interpolation methods useddevised by Wahba wereand Wendclbergcr (1980) and implemented by Hutchinson (inpress), using data collected by Nix and McMahon (McMahon 1986, p. 60-63). 

Methods 
The first method, known as CLIMSIM (climatic similarity), allows any location in theworld to be analysed, provided monthly mean values of daily maximum temperature,daily minimum t-mperature and precipitation are available. From the .36 monthlyvalues,18 climatic factors, such as annual mean temperature and driest quarter precipitation, arc calculated. These are compared with the same 18 factors estimated at 2795locations in a half-degree grid across Australia. A map is plotted which indicates thelucations in Australia which have conditions most similar to the target site (Figure 1).Booth ct al. (1987) describe the method in detail and use examples from Africa andSouth America to show how the method can assist trec species selection. 
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Locations in Africa which satisfy three main climatic characteristics 
Figure 1 

derived from the natural distribution ofA. auriculifonnisin Australia. 

i 1 I I 

The second method is an cxicnsion of the BIOCLINI (hioclilatic predLction) system 
p. 415; Busby 1986; Hutchinson 

devised byNix, Busby and Ilutchinson (sec Nix l,.(4, 

used the BI(CLIM prograi to analyse climatic variability ii 
in press). Booth (19)85) 

vpft cirIodora. This information was then used to 
the natural distribution of fE;cah' 

shown to worrcspond to many of the arcas 
wcrc
idcnifv honmoclimc sites in Africa. which 

Whcre E. citriodora had proved sucecsfIL1 in trials. 

Booth ct al. (in press) analyscd the iatural distribution of a further twelve cucalypt 

in Africa could be used to improveorn trial
species, but alko showed how rcsuilts I' 

NI program has recently
The BIC)CI' climalic requircm cnits. 

ctimates of the S Lcie in the natural distribution of ten non-cucalypt 
bCCn used to analysc climatic v'ariability 


spccics which havc potential for fucIvood and agroforcstry.
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Comment 
This brief note is intended to draw the attcntion of researchers to these recent developmnits. Further details, including an o01linc of hotlh mclhods (Booth in press), areavail
able on request.

Although the examples cited above have bccn carried out using Australian speciesthere is no reason why 0he same mchods could not be used to analyse the requircenlntsof other species, provided the appropriale surfaces were dcvchipcd for climatic intcr
polaLion. 
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Tree/crop interface investigations
Preliminaryresults with Cassia siamea and maize 

P. Huxley, E. Akunda, T. Darnhofer, D. Gatama and A. Pinney 
itternational Councilfor Research in Agroforestry (ICRAF)

P.0. Box 30677, Nairobi, Kenya 

Abstract 
7he basicunit ofall agroforestysystems is the 'ree/cropiierface'(T).By studying thesein sinallplotsan u'nderstanding of the interactions involved can be developed. Such investigations are best thought of as initial, obsenational trials to help design 'nore formalewperihents. One such is described in which Cassia siameaadjacently in a and maize were grown'Y design which enabled orientation to be investigated. The plantingarrangements an(d assessmnent in thod are d1escilbedandthe preliininaryresutlts ofthefirstthree seasons with the maize crop aregiven.Although ulnreplicated, tie data indicate the etent to which trees, crop and trees, andcrops at the interface behaved in this associationi, on this site. Assessnent criteria for thecrop, fhe yieldprofilcsfron fit interface to the plot edge, are shown by scasonfor both thetilled and unfilled parts ofthe plots. Tie effects oforientation needfurtherstud),.7T/e work so far has opeied lip man), considerations of inethodology aiiddesign notonly for TCI aperinientsbut agroforest.y arperimentationit, general. 

Introduction 
Agroforestry land use systcms can vary considcrably in complexity in terms of numbersand kinds of plant components, their spatial arrangements, and the various temporalsequences of natural plant growth and devclopmcnt patterns which occur naturally, orarc managed. For research purposes, systems
spatial arrangements where 

can be grouped into 'zonal' or 'mixed'the intimacy of associated plant components is, respectively, restricted or encouraged; or 'rotational' arrangements, where the woody perennials are completcly separated from the non-woody plant components in time.Spatially-arrangcd systems can also be manipulated temporally, but within a seasonal
time frame.


The complexities of studying spatially-arranged systems 
can be greatly reduced ifthey are considered, in the first instance, to be formed from pairs of all the associatedplant components; i.e., from an appropriate number of 'tree/crop interfaces' (Huxley1986). Here 'tree' and 'crop' mean, respectively, woody and non-woody plant components, or, in some cases components, Indeed, the choice of zonal or mixed systems,aad their actual design and management options, can not be logically made until anawareness of plant-environrient effects and interactions at the trce/crop interfaces areknown, or better still, understood.
Because the outcome of cven an apparently simple tree/crop interface (TCI) experimcnt is the result of all short and long-term biophysical and environmental factors at 
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an extremely complicated situation (Figure 1).
the expcrimental site, it still presents 

The ultimate goal is that of estimating the si/C of the resource pools (for light, water 
rates of the environmental re

and nutrients), and investigating the magnitude and 
- to a greater or a lesser degree - plant stress 

source-sharing processes that produce 
on each component. Measuring (or estimating) the results amd relative importance of 

on plant growth and development can then, hopefully, provide sound 
these stresses 
guidelines for the manipulation of the systcm, both in order to improve it, and/or to 

provide grounds for extrapolation to other environmentally different sites. Even a more 

limited understanding of the resource-sharing processes can add considerably to the 

predictive outcome of an experiment. 

Figure 1 Tree/crop interactions will result in and be a consequence of changes in 

resource pools, shelter effects, etc. (Source: Huxley 1986).
environmental 
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Whatever the precise objectives may bc,experience to dale has shown that a carefulset of observations of plant bchaviour throughout the changes of season can expose awhole range of ways in which the plant components can be seen t ibe rcsponding to primary or plant-induced environmcntal changes at the various stages of'plant growth anddevclopment, e.g., germination,cmergence, planting-out and so on. Such trials can also,by producing circumstant i:rl cvidence indicative of particulir environmental stresses,help define precisely the experiments needed to invcstigatc the environmental factors
concerned.


Field research with woody/non-Woody nixttires is a relatively new expeli 
 nce formost researchers with ian agricultural or forestry backgrouid. It was, therefore, considcred essential to carry out the kinds of detailed observations reported here beforeprogressing to field triais. Because this investigalion was to explore a wide range ofresponses ofthe plant nuterials. and to (lcvehop assessment metthodology, the Ilots werenot replicated as they w,'ouldbe under experimental conditions. Satisfactory designs forsuch experiments cin only be achieved after sufficient has been learned about the wayplants behave and inte'act in such associations, exactly what assessnents need to bemade, and when.
Tree/crop interface investigalions arc, thcrcforc, as dcscribcd here, probably bestthought of as initial, ol)servational trials which are atcost-effective way of 'opening-u;)

the problem. They will 
 C fOllowed by cither more extensive, but well-focusscd fieldtrials, or b more prccisc rsourcc-rich experiments in which selected environmnentalfactorsarc investigatcd in dcpt I. In their inilial slages, tree/crop interface investigationscan be carried out wherever they occur (as long as lie conditions arc fully understoodaind described). Alternatively, they can bc conducted in small plots using either singletrees or some relevant arramgement oft lie plant components, e.g., hedgerows (Huxley
1987).

It isimportant, ifa regular, linear plant arrangement is used. to consider whether theeffects of row orientation are to be investigated. Sun angles, wind that affects rainfalldistribution (see ncxr paper, this Section) and 'shelter' may influence tree/crop interface responses. If orientation isimportant, a 'geonietnc' design can be used, such as the'Y' design used in the experiment described here. The present iavestigation is part of aseries involving different tree/crop combinations. 

Materials and methods 
The 'Y' design used is illustrated in Figure 2, in which plot size and plant spacings are

given.
 

Tree establishment and management 
Young, nursery-grown, plants of Cassiasjiamea,were planted in April 1984, usinf2 litres
of diluted Aldrex (48.') 
 in tlhe planting hole together with two shovels of farnmyardmanure. No fertilizer was applied until the third crop season (see below). Plants werewatered each wcck until the short rains started in October becatise it is essential in thistype of design to have a complete plant stand. The area was first weeded four monthsafter planting by scraping tlie surface. S ibscqtcnt weeding was done monthly at first,and then as needed under the trees as tie canopy began to close.Trees \w'ere pruned ('capped') II months fronbionas of each plant (larger plants were 

planting in order to regulate thepruncd more heavily than smaller ones) andto train the plants to form multiple sterns and so oblain canopy 2losure sooner. 
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Shape and dimensions of the 'Y' design plot used in this investigation.
Figure 2 

CASSIA SIAMEA / MAIZE IY' DESIGN 
0O
 

WJlNILLEDN'TMLLEr
MAZE MAE W .- E 

7TILLED CA,,SIA SAME T-%LED 
MAIZE T E MAIZE 

Pest problems started with powdery mildew at 15 months after planting. This was 

checked by spraying a fungicide ('Bayleton'), applied every two month; during the 

season when the disease was most severe (i.e., at the end of a rainy period). Stalk borers 

were first noticed after 16 months. They were checked, but not completel- eliminated, 

by spraying Dieldrin on the stems. Lcbaycid was also apnlied in the damage holes, and 

larvae were killcd with wire probes. 
Subsequently, the trees were allowed to grow freely, except that the side branches 

were pruned vertically at the interface with the crop each sowing time. Crops were sown 

after the trees had grown three seasons. 

Crop managenent 

in the outer half of each arm was left untilled and the soil in the inner 
The cropped ar. 
half dug with a hand hoe prior to sowing (Figure 2). An adapted short-season (90-day) 

was sown in the fourth rainy season (i.e., October 1985)
maize composite ('Katumani') 

in parallel rows on each side of the three arms of the 'Y' (i.e., in 6 plots). A spacing of
 

x 0.5 m was used, with the first row 0.5 in from the trees. In order to produce a 
0.5 ni 
complete stand, three seeds were sown per hole and thinned to one plant within 12 days 

of emergence, during which time any essential gapping-up was done. All maize residues 

wcre returned to the appropriate plots. Plots were weeded as necessary by scraping the 

soil and/or by pulling. Pesticide (Dipterex) was applied for stalk-borer control when 
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the maize was knee high. The need to control rodents prior to sowing became apparentin the first season.Maize was nlanted in every subsequent season (i.e., twice above. No 
on these relatively infertile soils (Oxisols), it was considered necessary to fertilize from 

fertilizer was applied in the first two seasons in order to maximize 
a year), 

nutrient 
as 

stress; but, 
season 3 on with a uniform application of N and P at the rate of 100 and 40 kg/ha,respectively, prior to sowing. Fertilizer was applied over the whole plot including thearea planted with trees. Hlarvcsting was delayed until all the maize was fully mature. 

Assessment of tree and crop 
Measurements were taken of the diameter of tree-stem collars (at soil level) and heightof all trees at the beginning and end of every season. Maize height, date of 50 per centtasseling, fresh and dry weight of the true stem (i.e., after stripping away the leaf bases),and cob and seed weight were recorded. In the first season this was (lone row-by-row,and the number of plants remaining after removing discards at the ends was recorded.In the second and third seasons these measurements were taken for every plant. It wasnot possible to obtain measurements of leaf area index for either the crop or tree, butphotogr-phic records were kept throughout the seasons. 

Results and cornments 
We provide here a selection of data from the first three seasons when maize was sown.The data illustrate some of the issues that have emerged from the study so far. The workwill continue for at least three more seasons. 

Rainfall 
Figure 3 shows the rainfall. In this region the rainfall is bimodal, usually with a 'firstrains' (March-May) and a 'second rains' (October-Dccember). The pattern over theperiod f observations taken here was consistent with this but some rain extended intoJanua~y in both 1986 and 1987. 

Cassia siamea 
Figure 4 indicates the growth of C. sianea in height and stem 
collar diameter. As
expected, trees at the interface were larger in both respects than those in the middle ofthe plot, where a fairly uniform stand was apparent. As the standard errors of the row
means show, trees were more variable on the outside, i.e., at the interface.
 

Maize 

Assessment criteria 
Figures 5a and 5b show, for tilled and untilled plots respectively, measurements ofmaizeheight on three occasions during the second planting season, compared with the yieldof maize cobs at harvest. Even in agricultural experiments plant height issatisfactory assessmcnt criterion, since, for any single germplasm selection, it represents 

an un
the net effect of the stage of p!ant development, vigour of growth as affected by theplants' immediate environment, and morphogenetic effects of shading (mutual, or 
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Rainfall at the ICRAF field station, Machakos, Kenya, for the period of 
Figure 3 

observations. 
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otherwise). The last is likely to be a common effect in TCI experimental plots and, as 

Figures 4a and 4b indicate clearly, there is a very poor relationship between the height 

of maize plants and their cob yield. In this third season (second rains, 1986), untilled 

plots produced less maize than did tilled plots, but in neither case was yield affected to 

lowever, there was an indication of a trend for 
any extent past the first or second row. 

greater yields towards the outside of the plots (i.e., away from the interface). A detailed 

analysis of different tree/crop interface effects awaits the results from the continuation 

of this work. 
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Figure 5 Maive height and cob dry weight by row, second rains 1986; a) means of 6tilled plots; b)means of six uintilled plots. 
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Effect of season and tillaige 
Figures 6a and 61 show, for tilled and untilled plots, respectively, the same maize yieldtrends at and away from the interface for each of the three seasons in the tilled plots.Althou.gh general yield Icvkl 
varied considerably bctwccn season, the untilled plotsalways vclded ICss than tilled plots. Iowevcr, there is little indication that the degreeand extent (i.e., general shape) ,fthe interface effect was different between seasons forthe tilled plots. There was liltle change in maize yield between mid-plot and the interface for unlilled plots in the last season (Figure 6b). 
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minic with and without tillage was Ihe hypothesis that 
one reason for growinig 

rapidly into the untilled area and thus 
plots might extendundisturbed tree more 


competitively affect adjaccnt maize yields morc adversely than on seasonally tilled plots.
 

A more detailed examination of interaction between tillage and season must await the
 

results from subsequent seasons.
 

Effect of orientation 

design was chosen as the simplest (and least costly) approach to observc 
The 'Y' (1200) 

major effects of orientation. Figure 7 shows an example of maize yields from the tillcd
 

plots in the second (short rains) season of 1985. So far no clear cut influence of orien

tation has been observed with this trce/crop combination on this particular site. There
 
on the 'rain
 

is some indication that emergence of rnaize in rows close to the interface 


shadow' side (see Section O)(1, this volune) can be slightly delayed. There may also be
 

shading effecls that need furthe r investigation.
 
then one would expect to 

If shading and/or shelter by the trees influcnced the crop, 

observe differences b when comparing rows with difference in proximity to the inter

facc and with different orientations. Although the maize yields from the First two rows
 

of plots I and 6, and 2 and 3 (refer to Figure 2) wcrc slightly higher than in plots 4 and
 

5, with the sun traversing from south of east to south of west at this time of the year, and 

winds being predominantly easterly, there are large (and dissimilar) differences occur

ring in the middle of the plots. Hence even row-by-row comparisons present conflicting 

more detailed study to resolve.
evidence that will require 

Discussion 
Evcn in its carly stages, this investigation (together with those on several other layouts 

and trec/crop combinations which the team is studying) has provided a good deal of 

assessment and data-analysis methodology for both 
useful guidance for the design, 


trcc/crop interface cxpcrimentslkrrseand field trials with tree/crop mixtures in general.
 
on an individual plant 

seasons, datl have been collected for maize 
Because, in some 
basis, it is possible to use this for assessing suitable plot si/es, the extent of guard areas, 

etc. Indeed, it has become clear that the outside part of' each plot (away from the inter

area but can, itself provide clues about the growth and 
face) is not mcrcly a 'discard' 

yield of the crop growing under a more stress-free (but, perhaps more environmentally 

exposed) situation. 
As well as assessing maize height and cob yields, we examined true stem dry weight 

(by removing the sheathing leaf base) and seed dry weight. True stem dry weights were 

not found to be useful and, in any case, required a great deal of labour to obtain. Seed 

as might be expected, is highly correlated with cob dry weight for any 
dry weight, 

particular germplasm source.
 

Some of the interface results obtained may well depend on below-ground competi

tion and wc intend to explore this, either by root sampling and/or by indirectly observing 

seasonal changes in the status of soil water profiles. 

It is beconing clear that effects of orientation will need to be investigated over a 

larger number of seasons with different rainfall regimes, because orientation is likely to 

influence different stages of crop growth in different ways. 

Finally, the type of crop response at the interface that we have described here is not 

or on other sites. If future work 
other tree/crop combinationsalways found with 

confirms this, then this has important implications for the design and implementation 
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Figure 6 
 Effect of season on row yields of maize (9 rows in the first season, I1 in
the other two; a) means of six tilled plots; b) means of six untilled plots. 
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.of agroforestry field experiments because, even if they prove to be imposed by siteand/or management. It is essential to be able to control or allow for such effects ifexperimental variability is to be contained. 
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Figure 7 	 Effect of orientation. Co) weight by rows for separate tilled plots in the 

second season 1985. 
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The rainIthli distribution 
at a tree/crop interface 

T. Darnhofer, D. Gatama, P. Huxley and E. Akunda 
Intenational Councilfor Research in Agroforest O, (ICRAF)

P.O.B. 30677, Nairohi,Kenyva 

Abstract 
Trees in agricultural colpandchange tie ainotintof1precipitaioni witlic/i reachesthcgrotndintheir imnedite vicinitv. 77:ev interfere directly, through itheir canopy (interception,canoly tb'ifl),their branche,." n.vs
(stenflow) ant indirecily by modifjig the wind fiehl.Detailedraiiifall VUlph'iented/)J'asulre/e/if,wind se'd recordings, were carrie(d outalong a crosssection ofan agroforestry eaycrinintuldesign, sited to give c )osure to theprevailing winIs. Data reliabilitY axsesinients were made, andicorrectel to make flie rain gauge readingv.somesmall coti pen.utions fo r wintI effects. The results for 27 storm.srecorded over two .SNasoni show ch'ar miodifications of fti precipitation pattenis at tilewvintlvard/and lecward trtcc"crop iiterfaces, dependent on wind spwed an! direction. Thetffects, whichiwere mutch morelronoutncedon f/it,Itewaid side ofthe barrier, do not twtendfurther than once f/it- free hi igt. Soe ini/litcations foirfihlI aperile's involinghedges

tile noted. 

Introduction 
In agroforestry systems. Irces and crops ;,re grown together on the sameill piece of landsuch a way that thc 
directly 

interact with each other. In most situations this will not happen
but through the modification of environmental factors. The area where the
trees and the crops modify their bio-physical environment 
can be thought of as theIrce/crop interface (CI),
water and nuiricnts ( 

and iswhere they compete for growth rcsourccs such as light,uxlcy IvJ3). Generally the interact ions are complex, either posilive or ncgative, and Ihey can result in complementary or competitive effects. Many of
the processes inv ved relate I() the microclimatic conditions and result from modifications to the radiation rcginie, the heat balancc, the wind regime and thus plant water
use. In order to 
 ptioi c the interaclions in tree/crop combinalions it is necessary tounderstand, and therefore to define and quantify, these conditions. Considering thecomplexity of the problems it appearsjustificd first ofall to break them down and relatethem to sets of cnvironmcnial variables with a subscqucnt impact assessment on theoverall plant performance.
At the ICRAF field station near Machakos, Kenya, a number of plots have beencstablished since 1984 to study trce/crop interactions and to develop methodologies toassc.. biophvsical modificalions at the tree/crop interface (see Huxley ct al., thisSection). Bcca usc in semi-arid regions water is often the most limiting factor for plantdevelopment, wc decided to investigate the rainfall re-distribution at a tree/crop

interface. 
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Objectives 

Trees in agricultural cropland represent obstacles that modify the wind field; such mod

as affecting the rain falling in the immediate 
ifications have long been recognized 

vicinity of tne obstacle (e.g., Jevons 1801). Furthermore he tree itself interferes with 

the rainfall by holding back a part of the precipitation in the canopy (intercept;on); by 

modifying the intensity and the spatial distribution of the amount that falls to ground 

(throughfall); and by causing another fraction of the raiin to flow down the stem (stem

now). 
These factors will change the distribution of the rainfall at the interface. The objec

tive of the present study was to quantify these changes and to assess the eventual impact 

on the crops grown close to the trees. 

Methods and materials 

General climatic conditions 

ICRAF's field station is situated near Machakos in the equatorial East African High

occurs in a bimodal pattern. The first 
33' S, 370 14' E, 1596 m asl). Rainfalllands (10 an average 

rainy season starts around 20 March and lasts until the end of May with 

rainfall of 300 am; the onct of the second season can be expected around 20 October 

with approximatcly 240 mm falling by 20 December. In 1986, during which the obser

vations for this study were made, a total precipitation of 240 mm was recorded during 

the first rainy season and 380 mm during the second one. Observations made since 1983 

indicate that at the field station most of the rain (90, %) falls in intensities above 2 mm/h 

and 331.", have intel ;itics higher than 10 mm/h. 

Mean monthly tei 1pcratures range from 17.2 'C in August to 21.0' C in February and 

arc close to 20 °C dut ng the rainy seasons. 

Easterly winds pre, ail with a high consistency (80 ,), both in general terms and 

during hours with raini, II.The annual average wind speed at 2 m above the ground is 

during hours with precipitation whatever the rainfall 
- same 

a distitct daily variation of the wind speed with minimum values9.7 km/h, and is about ti 
intensity. There is 
around 4 km/h in the early iorning hours and maximum hourly means around 15 km/h 

in the late afternoon; these pcriods coincide reciprocally with the occurrence of maxi

mum and minimum rainfall. 

The experimental tree/crop L:ivout 

ried out using an existing plot consisting of a 
The rainfall redistribution study was c, 

s at 1200 orientation (Figure 1) planted with 
geometric multi-row design with three at 

Cassia siamea in 1984, and first sown with an associated crop of maize in October 1985. 

Each arm consisted of nine rows of 12 C. siamea trees planted in a staggered pattern 

1 rows of maize planted immediately adjacent at a spacing of 0.5 
at 1.5 m spacing, with 
m with a rectangularity of 1. Individual tree heights were measured; Figure 2 shows 'he 

second season of observations. Before the 
average canopy profile just before the 

pruned to keep the trce/crop inter
planting of the maize crop, the side branches were 


face vertical.
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Figure 1 Diagram of experimental plot utilizing'Y' design. 
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Measurements 

Rainfall 
Rainfall measurements are subject to a number of systematic and random errors whichneed to be assessed and eventually corrected. Systematic errors such as wetting losseson the internal walls of the collector, losses due to evaporation, and splash-out andsplash-in from the container, are influenced by the type, frequency and amount ofrainfall; windspeed; saturation deficit; and the physical properties of the rain gauge(WMO 1982). In acomparative micro-scale study these losses can probably be ignoredif the same type ofgauge is used, readings of all collectors are made within a short timeinterval and gauge rims are high enough to prevent splash-in. Random instrumentalerrors can be minimize(] 1)y assuring uniform orifice apertures, standardized collectorsand horizontal gauge rim exposure. Observational errors cannot be excluded, butappropriate training and observer continuity keep this source of data variability withinlimits.An important systematic error is related to the deformation of the wind field abovethe gauge orifice, It depends largely on the wind speed at the gauge rim; the structureof the precipitation; and the shape of the collector. 
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Figure 2 Cross-section of north arm showing average tree heights. 
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Choice of rain gauge 
To meet not only Kenyan instrument standards (KMD 1983) but also ihe requirement 

for minimum interference with the plants, we chose the Snowdon type rain gauge, with 

a 127 mm (5 inch) orifice diameter and a height of 37 cm, without a splayed base. 

A central spike was welded onto the bottom of the outer casing, which was used to 

it in the ground. The rain water was collected in a plastic container with a capacity 
fi, 

3, equivalent to approximately 4 mm of rainfall. For the readings a measuring 
of5(X) cm 

mm was used. 
cylinder graduated to an accuracy of 0.1 

to Kenya Meteorological Office
manufacturedThe turned brass gauge rims were 

specifications (KMD 1983); the coefficient of variation of the aperture areas of the 62 

gauges used was found to be 0.321,' with maximum deviations of 0.,4. 

For the recording of rain intensities and precipitation times, a tipPiag-buckct gauge 

with an eight-inch orifice (324 cm-) and connected to a datalogger, was available at the 

station climatological site, approximately () in from the experimental plot. The data

logger provided one-minute and hourly totals. 

Placement of raingauges wc decided to instrument only the 
Considering the predominantly easterly winds, 

northern arm of the design, as maximum re-distribution effects could be expected under 

this exposure. Five rows of gauges running north-south were set up in the crop plots on 
rows 

either side of the C. sianiea plot, including one directly in the line of the first tree 

(Figure 3). An increase of variability in the amount of rainfall caught by gauges closer 
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Figure 3 Arrangement of rain gauges and anemometers in north arm. 
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to trce/crop intcrface, due to modifications of the wind field and direct tree intcrference,was expected. Thus we varied the number ofgauges per row from 1(RI) to 6(R4, nearthe interface) and reduced the bctwccn-row distance.To monitor the throughfall inside the treed area, another 5rows with 4gauges eachwere installed. A total of 62 rain gauges were installed. 

Measuremtent proced(uresForms based on Figure 3 were used for field data recording and immediate checkingof the readings. Gauge readings were made for every storm with 3.5 mm of rainfall ormore. To avoid crrors due to evaporation and ,vetting losses, storms below this thresholdwere disregarded and the gauges emptied without measurements. Once the maize cropreached the rim height of the gauges no further rainfall readings were taken, but sincethe maize was planted late, nearly all storms were included in the analysis, atotal of27. 

Wind 
Wind islikely to bc one of the major factors affecting the rain distribution and the catchof arain gauge in the vicinity of a tree/crop interface. Wind speed was measured alongthe cross section. Wind speed and wind direction were also measured at the climatological station 60 maway. 
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Anemometer distribution 

Three-cup anemometers (CSI Met-One 014A, the same as at the climatological station) 

along a cross section (Figure 3). The 
arm 

were installed on either side of the north 
cm for anemometers 

distances from the first tree row on either side was 550, 350, 1(X 

FI/F6, F2/F5 and F3/F4 respectively. An anemometer cup height of 50 cm, which was 

13 cm above the rain gauge rims, was chosen to allow measurements without leaf inter

ference during the p;:riod that rainfall readings were made. The sensors were connected 

to a datalogger which was programmed to record every minute and calculate hourly 

mean wind speeds. 
The manufacturer's specifications indicated that the threshhold was 0.46 m/s. A com

parative calibration of the anemometers showed that at speeds above 1.4 mis (5 km/h) 

the differences between the anemometer readings did not exeed 1%. However, at lower 
indicated 

wind speeds (0.3 - 1.0 m/s), differences in the hourly readings of up to 15% 


that the anemometers varied considerably in starting threshholds.
 

Data analysis 

Rainfall 
gauge readings were

rainfall distribution,view of the
To obtain a cross-sectional 
averaged row-by-row for each storm. To assess the reliability of these averages, the 

coefficient of variation of the gauge readings for each row and every storm was calcu

lated, except for rovs RI and R5 which were unreplicated (Figure 4). 

Figure .1 Coefficient of variation of rainfall measutemcnts within rows for 27 

storms. The boxes cover the middle 50% of the values between the lower 

and upper quartilcs with the central line representing the median. The 

lines extend to 1.5 time the intcrquartile range. 
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Within-row variability of the rainfall readings was small for rows R2, R3 and R4 butincreased significantly at row 5 at the tree/crop boundary. The wide range of data insidethe tree plot (R6 - RIO) is related to the effects of the canopy on throughfall. Therelatively high variability of the amounts caught in rows RI I (tree/crop boundary)through R13 are most likely caused by turbulence on the lee side of the tree plot andirregular interception and canopy drip effects.Detailed storm descriptions were obtained from the datalogger records (see Table1for sample description). They included: time of rainfall occurrence, hourly precipitation total, mean wind speeds at the climatological station and at the 6 anemometer sites,and the prevailing wind direction. Rainfall intensities were assessed from dataloggerprintouts of minute totals. 

Table I Details of storm 22 on 2 December 1986. 

MM dd hh RR FFM DD F1 F2 F3 F4 F5 F6Dec 01 13 1.00 12.3 90 7.1 7.3Dec 1)1 14 2.75 9.4 	
6.9 6.9 3.0 2.6104 6.4 6.4 5.5Dec 	 5.5 2.3 2.201 16 0.75 9.3 79 5.7 5.7 5.4Dec 	 5.4 2.4 2.101 20 1.25 11.7 97 6.3 6.4 5.8 5.8 2.6 1.9Dec 01 21 8.00 7.5 82 4.6 4.6 4.3 4.3 2.1 2.0Total/Avg. 13.75 8.4 5.0 5.1 4.6 4.6 2.1 1.8 

MM,dd,hh Month, date, hour
RR Hourly rainfall totals in mm, climatological station.
FFM 
DD 	

Mean hourly wind speed in km/h, climatological station.
Mean hourly wind direction (vector resultant).
FI ...
F6 
 Mean hourly wind speeds in km/h at the TCI cross section,
anemometers FI....F6. 

Wind speed 
Average wind speeds were calculated for the anemometers F1 to F6 and are plotted inFigure 5 for easterly and westerly winds. From these data windspeed modificationfactors were derived for various distances from the tree/crop interface as a function ofthe speed at anemometer site FI, and used to estimate the wind speeds at the rain gauge
rows. Missing 'FI' 
 records were estimated from the anemometer at the climatological
station, using the following regression equation derived from data collected during
periods of simultaneous observations:
 

F1 = 0.4717x FFM + 1.03 (r2 = 0.84) 
where FI is wind speed at Fl (km/h); and FFM is wind speed at the climatologicalstation (km/h). This, and wind records from the climatological station, allowed theclassification of the storms by prevailing wind direction and provided the necessary dataset. 
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Figure 5 Average wind speed across north arm, as percent of wind speed at Fl. 
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Correction of rain gauge measurements for wind effects 

A method described by the World Meteorological Organization (Sevruk 1982) was used 

the variation of catch for gauges exposed to different wind speeds. 
to standardize 

the ratio of precipitation measured in a sheltered 
Correction factors (k) indicating 
gauge to that measured in an exposed gauge, were calculated as a function of the wind 

speed at the gauge rim, and rainfall structure parameters (N). The latter were derived 

in accordance with a method proposed by Bogadanova (1966) using rainfall intensity 

rocasurements. With easterly winds on the windward side of the tree plot, rain gauge 

measurements had to be adjusted by 1.2% to 1.4%. On the lee side, kwas always smaller 

thain 1.01 with an average value of 1.006. When westerly winds prevailed during rain 

storms, it was of course the west side that required higher adjustments. Nevertheless, 

differences on the Ice side were less pronounced as was appacent from the average wind 

profile. 

Results and discussion 

Rain gauge data for all 27 storms were grouped by rainfall amounts for storms with east

erly winds (Figure 6). Data for storms with westerly winds were pooled (Figure 7). 

Figure 8 displays the distribution of the total rainfall amounts across the plot. 
- 13( ) generally decreased very slightly

Rainfall amounts with easterly winds ( 60 

(1%) from RI to R2 (significance of P < 5% using the one sided sign test) followed by 

an insignificant increase to R3. (Figure 6) From R3 to R4 a small (2%) but significant 

( P < 1% ) increase was observed. At the tree/crop boundary, (R5) there was, on 

average a 4% higher amount of water collected in the gauges than in R4, but as for the 
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Figure 6 	Average rainfall distribution across north arm for individual storms witheasterly winds, a) light storms; b) medium storms; c) heavy storms. 
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Figure 7 	Average rainfall distribution across north arm for individual storms with 

westerly winds. 
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storms 11, 13, 15, 17,25,26 the situation was actually inverse, the significance parameter 

remained below 5%. Applying a paired t-test, only the increase fron. R3 to R4 yielded 

significance at 5%. 
The initial decrease of rainfall caught in the gauges is difficult to explain. It may be 

that the uplift of the airflow when approaching the tree barrier kept some of the rain 

out of the gauges. It may be an artefact of the inherent randomness of gauge catch. At 

any rate, the amount of the change isvery small. 

At the windward (eastern) tree/crop interface, the rainfall caught by the gauges was 

greater than that at the reference R1 by an average 4%; and on the leeward TCI, 8%. 
and 67% to 125% at the twoto 138%

Values for individual storms varied from 65% 

sides, respectively. 
The higher rainfall recot ded close to and at the tree/crop interface iscaused by direct 

interference of the trees. Earlier studies of the rainfall distribution under trees (-

Linskens 1951) have shown that precipitation at the outer end of the tree canopy, con
to 

sisting of throughfall and large drops running off leaf tips and branches, can be 10% 

20% higher than in the open. The vertical pruning of the C. siamea at the tree/crop in

terface would have sited this canopy drip area close to first stem row. 

Throughfall measurements inside the tree plot indicate that on average some 15% 

of the rainfall in the open is intercepted by the canopy or reaches the ground as stem

flow. For storms with a total amount of less than 10 mm, this value increases to 21% 

while the proportion of iterception and stemflow for storms above 20 mm is only 11%. 

Although not completely regular, the distribution pattern of the throughfall reflects the 

density of the canopy. Although this was not measured, it was observed to be much 

denser on the outer rows than in the center of the tree plot. 

The relatively high precipitation at the tree/crop interface on the lee side of the plot 

(R11), 8% greater than at R1,can again be explained by the canopy drip effect, which 

was most likely reinforced by the especially dense foliage of the taller outer tree rows. 
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Figure 8 Average rainfall distribution across north arm for all storms. 
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The leeward area adjacent to the western tree/crop boundary experienced asharpdecline in the amount of water received during storms with easterly winds. At R13, adistance of 1.5 mfrom the last tree row, an average of 73% of the total rain in the open(at R1) reached the ground. This rain shadow effect varied considerably, however, andis clearly dependent on the wind speed. Between 50% and 60% of the precipitationrecorded under undisturbed conditions was measured at R13 when the reference windspeed at the climatological station during the hours with maximum rain was greater than10 km/h (e.g., storms 25 and 18). At wind speeds lower than 5km/h (e.g., storms 11 and13) the maximum rain shadow effect gets closer to the interface and was already apparent at 0.5 m distance with adecrease in the rainfall amount of only 15% and 12%,respectively. The distance over which adjacent crops would be deprived of rain wassmall. For example, at 3.5 mfrom the trees, adistance equal to their height, the precipitation was nearly back to undisturbed conditions; and at R15 (about 1-1/2 tree heights
from the interface), the total amounts do not on average differ more than one or twopercent from the ones at RI on the windward side of the tree plot.The rainfall distribution patterns under conditions with westerly winds (Figure 7)show less distinct features, which can probably be attributed to the wider directionalrange of the winds ( 1800 - 3600 ). The rain shadow effect on the lee side can howeverbe seen on the rainfall cross-sections for the storms 5,6and 7which had reference windspeeds from 5to 13 km/h during the hours ofmaximum rainfall, even if this effect extendsonly to adistance of0.5 m from the trees.A detailed analysis of the maize crop data (see Huxley et al. this Section) did notreveal a negative influence of this rain shadow on growth or yield, suggesting that theindicated reduction ofprecipitation did not limit the water availabilityfor plant development in absolute terms during these two seasons. Under conditions where the generalprecipitation patterns did impose growth limitations these might, however, be reinforced by such modifications of the rainfall regime adjacent to the tree/crop interface. 

381
 



Meteorology and Agroforestry 

Indeed, in such circumstances, a relatively close-plantcd barrier can be expected to in

fluence rainfall redistribution similarly; e.g., with hedgerows or boundary tree lines, and 

on the edge of plots of tall crop plants. Even if the distances over which such effects are 

manifested are small, an understanding of them can help with the interpretation of yield 

data from agroforestry field experiments carried out under similar condition;. 

Conclusions 

With our experimental set up, the rainfall regime was clearly modified at the tree/crop 

the wind speed and its direction relative to the 
wereinterface. The main factors 

canopy. As expected, the leeward side of the tree plot 
tree/crop interface, and the trLc 

rcccivcd less precipitation than the undisturbed windward side; but, surprisingly, not 

much less. The area suffering from rainfall reduction was greater on the leeward side 

and was dependent on wind speed and wind direction, but did not exceed a strip wider 

than the height of the trees. Reductions of up to 50',1 were bccn observed at a distance 

of less than half the tree height; the average for storms with the same wind direction 

was 27%. Considcring storms wlih winds from all directions, th,: same area experienced 

a total rainfall deficit of only 18%. 

Prccipitation caught in the gauges at the trce/crop interface was increased. This 

increase could not only be attributed to wind effects but was also influenced by the 

canopy; direct interception of the rain above the gauges, by Icaves and branches, was 

balanced by or exceeded by the drip from the entirc canopy. 
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Abstract 
The study conducted at Aftiwapa, Coast Province, Kenya, during the long rainsof 1985 and1986 on the influence ofrainfalldistributionpattern on the yield ofmaize under Leucaenaleucoccphala alley croppingshowedthat rainfalldistributionpatter hadsignificanteffecton theyield ofmaize even though the total rainfalfor both years was the sane (11301 2ffeand 1128 inin for 1985 and 1986, respectively). Aaize vields'for both )ears were also consistently higherunder high Letcaena densitiesthan under low densities or the sole crop.}Telds of maize iure verv low in 1986 a%a result of the heaty rains during the earl), cropgrowth stage (vegetative) '91%) and litthlduringthepollination andgrain-filling stage (reproductive) (9%) as compared to 1985 where rainfal distvibution vas relatively unifornwhereby 58% of the total wainfallfell during the vegetative growth period and 42% duringthe reproductive period. As the result yield ofmaize in 1986 was reduced by about 60% ascompared to that of 198.5. 

Introduction 
In the tropics, crop yield fluctuates significantly from year to year, more so because ofthe variable distribution of rainfall than from the total received. High rainfall at thebeginning of growing pcriods and its absence at later stages of crop growth and development could significantly rcduce yields, evcn when the total rainfall during the growingseasons is normal and adequate for high crop yields. Reduced crop yields under alleycropping in such poorly distributcd rainfall could result nutrient leaching and from competition for the same moisture at later crop growth and development stages. This reportillustrates the effect of rainfall distribution on the yield of leucacna alley-cropped maizefor two consecutive years, the 1985 and 1986 long-rain seasons at Mtwapa, CoastProvince, Kenya. 
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Materials and methods 
was planted in May 1982 in a parallel systematic design 

Leucacna leucocephalaK-28 
(Bleasdale 1967) comprising 3 between-hedgerow- row spacings (2, 4 and 8 m) and 4 
within-row spacings (0.5,1, 2 and 3 m). It was cut back to height of 0.5 m on March 1985 

after a growth period of three years. The leaves and small twigs were incorporated into 

the soils during weeding after fresh weig'ats were recorded. Maize (Coast Composite 

-variety) was intercropped at a spacing of 90 x 30) cms on April 1985 and April 1986. 

was applied at the rate of 150 kg/ha during planting.
 
Triple superphosphate (TSP) 


was applied at the rate of 50 kg/ha twice during 
Calcium ammonium nitrate (CAN) 


growing period. made
 
Due to the vigorous coppicing of the lcucaena, two additional prunings were 


in April and May. The leaves and twigs less than 5 mm in diameter were incorporated
 

into, the soils d'ring weeding. The maize was harvested on 20 August, 125 days after 

planting. 
Similarly, during the 1986 long-rains season, maize was planted as an intercrop with 

leucacna on 1 April. The lcucaena was coppiccd at the end of M;,rch, April and May. 

All green leaf manure (GLM) of the three cuttings was weighed and recorded before 

being incorporated into the soils of their respective plots. TSP and CAN were applied 

as in the 1985 cropping season. A control plot with five replications was also planted 

rate of fertilizer application during the cropping seasons of both years. 
with the same 
The plots were left fallow between experimental periods. The maize was harvested on 

18 August, 138 days from planting in 1986. Data on rainfall distribution of the two years 

obtained ',rom the agromet station of the Coast Agricultural Research Centre, 
were 

this study was conducted. A statistical analysis was performed with 
Mtwapa, wher" 

rainfall distribiLtion in the two years and lcucacna spacings as independent variables;
 

and grain yield and green leaf manure as the dependent variables.
 

Results and discussion 

Maize yields under Icucacna hedgerows were significantly higher in 1985 than in 1986 

even though the total rainfall for the two years was essentially the same, 1130 and 1128 

However, during both years maize yields were 
mm, respectivcly (Table 1and Figure 1). 


significantly higher than those of the sole maize crops.
 

The reason for the lower yield of maize in 1986 appears to be the poor distribution 

during the two- month veget-tive growth period and 9% 
of rainfall in that year: 91% 

during the pollination and grain- filling period. In the previous year, the same amount 

of rainfall was more evenly distributed: 58% in the first two months, 42% in the second 

caused excessive leaching of 
period. We believe that the early heavy rains in 1986 

nutrients such as N and K which were then unavailable to the maize crop. Nutrient leach

ing rates are high in the coastal sandy soils (Anon 1984). A single rain has becn ,cported 

to have the ability to move nitrates from the soil surface to a depth of 6 cm i6 24 hrs 
also found that 54 

(Thompson and Troeh 1979). Vittum, Lathwcll and Gibbs (1968) 

kg/ha of K was leached as a result of adding 10 cm supplementary irrigation per year. 

Although this experiment was in the temperate zone (New York), they sugested that 

the observed leaching approximated the loss in tropical humid regions. 

On the other hand, the small amount of rain that fell during the next two months of 

was likely to inhibit pollination and grain filling due to 
reproductive period (103 mm) 

Water stress caused either by low soil potential or high transpiration 
moisture stress. 
demand has consequences that involve physiological functions ranging from primary 
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Table I Maize yield (kg/ha) of 1985 and 1986 under leucaena alley cropping. 

Between row Year Within-row spacing, mspacing m 0.5 1.0 
 2.0 3.0 Mean 
Yield, kg/ha2 1985 4,000 3,6C0 3,600 2,500 3 , 4 25a1986 2,598 1,752 1,988 1,608 1,986 

4 1985 3,40(0 2,675 2,363 3,683 2,780b1986 1,302 1,330 1,382 1,076 1,292b 

8 1985 3,100 2,475 3,100 2,033 2,677b1986 786 856 746 686 789 

Mean 1985 3,500 2,917 3,021 2,406 2,9611986 1,561a 1,312a 1,372b 1,123b 1,342b 

Sole maize 1985 2,600
(control) 1986 475

SE a = 87.38 b = 107.02CV c = 123.58 
31.4
Means followed by different letters differ significantly from each other when tested with
Duncan's Multiple Range Test (DMRT) at 5%.
 

Figure 1 Rainfall distribution patterns of 1985 and 1986 long rains seasons. 
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biochemical processes to effects on whole-plant physiology (Crafts 1968; Kozlowski 

1108a, 19N8b, 1972, 1976, 1978). 
Though the main effect of water stress on photosynthesis is attributed to the open

ing mechanism of the stomatal aperture, there is some evidence that an inhibition of 

been aggravated by competition from thephotosynthesis also occurs as a result of water stress in the cells (Salisbury and Ross 

1969). This moisture stress could have 


lcucaena hedgerows which coppice vigorously after every pruning.
 

Maize yields from narrow leucacna hedgerows has been observed to be significantly 

lower than under wider hedgerows, all other factors being equal (Kcdir and Bashir 

). This showed that under moisture stress, leucaena could also compete with the 
108 
food crop. Under the conditions of the present experiment, however, higher yields of 

maive (4(H00 and 2598 kg/'ha for 1085 and 1980 respectively) were attained by intercrop

pin!, with high density leucaena hedgerows as compared with yields obtained with the 

lower-dcnsity hcdgcro\vs (2510 kg!ha and 475 kg/ha in 1985 and 1986, respectively) and 

the sole mia/e crop during both years (Table 1). Thc reduction in yield of maize in 1986 

was about 35(%( in the 2 x0.5 m plots when compared to the maize yield reduction of the 

sole maize crop that had a reduction in yield of "" from 1985 to 1986. 

The positive correlation between maize viclds and amount ofGLM incorporated into 

the soil during both years (Figure 2) showed that the higher yield of maize in the high 

density leucaena hcdgerows (e.g., 2 x0.5 m) was also associatcd with the high GLM pro-

Correlation between maizc yield and green manure incorporated into th'e 
Figure 2 

soils during the long rains seasons of 1986 and 1987. 
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duced (Table 2). Conversely, maize yields were consistently negatively correlated withincrease in hedgerow spacing (Figure 3) which produced decreases in GLM yields.In the higher density leucaena hcdgcrows (2 x 0.5 m), the effcct of high evaporationrates and wind velocity that are characteristic of the coastal area might have beenreduced as a result of the high dcnsity hedgerows serving as a windbreak. Also partialshading of the soil could have creatcd a favourable microclimate of stable humidity forthe development of thc intercrop under high leucacna density plantings.As is the practice in alley cropping systems (Kang, Wilson and Lawson 1984), theleucacna hedgcrows were left to grow during the dry season and develop a dense canopy.This con. ,ls the growth of weeds and protects the soil from the intense heat of the sun.The high yields of GLM that were obtained from the three cuttings of the high- densityIcucacna hedgerows, anti the extensive root system of leucacna, could have added morenutrients and organic matter to the soil. This may have substantially increased the moisture retentive capacity of the sandy soils. Thus, nutrients and moisture would be morereadily available to the crop than in lesser lcucacna hedgcrow densities and sole maizecrop (Table 2).Agriculture in the coastal strip of Kenya is currenfly characterized by predominantlytree-bascd systems io which trees such as coco palm, cashew nuts and mangoes are intercropped with cassava and/or maize, with or without associated livestock grazing. Ourresults indicate that under the conditions of uneven rainfall distribution, high evaporation rates, high wind velocities and weeds that occur in the coastal strip of Kenya, alleycropping may be a useful alternative farming system. This should ameliorate the highleaching rates of the soils and reduce the need for chemical fertilizers. 

Table 2 Lcucacna green manure yield (t/ha) of 3 prunings for 1985 and 1986 long
rains seasons. 

9.62% 

Between row 
spacing m 

Year 
0.5 

Within row Spacing m 
1.0 2.0 3.0 Mean 

2 1985 
1986 

Yield, t/ha
28.3 17.4 
32.2 16.9 

13.9 
14.1 

11.3 
14.06 

17 .7a 
19.0 

4 1985 
1986 

18.3 
20.4 

8.6 
11.5 

6.5 
11.2 

8.2 
7.6 

10.4b 
12.0 

8 1985 
1986 

121 
12.9 

62 
9.7 

46 
6.7 

48 
6.7 

69 .Oc 
9.0 

Mean 1985 
1986 

19.5a 
2 1.8a 

10.7b 
12.7b 

8.3b 
10.7b 

8.2b 
9.4b 

11.33 
13.0 

SE a = 0.4310 b = 0.49 c = 0.86 

Mcans followed by different letters, significantly differ from each other when testedwith DMRT at 5%. 
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Figure 3 Correlation between maize yield and spacing during the 1985 anid 1986 

long rains seasons. 
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Abstract 
Te tree x crop interfacewitl respect to competitionforlight in an agroforestrysystem canbe defined as the proponioniate area ofcrop-producggrolin(Fmax doil which the treescastshade- the fractionof the landarea which would be shadedif the trees wele non-trany-Initting). The actualproportionof the availablelight which is receivedby the crop (T) isgoverned by the equation:-

T = Tf + Fma. e-KL' 
where Tf is the fractionofavailablelight which misses the treesaltogether,L 'is tree canopyLAldivided by Fmax andKis the light extinction coefficient within the tree canopy.Where the treesforni a continuousuppercanopy in a nulti-soysseis I and the light received by the under-treecrop isaf Tf is zero F 

tree nction of tree canopyLAiLA! is un iforl distributedso will be the light received by the crop. 
d f 

the rows and alley-ways and also by latitude and tinie of day and year: these last threefactors determiniig solaraltitude and aziniuth. Where the rows are N-S the lower thelatitudeihegreqterthe relativeirradianceofthe alley. If the ratiooftreeheightto alley widthis more than 1:1 the irradianceoverthe alley is remarkablyuniform. Wi/i E-TWrows, there 

In tree-row x crop-alleysystem T[ is controlledby the dimensionsand orientationsof 

are strong interactionsbetween titne ofyear, latitude a d shadingpatte . itequatoralregions,for eramnple, at certain tines ofyear the alleys i'ould be able to produce cropsrequiring]righ light intensitiesirrespectiveoftree height whereasalley irradianceat 30,N isnever quite as goodandis optimalat quite a different time ofyear.Young trees interceptrelativelylittle oft/ie icidtradiation.It was shown erperimentally that crops of strawberriesgrowing between 2- amid 3-year-oldrows of apple trees atnormalcommercialspacimgdidnot reduce t/e appleyields an4 in themselves, yielded asmuch as when grown in the open. 

Introduction 
In previous papers (Jackson 1983 and this volume, Section 2) simple general method ofdetermining the proportions of [he available light which will be intercepted by the treecrop and ground-crop components of agroforestry systems was discussed. The possi

high light requirements for development of their economic product with ground cropswith lower light requirerrlents was also considered.In this context the area of crop-producing ground which can be shaded to any extentby the trees is considered as a tree/crop interface. For convenicnce, although trees may 

bility of maximizing overall productivity by combining trees of high transmissivity but 
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bear crops themselves they are, in this paper, simply referred to as trees unless their 

economic product is specifically being considered and the term 'crop' is used for the 

ground-cover crop beneath or between the trees. 

in order to optimize the integrated agroforestry system itisessential to know the pro

portion of the total light which will be available to the ground crop(s) and its distribution 

It may well be preferable to have the entire crop surface 
over the cropped area. more shade-tolerant 

uniformly as is possible, or to have a system with 
irradiated as 
ground crops planted nearest to the trees. 

long time to grow. Moreover, the number of potential 
aTrees, however, take 

combinations of tree and ground crops is large, the arrangements in which they could 

be combined is almost infinite and the size of factorial experiments on agroforestry

A
 

systems such as to limit the number of combinations which it is practicable to test. 
and densities of tree 

to the effects of different arrangements
modelling approach 
canopies on the light penetrating to the 'agroforest' floor thus has many advantages. 

Thle results of such modelling of light distribiition in agroforestry systems can then
 

be used inconjunction with experimental data on shade responses of the different crops,
 
a guide both to the direct planting of 

asof growth and cropping etc,
their seasons 
agroforestry systems and to further experimentation on these. 

Calculation of light distribution over the crop in
 

agroforestry situations
 

The general equation that defines the proportion (T) of light transmitted to the crop is: 

(1) 
T = Tf + Fmax CKL 

where Tf isthe fraction of the available light which misses the trees altogether and would 

reach the crop even if the trees were totally non-transmitting (i.e., solid and opaque); 

Fniax is the fraction of the available light which would be intercepted by the trees if they 

total ground surface) divided by
leaf per m 

were non-transmitting; L' is tree LAI (m 

Fnx.; and K isthe light extinction coefficient of the tree canopy. 

This equation can be applied to an agroforestry system of any level of complexity. 

Here it is used in relation to three distinct types of system, the first two being defined 

in their extreme forms: 

1. Multi-storey systems in which the trees form a closed canopy through which light 

penetrates to the crop beneath. Separation between tree and crop is thus primarily 

The term Tf in equation (1) is zero, Fmax is 1 and light 
in the vertical dimension. 
transmission to the crop will be controlled by vertically-summed tree LAI and the 

relevant light extinction coefficient K. 

2. Row.and-alley systems in which rows or belts of trees which are so dense that no 

crop can grow under them are separated by clear alley-ways in which crops can be 

Tf, because there is effectively no transmission through the 
= 
grown. In this case T 

The light energy available to the crop is a function of the pattern of (solid) 
trees. 
shadows cast by the belts or rows of trees which, in turn, is dependent on tree height, 

Scattered, very dense trees 
latitude, row orientation and time of day and season. 


casting 'solid' shadows provide a variant of this type.
 

3. Intermediate systems in which transmission to the crop is both of light which by

passes the trees altogether (Tf) and light which passes through the tree canopies (Tc) 
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which is calculated as FmaxC KL' as in equation (1). Almost all multi-storey systemsand row-and-alley systems are likely to be intermediate systems in their early yearsbefore the tree canopies grow together (multi-storey systems) or become so denseihat crops can only be grown in the alleys (row-and-alley systems). 

Multi-storey systems 
The key question in such systems is likely to be whether they are indefinitely sustainableas agroforestry systems. ic whether light transmission will not iltimately become tot) lowfor crop production under the trees. If the system is not indefinitely sustainable thequestion becomes that of the age at which either the canopy has to be thinned or cropping under it changed to more shade-tolerant crops or abandoned. For calculation ofthese limits itis essential to measure Kfor the tree species (see J'ckson 1980, 1983), therate of increase i. LAI and to know the light requirements of the under-tree crop. 

Row-and-alley systems 
A computer program to calculate cast shadows from non-transmitting hedgerows ofvarying size, geometry and orientation at different latitudes was used in relation toorchard system design (Jackson and Palmer 1972) and subsequently modified to dealwith transmission through the canopy (Palmer 1977). Methods were also described inthese papers for calculating diffuse light interception in row-and- alley systems. Theseprogrammes enable calculation of the light intensity at any point on the 'floor' of ahodgerow orchard or a row- and-alley agroforestry system at regular intervals each daythroughout the year, anywhere in the world, given the appropriate input data.includes tree dimensions and shape, alley-way width, latitude and date (from knowl-

This 
edge of which solar altitude and azimuth throughout the day can be determined).If the shadows are not effectively solid, information is also needed about canopydensity and the light extinction coefficient for the canopy. These latter can be treatedsimply in terms of leaf area or in more detail separating out effects ofbranches and fruitsas light-intercepting structures. Where there is a close relationship between leaf area
and the dimensions of branches etc, which isoften the case, then calculations based on
leaf area and extinction coefficients determined in situ in relation to measured leaf area
are likely to be satisfactory.
Whereas the light penetrating through a continuous upper-storey canopy is little
affected by latitude, solar altitude and azimuth, these factors are very important with
respect to Tf in the discontinuous canopy, row-and-alley situation and interact strongly
with row oriep,,tion. As an illustration, the effects of all combinations of the following
were investigated, assuming non- transmitting belts of trees with vertical sides wherethey abut on the alleys: 

1. Ratio of tree height to width of clear alley between adjacent belts of trees:0.25:1, 0.5:1, 1:1, 2:1;2. Row orientation:- N-S, E-W, SE-NW;
Time of year:- 21 June, 21 September, 21 December;

4. Latitude:- 0 (equator), 30N, 50N. 
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For latitudes in the southern hemisphere the data for 21 June and 21 December must 

be reversed: a SW-NE row orientation gives similar results to the SE-NW orientation. 

1.ght levels across the alley were first calculated for totally diffuse conditions, assuming 

a Standard Overcast Sky, and then integrated over the day for clear, sunny conditions 

using the levels of diffuse and direct light in relation to solar altitude given by Monteith 

"'1909)and calculating cast shadows on the assumption that the tree rows or belts were 

flat-topped and vertical-rided, i.e, of rectangular cross-section. The computer pro

gramme assumes that the diurnal pattern of irradiance is symmetrical about true solar 

noon. 
Figure 1gives the variation in light levels across the clear alley-way under diffuse con

dhions. The term 'clear alley-way' is used to indicate the alley between the (assumed 

vertical) edges of the tree canopies, not the distance between tree trunks on each side 

Pfigure 1 Irradiance at different positions across the alley surface between two 

hedges, bordering the alley at 0 and 1 respectively, with 4 ratios of hedge 
use light only.

height to cicar aley ,vidth (0.25:1, 0.5:1, 1:1 and 2:1). Dif 
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of the alley. As the ratio of tree height to alley-way increases not only does the relativeirradiance received on the alley-way decrease but there is much less variation across it.Figures 2, 3 and 4 give the patterns of irradiance across the alley-way under clear,sunny conditions for the three row orientations for each latitude and time of yearcombination. The patterns for the N-S rows show little effect of time of year.The effect of latitude is not very great but is consistent, the lower the latitude thegreater the relative irradiance received .onthe alley and the greater the proportion of itirradiated to above any particular percentage of full daylight. At i ratio of tree heightto alley ,idth of 1:1 or grcater, the irradiance across the alley is remarkably uniform,light levels adjacent to the trees being but little lower than those in the centre of thealley. This suggests that an alley crop which does not have too high a light requirementcould be produced to a uniform standard under these conditions. Where the above-

Figure 2 	As in Figure 1,at 3 latitudes and 3 times of year. Full sun;hedgerow orientation E - W. 
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As in Figure 2. Full sun; hedgerow orientation N -S. 
Figure 3 

510 
300


00 

100 0.25:1 

*21 Dec 

2:1 

0 I,-------/001 

_ _ 21 Sept 
~~ " -_--

0 

21 June'7 

11 01 00 

canopy irradiation levels are high the alley-way levels should be such as to produce good 

crops of shade-tolerant plants such as tropical beans and cassava (Jackson 1988). 

With E-W rows, the pattern is altogether more complex, depending on latitude and 

time of year. In equatorial regions there is obviously a short growing season around 21 

September when the entire alley width is highly irradiated, with half of it being well 

irradiated from June to September and the other half of it from September to December 

even when row height equals clear alley width. This opens up obvious possibilities for 

growing even high-light-requirement, short-season grain crops over half of the alley in 

row- and-alley systems as long as water supply is adequate. 

Rows oriented SE-NW are intermediate in their effects on light distribution on the 

As shown in Figure 4, it is only in a limited number of cases that uniform light 
alley. 
conditions obtain over the greater part of the alley. 

These computer-model results are essentially illustrative. The assumption that the 

trees are nontransmitting is a 'simplest case' assumption which is effectively true for 

some tree canopies which have high LAI values and dense habit (e.g., many windbreaks), 
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Figure 4 As in Figure 2. Full sun; hedgerow orientation SE - NW. 
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but much less so for others. Transmission through the canopy would increase the lightincident on parts of the alley but would not, except in very extreme cases, influence thebasic pattern of variability with latitude, time ofyear and tree and alley dimensions. Thisvariability is such that it is obvious that a much more detailed analysis is needed beforedecisions are taken about row orientation and spacing for individual situations. Inparticular there would be need to: 

1. Investigate a wider range of tree height to alley-width ratios;2. Examine row orientations which might be favoured, for example, for reasons ofcontour terracing;3. Define the local radiation climate and take into account the actual ratio of diffuse todirect light and features such as the prevalence of mid-day or afternoon cloud whichcould affect the relative irradiance from different sections of the sky; and4. Carry out the calculations fbr each day, or a day in each week, of the year. 
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The tree/crop interface 
an example of minimal competition 

In orchards producing apples for commercial sale, the trees are now generally managed 
Such 

so as to maximize the yield of well-coloured, large fruits rather than total yield. 

fruits can only be produced under conditions of high irradiance on the actual fruit 

surface and on the nearby spur leaves. The level required varies from variety to variety 

but the minimum light requirement for good quality fruits ranges from 30 to 50% of full 

lesign when the trees are mature therefore
 
daylight. The ultimate target of orchard 

Even in mature
 
places a high value on the orchard and the trees not being too dense. 

apple orchards the trees seldom intercept more than 70% of the available light. For the 

first few years after planting light interception is much lower than this, because the trees 

have not yet attained their full size or canopy density. Typically, a productive modern 

5-year-old orchard may intercept only 30% of the available light (Jackson 1980) and a 

3-year-old orchard planted as a very intensive 3-row-bed system intercepts a similar 

amount (Jackson and Middleton 1987). 
are grown in hedgerows; the tree-row 

In most apple-growing countries the trees 

being maintained free of competing grass and weeds by the use of herbicides while the 

alleys are grassed. 
Bcnefits and problems arising from elimination of the grass in the alleys are discussed 

elsewhere but there would seem little reason why a crop could not replace grass in 
as 
the

areasons and not harvested 
alley-ways since the grass is cut only for management 

crop. In an experiment planted in 1982 a comparison was made between the yields of 

apples (grown in hcdgerows) with herbicidcd, grassed, or strawberry-cropped alley

ways and between strawberries in these alley-ways and in the open. 

Apple and strawberry intercropping experiment 

Experimental details 

The trees (cv Cox's Orange Pippin on M.9 EMLA rootstock with James Grieve polli

nators every fourth tree) were planted in the spring of 1982 as two replicates of a 3 x3 

latin square with three treatments: overall herbicide, grass alley-ways, or strawberries 

The trees were 3 m apart within rows 4.5 m apart and the 
(cv Cambridge Favourite). 

strawberries were grown as three rows 1.1 m apart centred in the middle of each alley

way. This enabled the wheels of the tractor to pass between the rows of strawberries to 

apply the spray chemicals. The ground immediately under the trees was kept clear of 

grass, strawberries and weeds by herbicides: this herbicide strip being approximately 

1.2 m wide. 

Apple fruit yields and quality.
 
Results are given in Table 1.
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Table 1 Effects of alley cropping on the yield and fruit quality of Cox's Orange
Pippin apple. 

Year None 'Crop' in alley 

1983
Yield (t/ha) 
Yield Class 1 (t/ha) 
Mean fruit size (g)
% wt fruit Cl I colour 
% wt fruit CI1russet 

(overall 
herbicide) 

2.62 
0.81 

142.00 
99.00 
31.00 

SED 
Strawberries 

2.11 
0.60 

138.00 
99.00 
26.00 

Grass 

1.98 
0.90 

139.00 
100.00 
29.00 

6df 

0.472 
0.240 
4.710 
0.810 
8.190 

1984
Yield (t/ha) 
Yield Class 1 (t/ha) 
Mean fruit size (g) 
% wt fruit C1 1 colour 
% wt fruit CI I russet 

9.52 
5.53 

134.00 
85.00 
71.00 

8.47 
4.96 

122.00 
92.00 
64.00 

8.41 
5.32 

123.00 
90.00 
72.00 

0.447 
0.399 
6.240 
2.140 
2.010 

1985*
Yield (t/ha)ha 
Yield Class 1 (t/ha)ha 
Mean fruit size (g) 
% wt fruit CI 1 colour 
% wt fruit C1 1russet 

4.31 
1.98 

182.00 
92.00 
51.00 

5.59 
2.79 

173.00 
93.00 
53.00 

6.06 
3.08 

170.00 
92.00 
55.00 

0.994 
0.552 

10.400 
2.420 
5.250 

*The strawberries and grass in the alleys were treated with herbicide in spring 1985 so
the yields in that year show residual effects only. 

The only significant effect on total yield was in 1984 when total yield was lower withgrassed alley-ways than with overall- herbicide treated alleys, but this effect was not seenin the yield of Class 1 fruit due to the improvement in fruit colour under the grass treatment. This improvement in colour was not evident as a residual effect in 1985 after boththe grass and the strawberries were killed by weedkiller.The effects on the market quality of the apples indicates the potential complexity ofintercropping effects. The higher proportion of well-coloured (Class 1colour) appleswhen grown with strawberries or grass in the alley-way was probably due to competitionby these for soil nitrogen: it being well established that high soil 'uito'o, reduces fruitcolour and that 'grassing down' improves itby lowering nitrogen levels. The reductionin the percentage of top quality apple fruits with respect to skin-finish (%Class 1 russet)in 1984 when apples were intercropped with strawberries represents skin damageresulting from the chemical spray programmme used for strawberries. 
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Strawberry yields 
There were no significant differences between strawberry yields in the open and those 

in alley-ways between trees. The trend was in favour of strawberries in the open in 1983 

but this was reversed in 1984 (Table 2). 

Effects of growing Cambridge Favourite strawberries in the alley-ways of 
Table 2 

a young apple orchard as compared with in the open. 

Strawberry yields (t/ha) 
SED 36dfIn orchard alleysOpen-grown 

19183 0.2025.13 4.86
Dessert fruit 6.49 0.2546.99Total fruit 

1984 
9.86 10.68 1.145 

Dessert fruit 1.22314.98 15.86
Total fruit 

These results should not be taken to simply that apple trees and strawberries cannot 
planted closecertainly occurs when the trees are 

compete with each other which 

together and the strawberries are grown under them (Atkinson 1975). It does, however,
 

show that when grown with the degree of spatial separation implicit in row-and-alley
 

systems with herbicide use within the tree row the effect of young trees on the alley crop
 

arid of the alley crop on young trees can be minimal.
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Abstract 
Trees integratedintofields ,nay compete with the cropsforlight and waterand thereforecan reduceyields. h Nyabisindu (CentralPlateauin Rwanda, 1700 to 1900 rn, approxinately 1500 ni of rainp.a.) it wasfoundfron experience that in thisplace the shadingeffect is more inportantin normalyears.The effects of arrangemnentoftrees in thefield, tree spaciag andpruningof the canopy onlight interception were tested in casestudiesin agroforestrysystenas withiup to 8year-oldGrevillca robusta. Shadingeffects can be controlledefficiently byplantingthetreesin rowsin east-west direction leaving a 'lightchannel' of 8 to 12 in width in between. 250 to 350treesperhamay leadto an averagelight eximction ofover50% in conaparisonto the openfield. Bypnningt/e lowerbranchesofthe crown, light extinction can be reducedto about35%. 7tis degree ofshadingwas toleratedby inaize-beansnixed crops.l ellinaintaiaedrows oftreeson the sidesoffields (E-Wdirectiola) hadnosignificanteffecton the haunidity of the soilas naeasuredby tensionacters. However, the potentialevaporationin the middle of thefield was reducedby 36% in average. Plants in the open i,ldshowedsignsoftemporarywiltingin hot afternoons,whereasthiswas nornaallynot t/ecaseia thefield wita trees. 77Te reducedligtavailabilitywasprobablyover-compensatedby taegain in timefor activephaotosynthevis.In a drought season, water competition between trees and crop was observed and thedroughteffects were more severein the shadedfieldandcloseto treesthan in the openfield. 

Introduction 
Natural and human environment 
Nyabisindu is located in the Central Plateau region of Rwanda, at an elevation ofapproximately 1700 - 1900 m asi. The soils of the hilly landscape have a moderate-to
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1200 mm of rain may be expected-
poor natural fertility. In normal years about 1000 

during the humid period from September to June (PietrowiCz 1985). This permits two 

crops per year: the (so called) first or short rains allow cultivation of beans or an early 

or long rains are adequate for a 
maize (e.g., Katumani compound) while the second 
longer.maturing crop. Traditionally Sorghum bicolor is the preferred crop during this 

season.m2ofw ofwhOmm 
The Nvabisindu region is inhabited by approximately 400 persons per k, 

for their own
 
more than 90% arc small-holder farme..rs producing almost exclusively 


consumption (Dressier 1984). The traditional forms of land use (shifting cultivation and
 

extensive pastoralism) are no longer likely to provide enough food for the further grow-

Soil degradation and erosion reach
 
ing population (Miniplan 1983; Delapicrre 1985). 

as important as food
 
Also the supply of fuclwood, obviously

alarming dimensions. 
crops, is becoming short (Stcblcr 1983). 

A low-input system for sustainable agriculture 
a precondition to any 

are not easily rcsolved. However, 
These complex difficulties 

vill be an intensified, ecologically sound, sustainable agriculture 
positive development We are convinced that 

an optimal way. 
that utilizes the locally availalble resources in 

superior to agronomic systems with a higher capital 
diversified low-input systems are 

turnover, at least under the prevailing local conditions. An improved farming system 

on the basis of: was developed 

1. the natural climax vegetation (i.e., tree savannah in the drier cast and semi-deciduous 

forest in the west); 
2. autochthonous farming practices; and 

3. experiences gained elsewhere under similar ecological and socio- economic con

ditions. 

includes agroforestry techniques, intercropping, 
This diversified farming system 

rotations with green manuring and lays, erosion control, and intensive cattle rearingwith 

minimum grazing, and so forth (Ludwig 1976; Egger 1982; Pictrowicz 1983). 

The role of trees in a low-inpv, Tarming system 
jural fields implies material for fodder 

The systematic integration of trees into agr.i, 

or compost, demarcation and stabilization of erosion control stripes (PAP 
and mulch excess sunshine, etc. 
1984), protection of soil and crop from wind, hca y rains, and 

1983; Pictrowicz 1983). 1lowevcr, trees integrated into fields may not have 
(Neumann 
only positive effects but also negative impacts. Competition between tree and crop for 

light, water, and nutrients is probably the most important limitation to agroforestry. 

of competition will be dependent on the age 
Under given site conditions the dcgrec 

or size of the tree; the species and its characteristics such as crown shape and density; 

the shape of the root system; and, last but not least, the density and the arrangement of 

1985; PAP 1984, 1985). Whereas the 
the trees in the field (Neumann and Pictrowicz 

characteristic properties of a tree species make it more or less suitable for agroforestry 

role on the performance of an 
a decisive 

use, the managcmc. ; of tree stands plays 

airoforcstry system. 
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Effect of trees on light availability in fields 
In demonstration fields with up to cight-year-old Grevillea robusta trees, some management-dependent factors were tested. They included the arrangement of trees in thefields and the modification of the crown shape by pruning.When the plots were established, trees were planted densely along terrace bordersand contour lines separating the 8 - 10 m-wide field strips. It was then observed thatcrops, especially maize, performed much better in strips oriented east-west than in thoseoriented north-south. It appeared that this was due to differences of light availabilitydepending on the orientation of a field strip. In the equatorial tropics the sun movesfrom east to west with little deviation from the zenith. Thus the center of east-westoriented strips received full sunlight throughout the day; while in strips oriented northsouth, direct sunshine was limited to a few hours around noon; for most of the day, thefields were shaded by the trees.Approximately half of the trees were cut. The light interception (as measured with alight meter)* was reduced from 47% to 17% as a result of the cutting. In practical terms,maize scarcely grew under the pre-thinning condition, while itperformed well after thethinning.However, if the contour lines and hence the field strips follow the cast-west direction, an average light interception of up to 50% may be tolerated. This average valuecomprises the area of permanent shade under the trees (up to 80-90% light interception on a sunny day) and the inner field which receives full sunlight throughout the day(center of field: less than 10% light interception). Maize grows well in the inner field,but not under the trees.Size and shape of the crowns also have important effects on the light availabile tocrops grown in adjacent fields. The effects of pruning may be exemplified by a fieldheavily shaded by Grevillearobustaat a stand density of 634 per ha. The trees were upto 8 years old and unpruned, resembling a forest more than a field. Removing thebranches from the lower quarter of the crowns reduced light interception from 72% to54%. Subsequently a quarter of the trees were felled to obtain an even distribution of480 trees per ha, resulting in an average light interception of 47%, averaged over thefield (Table 1). 

Table I Sequential opening of a field shaded very densely by Grevillearobusta (634trees per ha, age up to 8 years, tallest tree 15 m, tree rows in north-southorientation, crowns freely developed); light extinction in % of full light. 

Treatment 
Light 

Extinction %control
lower branches cut off: 29% of crown depth of trees 	 7210 m high

26% of crown depth of trees 10 m highthinned to 480 trees per ha 	 54 
47light channels in E-W direction opened, approx. 50% of trees felled 17 

Source: Neumann & Pietrowicz 1985 

ILight interception was calutated from lux valucs detcrmined simultancoustly in fields with andwithout trees. No data are available on the radiation relevant for photosynthcsis. 
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In well-spaced and maintained agroforestry stands with 250 to 350 trees per ha of 

variable age, the average light extinction varies between 20% and 50%, depending on 

the orientation of the slope and the rows in the field. This degree of shading is tolerated 

by maize- beans mixed crops. 

Effect of trees on water availability in fields 

Soil moisture and potential evaporation were compared in fields with east-west orien

ted, well-maintainewd rows of trees and neighbouring open fields. 

Although trees had no significant effect on the moisture status of the soil as moni

tored by tensiometers, soil moisture tension appeared slightly higher in shaded fields
 

and closer to the trees.
 
Trees reduced the effective rainfall by interception. Even the open cer,Ler of the field 

less rain than the open fields. In normal seasons water con
received an average of 10% 
currence between trees and crops was not expressed. During a drought season, however, 

distinct water concurrence could be observed. The drought effects were more severe 

in shaded fields and close to the trees than in open fields. 

The rows of trees in the agroforestry plots reduced the potential evaporation con

siderably. In the center of the field, which received sunshine throughout the day, the 

potential evaporation was reduced by 36%, compared to open fields. During the obser

vation period (49 weeks in 1983) the average weekly evaporation was 25.5 mm in the 

open and 18.8 mm in the shaded field. This finding is supported by phcnological obser-

In the open fields plants showed temporary wilting signs in hot 
vations of the crops. 

afternoons, whereas this was normally not the case in the fields with trees.
 

Effect of trees on crop yield 

The average harvests obtained in this experiment over five growing seasons are sum

marized in Table 2. The data are for mixed crops, i.e., maize and beands in the first rains; 

and maize, soy beans and sweet potatoes in the second rains. While the harvests of maize, 

beans and sweet potatoes were significantly higher in the agroforestry treatment, soy 

beans and particularly the weeds suffered from the shade. 

The effect of tree integration on the harvest of mixed crops (average over 
Table 2 


five seasons)
 

Harvest w/trees Difference 
Crop 

open kg/ha % 
23*1476 1204(grain)Maize 798 * Bean (grain) 885 11 
39 *2439 22335 312244Soy Bean (grain)(grain)Bean 393375 2439 

Sweet Potato 32**1680 2210 
Weeds (dry weight) 5 ns15270 14560 
Green manure 

Source: Neumann and Pietrowicz 1985. 
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Conclusions
 
The case study confirmed that spatial arrangement and management of tree stands aredecisive for the performance of an agroforestry system. To limit light interception to adegree tolerated by crops, trees must not shade the agricultural land permanently. Onlevel land, this can be achieved by planting trees only in east-west-oriented rows. Onslopes, where this is not possible due to the need for erosion control, trees should beplaced at cross points of contour lines (e.g., terrace borders, erosion control ditches)and thought lines in east-west direction leaving open 'light channels.' Also, pruning thelower branches of trees can reduce light interception considerably.The higher harvest obtained in well-maintained agroforestry plots indicate thatslightly reduced light availability (approximately 15-20% in this case study) can becompensated for by again in time with active photosynthesis.The optimal density of trees (number per ha) and the degree of shading of a field isprobably very site-specific. The most important determining factors include species,age, size and shape of the trees grown, exposition of the field, light and water requirements of the crops to be grown, temperatures and moisture availability during thegrowing season; and probably also the nutrient status of the soil. 
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Abstract 
An eaperimnenzt on 'Agrotcchtiiq,,esforsoil con setl,ation in taungs'asytvte, ns' was conductedat the histnict.onalFarn, College of Horticulture 1,ellanikkarafora periodof two yearsfront May 1984 to April 1986. 77e 'naintobjectieL' of the c'pri'nent were to assess Olernoff soil and ulutiient losses as inl7uienced ,y the important tattngvapractices and toevolve ecoi.omicalh,andecologically viable agrofo.-estrv.n easuresforsoil consenation.Eiicalyptus, the nain tree component, w"zs intercropped with the ust. all-cultivatedtaungka crops of cassava and rice. The fficienc, of cassava plantingon ridges, grassfaningandgrassstrippingwas also investigated. There were seven treatnewatsreplicatedthrice in randomizedblock design. Daily nnoff andsoilloss were quantifiedby installingmntlti-slot devices c )isjti/g of 47 slots wud brick inasonly sett'ing tanks specificclly

Jesignd for theproject.Various rainfa.lcharacteristicswere relatedvis-a-vis nioff andsodl loss. It wa"fouindttmatnrnoffwa3 highly correlatedwith the an,ountofrainfall(rby kinetic eners' (r = 0.930"") closelyfollowed0.912**) and.Ii n (r = 0.848"*). Soil ,lossshowed 'nainuincorrelationwi..' Ell- (r 0.977**). -1coiparalivelylessercorrelationofrunoff with soil loss(r 0O.;90* ) indicatedthat erosion was more influenced by raih;fallcha.racteristicsthan 
Culivatedf'I/h ,plot producedthe highest ntnoff of 12.59 nun (53 per cent of the totalrain) andsoil loss of 352 t/ia/yr. Moo, idplattintgwas veryn ih deleterions irrespective)ft/iec assava~popl~itioli. Rice tauntgva was co/t/)ratively,harmless. Grassfarningwasmore eff cient than ridging in controllhngsoileosion auid nuofJ. It accepted iorethan 96percent of Ihe rin anderodedo0'Y 0.40 ti/iaofsoil in the secondyear. Replacing lOpercei of the cassavapopulation ; itl gr'issstripsreducedsoil erosionby' 4 1percent as COMparedwith the nmixi.I/in cassavatrwedplot Aithin 
 n.year. Tre plantingalonecouldredtce the soil erosion bv 8 7per ce/li in/the second year.
The erodedsoil wals, .i 
. avieral,more clave andcontainedmor nutrientsiha;athe soilniatrirespeciallyduilngthe initial'no/itths, Cultivatedfallow plotiadlost 416, 116, (6O,
242) 878 and 229 kg//ia of N, P,K, Ca, Mg and S respectively.Sich losses were 395,
120, 697, 183, 717 qiid 213 re.spectively ili eucalspus + five,cassavaon/ maounids.
Grassfanning, irrespectiveof high fertilize, applicatioln, effectively ,-educed the above
'iittrielitlosses respective's to 4.0, 0.40, 4.0, 2.0, 0.70 and 0.10 kg/ha. Rid'eplantingof cassava was also comparableto grassft5mning in controlling ,'itrientdrain.Mound plantingof cassavacultivatioi affected the soil physical characieristicwhilegrass, rice a/idzero cultivation iri prved /the . Appreciable chemical changes were notmanifestedbetween treatienitsduring i e ini vestigationperiad. 
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The tuost robust trees were observed in tire eucalyptus-alonetreatment. The weakest 

trees were st en with eucalyptus + five cassavaon ,noutr'cLv. The highest net income of 

Rs. 10, 120 IlhaproducedbyWeucalyptus + grasscombined with the complete controlofsoil 

erosion in the secondyear make this treatment the most ideal. However, the absence of a 

subsidiatyfood crop limits its adoption on a wide scale. Wien acceptability,profliahility 
1M percassava + 

and sustainahilityare taken into account, the treatment eucalyptus + 

."secns to be a better system.
cent grasssti 

IIntroduction 

Soil erosion is universally rccogni7ed as a serious threat to man's well being. An alarm

ing majority of farmers cspccially in the tropical developing world suffer from devastat-
Current conservation 

ing effcct of soil erosion and consequent low crop productivity. 
are

dams, rctaining walls and terraces 
embankmcnts, check

tcchniques of contour This inevitably prevents the hill 

characterized by their h,gh cost and impracticability. 


slope farmers from adopting them to any measurable extent.
 
effective in reducing erosion than conservation 

moreProper crop managemeit is 
This is mairly duL to dissipation of the 

as terracing and contouring.
practices such argues that vegetation is so effe-tive 

cover. Shaxson (1981)
rainfall erosivity by crop 

that more effort should be made to integrate crop cover with other soil conservation 

practices. Unfortunately the research on the effect of crop cover in reducing erosion is 

inadequate to serve as a basis for conservation planning. 

Most of the re
brittle ecosystem of the tropics whcre soil erosion is a major problem.Agroforestry is a su:tainable systcm of land management suited to the fragile and 

search restilts now available are from temiperate zones; and a knowledge of the mech
1982). 

anism in tiopical climate, soil and ecosystem is rathcr inadequate (Kanwar 

Environmental conditions and farming systems need to be taken into account when 

transferring technology from one country to anothcr. Therefore, soil conservation plan
or even eco

ning must necessarily be country-specific and sometimes region-specific 

nomic-sector-spccific. 
Kerala, the southernmost state of India experiences a tropical humid climate and re

ceives intense seasonal rainfall leading to severe soil erosion. Almost half of the culti

vated area is on sloping lands not suitable for agriculture. The farmers are forced to 

cultivate cassava, the most important subsidiary food crop of the state on these steep 

pressure on arabic land. Cassava is, however, a highly erosion- per

slopes due to acute 
But low cost of cultivation, quick returns and lesser incidences of pests 

mitting crop. 
and diseases make this an inevitable component of subsistence farming. It is important, 

therefore, to develop conservation techniques that incorporate the protective ability of 

tree crowns and crop canopies against rainfall erosivity. This paper gives the details of 

runoff and soil loss as influenced by cucalyptus-based 
a two-year field experiment on 

agroforestry on a steep sloping farm in Kerala. 

Materials and methods 
Kerala Agricultural University, Vellanikkara, Tri

was conducted atThe experiment 
The site was situated at 100 32' N and 70' 10' E at 

chur, from May 1984 to April 1986. 

an altitude of 22 m asl. The soil was a deep, well drained, moderately acidic, sandy clay 

loam oxisol fairly rich in organic matter. The plot had a slope of 25 percent facing north. 
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The experiment was laid out in uniform runoff plots of size 24 m x4 m, arranged lengthwise facing north.The following seven treatments were rep!icatcd thrice in a randomized block design. 

TI -Eucalyptus alone.
T2 -Eucalyptus + five plants of cassava on mounds in between four trees.T 3 - Eucalyptus + fou: plants of cassava on ridge across the slope taken in between

four trees.T4 - Eucalyptus + one cassava on mound in between four trees (Present taungya practice allowed by Government on hill slopes).
T5 - Eucalyptus + congosignal grass.

T6 -Eucalyptus + upland rice.

T7 -Cultivated falN.w.
 

In the second year, T7 was changed to eucalyptus + cassava on mounds as in T2 +10 per cent of the area intcr-strippcd with congosignal grass.Daily runoff from each plot was collected in a runoff- collecting device comprisinga brick masonry tank and a multi-slot device with 47 slots, specifically designed for thepurpose. Settled and suspended sediments were measured separately and total soil losswas calculated. Splash erosion in each treatment was determined by installing splashcollection assembly as suggested by Verma (1984). Rainfall interception was assessedby measuring the throughfall under the canopy cover with ordinary rain gauges. Canopycover index was calculated from the canopy cover of each crop and each treatment.An automatic recording rain-gauge installed at the experimental site provided detailson specific rainfall events. Various characteristics of the rainfall, viz., amount, duration,intensity, kinetic energy,
15 minutes / 100), E13o 	

E115 ( total k.e. x maximum rainfall intensity in( total k.e. x maximum rainfall intensity in 30 minutes / 100),and Aim (amount x intensity maximum factor) were determined (Wischmeier 1975;Hudson 1984). 

Results and discussion 
Splash erosion and rainfall interception
 
as influenced by canopy cover
 
Data on splash erosion and rainfall interception are provided in Table 1 and Table 2,respectively. Figure 1depicts the monthly combined canopy cover index.In the first yea" the cultivated fallow plot, T7, recorded the highest splash erosion
and T5 the lowest. 

ments, T3gave 

[6 immediately preceded TS. Among the cassava intercropped treatne maximum value followed by T4 and T2. T1 recorded lower value thanthe cassava inte-cropped treatments.The second yc.ir showed almost the same trend. T7 registered a lesser value than T3,n(I T4. In grass plot Tj, annual splash erosion was significantly less and even registeredzero values in some months.Table 2 reveals that, in the first year, grass and rice plots recorded maximum in.erception. T1 registered the lowest 	interception. Other treatments gave intermediatevalues. The same trend was followed in the second year.Splash erosion isa measure of the detachability of soil particles by the impact of raindrops. The highest splash erosion observed in T7 of the first year is due to the impactof the un-interrupted rain on the cultivated bare fallow plot. Soil detachment due to 
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Table 1 Splash erosion (g/m 2) 

TreatmentMonth 

T5 T6 T7 Mean
T3 T4TL T2 

1984 

May 
June 
July 
August 
September 
October 

10.46 
60.63 
49.66 
11.23 
11.96 
14.79 

11.94 
66.92 
62.67 
15.42 

7.84 
8.75 

13.49 
69.61 
72.15 
15.08 
13.87 
10.46 

11.19 
60.62 
64.07 
18.18 
19.57 
15.20 

10.96 
23.29 

42.3 
0.18 
0.41 
1.46 

9.84 
21.63 

8.79 
0.84 
2.91 
9.00 

12.49 
65.52 
72.19 
18.91 
27.64 
27.41 

11.48 
52.59 
47.69 
11.41 
12.03 
12.44 

Mean 26.46 28.92 32.44 31.45 6.77 8.83 37.36 

C.D. (0.05) a = 1.78 b = 1.32 c = 3.55 d = 3.48 

1985 
6.81 10.99 7.67

7.76 10.16 1.486.22 10.27May 83.29 62.5910.53 18.6095.47 81.3565.60 83.34June 30.99 24.5742.73 1.43 2.21
24.97 29.88 39.80July 0.48 9.00 7.79 

8.60 9.16 12.01 15.14 0.11 
0.15August 0.18 0.180.20 0.18 0.000.30 0.21September 4.75 5.54

8.82 10.11 0.21 4.82
4.86 5.21October 0.91 0.980.00 0.81
1.07 0.87 1.10 2.10 

December 
4.82 20.0123.11 1.9715.95 19.85 23.59Mean 

b = 0.69 c = 1.91 d = 1.84 
a = 0.93C.D. (0.05) 

CD for months between treatments 
CD for treatments c = a = 

CD for months within treatmentsd = b = CD for months 
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Table 2 Rainfall interception (%) 

Month 
Treatment 

TI T2 T'3 T4 T5 T6 T7 Mean 

1984 

May 
June 
July 
August 
September 
October 

0.00 
0.65 
2.81 
9.06 

13.93 
16.03 

0.00 
4.57 

18.82 
24.56 
26.73 
31.16 

0.00 
3.24 

17.04 
23.49 
25.98 
30.27 

0.00 
1.16 
7.32 

15.55 
18.13 
21.57 

0.00 
17.04 
35.25 
39.86 
39.61 
44.39 

0.00 
18.36 
28.96 
40.75 
33.60 

9.40 

0.00 
7.50 

18.37 
25.55 
26.33 
25.47 

Mean 8.50 21.17 20.00 12.75 35.23 26.22 

C.D. (0.05) a= 1.73 b = 1.44 = 352 d = 3.51 

1985 

May 23.18 14.46 13.05 14.09 12.82 14.71 0.00June 13.1925.52 23.63 22.83 24.66 34.41 39.00 15.36 26.49July 26.00 32.00 34.96 30.20 41.39 45.85August 32.67 31.03 37.6542.03 40.10 40.71 56.42 50.85 33.09 42.27Septcmber 35.70 48.58 40.63 41.17 39.12 29.05 36.43October 38.6731.37 41.20 39.89 34.18 34.93 18.90 33.89 24.58 

Mean 27.90 33.22 31.59 30.54 33.64 30.71 25.54 

C.D. (0.05) a = 1.14 b = 1.18 c = 3.08 d = 3.12 

a = CD for treatments c = CD for monthsbctwcen treatmentsb = CD for months d = CD for months within treatments 
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impact of rain is mainly determined by the energy with which individual raindrop hits 

the soil sui face (Mutchler and Young 1975; 1ludson 1984). When the rainfall character

istics of maximul intensity, average intensity, kinetic energy, El 15, Elio and Aim were 

correlated with splash erosion, higher poritive correlations were seen with Aim 

was no canopy to intercept the rainfall 
(r - 0.923*). There(r = 0.932**) and ElI 

dur;ng first ycar in T7. 
The lowest annual splash erosion and zero valucs observed during some months in 

indicativ . of the very high protective ability of dense vegetal cover, tile energy-
T5 are 
dissipating power of which has been established by many workers (Hudson 1971; Mcyer 

ct al. 1975; 1lusein and Laflen 1982). The rainfall interception data provided in Table 

2 explain the extent to which the vegetal cover of each treatment protected the sol from 

Ts and Tf, rcgistered higher interception values in all 
the direct impact of ,aindrops. Depthsome months of the second year. 
the erosive 1101it0hs, exceeding 50 per cent in 

= 0.975**) fol
of rainfall showed maximum positive correlation with kinetic energy (r 


**), maximun intcnsity (r = 0.714* *) and
 
= 0.90P ), El 15 (r = G.8 5 9lowed by Al.. (r 


duration (r = 0.712**).
 a corresponding de-
As rainfall interception increases, throughfall decreases with 

crease in crosivity. In T(,This explains the lowest splash erosion of T5 where the combined 

of bare ground (Figure 1).
about one-eighth that 

canopy reduced crosion to 

though the canopy co~er index went below 1.0 consequent to rice harvest, the canopy 

offered some protection in all the erosive months and registered value!; comparable with 

those of T5. were to a great extent 
The variations seen in the cassava-intercroppcd treatments, 

proportional to the amount of canop. except in T3 where ridging was practiced. The 

rcdaced rate of splash erosion seen ir, T2 as compared to T4 towards the end, substan

tiates this. But all the cassava-treated plots showed significantly higher throughfall, no 

Figure 1 Monthly combincd canopy cover index. 
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matter whether the population of cassava was minimum as inT4 or maximum as in T2.The initial slow growth ofcassava, severe soil disturbance due to mound planting, largeexposed area and possibly the high energy of leaf drips (Finney 1984; Noble and Morgan1984) are the probable reasons. Comparatively lower values seen in T7 towards the endof (ie second year are indicative of the protective abilityofgrass stripping. Lower valuesof splash erosion during second year in Ti are attributed to the undisturbed nature ofsoil and stabilization effect of trees. 

Runoff 
Table 3 provides details of monthly and annual runoff observed in different treatments.During first year, T7 gave the highest value and T3,the lowest. Towards the end of theyear, T3 and T5 became comparable. In the second year, T5 gave significantly lowerrunoff than all other treatments. Ti, giving higher annual runoff in the year showedlesser values than T6 in some months of the second year.The protective abilitv of each treatment is probably responsible for differenceF in
runoff. The maximunm runoff in T7 during the ficst year is attributed to the decreased
infiltration rate. Direct, continuous ard uninterrupted impact of raindrops may puddle
the soil surface and plug the macroporcs with fine soil particles (Hudson 1984).
The effects of vegetation :nd ground cover are noticed in other treatments. Canopycover incrcased the rainfall interception, reducing throughfall and runoff. In tile grassplot, tlie highsct infiltrability coupled vith transpiration might have reduced the runoff.The grass plot :ven surpassed T3 in accepting almost 96 per cent of rainfall during 

Figure 2 Runoff as a function of treatment. 
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Table 3 Monthly runoff (mm) 

tTr eatm 

Month 

MeanT6 T7
T3 T4 T5

Ti T2 

1984 

MayJune 
117.22
434.94 

114.07
422.67 

8.25 
81.53 

117.50 
436.58 

84.30 
270.77 

93.32 
320.94 

11.41 
45- i 

93.43 

344.48 
July 375.73 381.32 41.86 375.59 260.55 305.61 417.63 308.33 

August 
Septembcr 
October 

53.69 
61.77 

126.63 

47.12 
56.09 

100.98 

9.31 
9.29 

16.35 

46.36 
61.45 

10.38 

14A0 
8.77 

18.36 

35.54 
14.57 
45.07 

63.09 
,8.56 

136.88 

38.45 
40.07 
79.09 

Mean 195.00 187.04 27.77 189.48 10().46 135.84 209.84 

C.D. (0.05) a = 2.53 b - 1.86 c = 5.03 d = 4.91 

1985
 
251.89263.92 423.40356.31 48.64

260.09 352.24 58.60 206.86June 228.76 324.1136.20276.72 
July 222.06 306.50 53.06 

15.12 74.47 41.59
63.00 15.18

42.31 63.69 17.32 0.93August 0.79 1.29 
1.30 0.4(0 1.14 0.81

0.81September 21.62 44.33 28.489.98
42.37 10.2'8 52.07
18.71 1.90October 1.69 2.222.42 0.99
2.82 2.26 0.87 

December 


88.65 111.9718.6323.42 125.2891.23 128.06Mean 

d = 7.642 9 b = 3.84 c = 7.51C.D. (0.05) a = 

CD formonths between treatments
= CD for treatments c 
a = 

= CD for months within treatmentsdCD for monthsb = 
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second year (Figure 2). The benefit of grass was manifesto:! clearly even when 10 percent of the area was grass stripped. T!is suggests that grass once cstablished is moreeffective in reducing runoff than ridging.Rice also controlled runoff to a significant
grass. cxtent and in cffect behaved similar toThc mound mcthod of cassava cultivation seems to accclcrate soil runoff. Eventhough increased rainfall interception was noticed in T2 there was no appreciabledifference in runoff between the cassava-cropped plots.The stabilization cffcct of the trcatments consequent to trcc cropping is worth noting.Even though there was more rainfall in the second year, all treatments recorded comparativcly lesser runoff. This was more evident in TI which maintained robust trees.Undisturbed soil consequcnl io zero cultivation i.-iht have aided in reducing runoff. 

Soil loss 
Loss ol soil as settled and suspended sediments in cach treatment is prescnted in Tables4 and 5 respectively. Annual total soil loss (settled + suspended sediments) is dcpictedin Figure 3. The largest quantity of both settled and suspended sediments is observedin T7 in all the monthis rc,ordin, an annual total of about 350 t/ha, a value many timeshi her than the tolerable limits of erosion. As there was no protective cover, the soildctachability of falling rindrops and iransportal)ility of the runolfwcrc very high. Eventhough "" recorded some soil loss in the initial months, soil erosioncompletely conirolled by the end of the second year (0.4 tiha). 

was almost 
This was even less thanT3 which recorded 1.22 t/ha in the same period. The moderating effect of grass and its 

Figure 3 Soil loss as a function of treatment. 
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Table 4 Monthly settled sediment loss (t/ha)
 

T reatme nt
Month 

T6 T7 MeanT5T3 T4TI T2 

1984
 

49.99 37.642.30 46.93 34.19 38.21 
May 44.99 46.85 

62.30 71.91 146.27 97.26
122.53 142.37 4.53 125.73June 62.58 36.17 

July 41.07 57.64 0.15 55.20 13.02 23.49 
0.C5 0.43 7.83 4.010.01 7.12August 5.61 7.04 

0.23 31.04 11.680.00 16.55 0.10
September 20.36 13.45 6.420.07 0.74 17.850.00 9.8110.93 5.52October 

52.591.15 43.56 18.29 22.3841.91 45.48Mean 

b = 0.78 c = 2.17 d = 2.06 =C.D. (0.05) a 1.22 

1985 

32.77 100.30 39.560.58 55.11 0.1623.84 64.18June 0.03 4.90 48.48 17.6830.0033.50 0.046.81 
2.79 0.00 2.67 0.00 0.00 4.25July 1.44

0.36August 0.01 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 

Scptember 0.36 0.45 
0.03 1.12 0.00 1.40 0.00 0.00 

October 

7.53 30.68 
Mean 6.26 20.32 0.12 17.84 0.04 


c = 2.49 d = 2.43
 
C.D. (0.05) a = 1.52 b = 0.92 


= CD for months between treatments

CD for treatment ca = 

= CD for months within the treatmentdb = CD for months 
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Table 5 Monthly suspended sediment loss (t/ha) 

Month 
Treatment 

TI T2 T3 T 4 Ts T6 T7 Mean 

1984 

May 3.54 3.67 0.20 3.53June 2.19 2.71 4.549.94 2.9113.05 1.17 12.61 4.67 6.67 15.58July 6.36 7.75 0.15 9.117.33 1.18 3.30 11.10 5.45August 0.34 0.48 0.01 0.45September 0.02 0.11 0.93 0.330.44 0.55 0.00 0.68 0.01 0.12October 0.96 0.381.08 1.34 0.00 1.62 0.00 0.15 2.87 1.01 
Mean 3.62 4.47 0.25 4.37 1.53 2.16 6.00 
C.D. (0.05) a 0.19 b = 0.15 c = 0.40 d = 0.40 

1985 

June 2.98 9.44 0.58 9.01 0.15July 1.30 2.60 14.52 5.615.45 0.04 5.44August 0.03 2.09 7.89 3.180.05 0.57 0.00 0.73 0.00October 0.03 0.93 0.330.20 0.18 0.00 0.35 0.00 0.04 0.29 0.15 

Mean 1.13 3.91 0.16 3.88 0.05 1.19 5.91 
C.D. (0.05) a 0.27 b = 0.13 c = 0.37 d = 0.34 

c = CD for treatment c = CD for months between treatmentsb = CD for months d = CD for months within treatments 
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The protective ability of grass
probable contributing factors.

fibrous root system are 

was apparent even when 10 per cent of the area was stripped of grass in T7 in the second 

year. T7 lost only 177 t/ha of top soil in the second year which was 41 per cent less than 

that of T2 in first year. 
- irrespective of the number 

Observations in T2 and T4 reveal that mound planting 
produced high erosion rates. The down-flowing water 

-of cassava accommodated 
formed rills, quite often encircling the newly formed mounds, probably causing the 

increased soil loss. 
Tree planting alone (TI) reduced erosion by 87 per cent in the second year. Damag

ing effect of intcrculturing and consequent land disturbance are avoided in this treat

ment. All the treatments showed notable reduction in soil loss in the second year as
 

first year in spite of high rainfall. This can be attributed to the
 
compared with the 

that with proper agrosilvi
protective ability of eucalyptus. These findings suggest 

causing severe
be used for cultivation withoutcanpastoral systems, sloping lands 


erosion problems.
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Abstract 
Modification of Inicroclimate is one facet of agroforestry where potential exists for favotrable intel:rypeciic interaction, but where few data are available. Studies oftiepossiblebeneficial inicroclinmatemodificationsin agroforestr, systems may usefully draw upon tiedetailed data already aniassedfor sole crops and soic multiple croppingsystems. Dataare presentedfrol rain-fedevperii ients carried outat ICRISA T(Hyderabad,India)duringthe 1985 and 1986 rainY seasons. In both)1years millet (BK 560) andgroundnut (R33-1)weregrown as sole crops and asan intercrop with a row ratio of 1:3 (millet..grounldntt) androw spacing of 3 0cm. lnstntmentation was installed in sole and intercrop plots. In 1986 

hedges. 
millet (BK560) ;was grown as an alley crop between one yearold Leucacna leucoccphalaThe hedges were spaced at 3.4mn interals in sole leucaena and alley crop plotswhile millet row .spacinq,within the alleys anid in sole plots was 47cm. Instnimentati,,iwas installed in sole and alley crop plots.'In each alperiment light interception, windspeed,saturation deficit, soil and leaftemperatures were routinely 'lonitored.The /nicrociinaticcharacteristics and their effects on yield in the two systens are compared. Additional dataare presentedfronm the agroforesto, trial indicating how competitive interactions belowgroundmna),negate any beneficialchanges in microclimate. 

Introduction 
Many workers have attributed to agroforestry a capacity for the beneficial modificationof microcliniates (Huxley 1983; Brunig and Sander 1983). Microclimates have alreadybeen studied in some systems such as shelter-bhct plantings (Guyot, this volume, Section7) but measurements in systems containing both trees and crops are rare. At ICRISAT,studies on inicroclimalic modifications in conventional intercropping systems have beenin progress for several years (Marshall and Willey 1983). The investigation of microclimates in agroforcstry systems was a logical extension of this research. 

* Submitted as ICRISAT Conference Paper No. 362. 
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observed that limitations in the study of microclimate often 
Monteith et al. (1981) 

rest not in the collection of data but in the choice of appropriate forms of analysis. It is 

important not ony to quantify changes in microclimate but also to relate them to plant 

responses. In order to predict the effect of changes in one component of the micro

climate on the rate of specific plant processes, it isfrequently necessary to resort to data 

already collected in controlled environment studies. 

In this paper we present results from rain-fed stands at ICRISAT (Hyderabad, India) 

during the 1985 and 1986 rainy seasoas which allow comparisons to be drawn between 
Although these experiments were not 

intercropping and alley- cropping systems. 

specifically designed for this purpose, they demonstrate similarities between the two 

systems and serve to illustrate methods of analysis which relate microclimatic variables 

to growth and development. 

Theory 

Temperature andl thermal time
 

In order to describe the response to temperature of crop developmental processes many
 
or accumulated temperature (e.g.
 

workers have used the concept of thermal time 
for pearl millet; Leong

for wheat; Garcia-Huidobro et al. (1982a,b)
Gallagher (1979) 

and Ong (1983) for groundnut). This concept can be illustrated using the example of
 

as theThe rate of development may be exprcssed
leaf appearance in pearl millet. 
reciprocal of the time (t) between the emergence of successive leaves from the whorl of 

the preceding leaf. 
This rate (leaves pr day) is a linear function of temperature given by: 

[I]

lit = (T-T,)/r 

temperature (Tb), below which no develop
where temperature (T) exceeds the bast 

ment occurs, but is less than the optimum temperature (To), above which increasing 

temperature reduces the rate of deve!opment. The The thermal time for the processr, 

can be expressed as day degrees (C d) per leaf. Ong and Monteith (1985) have provided 

evidence that Tb and To are conservative over many developmental processes for a 

particular variety. 
Thermal time may be calculated from hourly or daily mean temperatures, although 

the latter should only be used in cases where T never exceeds To during the diu.nal 

In the tropics, temperatures it mid-day often exceed To, in which case: 
cycle. 

/ t2 [2]
I(t2 

/ t)(Tm- T2)
lit = [(t/t)(Ti-Tb) /'711 + 

(Garcia-Huidobro et al. 1982b), where some fraction of the process is completed at a 

mean temperature Ti below To and inatime tj and the remaining fraction iscompleted 
Tm isthe maximum temperature 

at a mean temperature T2 above To and in a time t2. 

beyond which the rate of development iszero. -i represents the degree-days above Tb, 

and r2 the day-degrees below Tm necessary for completion of the process under con

sideration. 
Inour analysis accumulated thermal time during different periods of growth has been 

calculated from the equation: 
13]

'T= t1(TTb) + t2 (Tm-T2 ) Irl/"T2 

420 



J.E. Corlett et al. 
If the cardinal iemperatures for different processes are similar, the r values may differfrom process to process but the ratio r I/7 2will remain constant. 

The saturation deficit factor 
Saturation deficit is a frequently measured microclimatic variable because of its importance in determining potential evaporati,,n and plant water-use-efficiency. However itis a difficult quanmity to relate directly to plant growth and development owing to itslinkage with rainfall, temperature and soil moisture.between photosytlth',tic rate and vapour pressure 

Monteith (1986) used a relation
deficit developedstudies (El Sharkaxwy from laboratoryct al. 1984). In this analysis actual net carbon exchange (N) isrelated to actual vapour pressure defici! (D) by the linear relation: 

N = Nni(1.( DDo )/( Dm oI))Ifor D o 

and N = Nm 
for D < Do 141where Nm is the maximum net carbon exchange, Do is the vapour pressure deficit belowwhich N = Ni, 
 and Dl is the deficit at which net carbon exchange becomes zero.
In our analysis wc have calculatcd a saturation deficit factor, Z, f 3m the equation: 

Z = - D-D )/(Dm-Do/(DDo)I 
f5J(Montcith 1986, bul with D = saturation deficit) for evaluating the possible effectsof changes in saturation deficit on growth. It is assumed for this purpose that all othe,.microclimatic factors remain constant, cspccially leaf temperature and soil moisture. Ifthe microclimzate was modified so that mcan canopy temperature increased whilesaturati,.n deficit decreased, tie vapour concentration gradient between leaf and airmight increase, decrease or rormain constant dependi,:- on the balance between thesetwo quantities. 

Experimental details 
In the 1985 aud 1986 rainy seasons at ICRISAT (Hyderabad, Indi2) pearl millet(Pc'nniswttm wncricanum (L.)) Locke var. B1L. var. Robuw 33-1) 560) and groundnut (Archis hypogaeawere grown as sole crops and as an intercrop with a row ratio of 1:3(pearl millet : groundnul) and a row spacing of 20 cm. In the 1986 rainy season, pearl
millet (BK 560) was grown as a i alley crop betweei hedges of one-year-old lucaena
(Lctcacna lcucocep la (Lam.) ce Wit). The hedges consisted of a double ofleucacna with 60 cm between the two rows and 25 cm 

row
between trees within each row.
These hedges werc spaceddat 3.4 m in sole leucacna and alley-crop plots, while the pearl
millet row spacing was 4 7 cm within the alleys (5 rows in each alley) and in the sole plots.At harvest, crops were sampled row by row and dry matter (DM) yields calculatedon a 'row area' basis from the eCitlation: 

DIM (t ha' l) = row sample DM (g)l-_ng7hO1'0W(i)xrowspacing (i) 1 [6J
10Grain yields were calculated in a similar manner. In each experitucnt the length ofrow sampled was 6 in. In the alley-cropping cxperiment the hedge:, ",erccut to 70 cmprior to sowing the :nillet, at 30 days after millet sowing, and aga;,i .,ter millet harvest. 
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At each cutting, 28 sample trees were measured for dry matter production in prunings 

and as dry matter increment in stems. Stem dry matter increment was calculated using 

an experimentally-deterniined regression of stem dry weight on stem volume and field 

1 and 2 summarize the details of the inter
of stem volume. Tablesmeasurements 


cropping and alley-cropping experiments, respectively.
 

Table 1 	 Details of intcrcropping experiment, I(WRISAT Center, rainy seasons 

1985 and 1986. 

27th June 	1985 and 8th July 1986.
Planting 


Medium/deep Alfisol.
Soil 

Randomized block design, 5 treatments,


Design 

3 replications.
 
12 x 30 m.Plot size 
(only 3 of the 5 treatments are considered)

Treatments row spacing 30 cm.
SM - Sole millet (BK 560), 

row spacing 30 cm. 
SG - Sole groundnut (Robut 33-1) 

MG - 1:3 millet/groundnut intercrop row spacing '30cm. 

273 rm(crop duration = 80 days)
1985 milletRainfall 	 = 100 days)

371 ram(crop durationgroundnut 
419 m(crop duration = 80 days)

1986 millet 
419 mm(crop duration = 115 days)

groundnut 

Details of alley-cropping experiment, ICRISAT Center, rainy season 1986. 
Table 2 

Trees planted in August 1985
Planting 

Millet planted on 24 June 1986 

Shallow AlfisolSoil 
Randomized block, 6 treatment, 3 replications

Design 
10 x 22 m (sole millet 30 x 22 m)

Pot size 
(only 4 of the 6 treatments are considered)

Treatments 
sole pearl millet (BK 560, row spacing 47 cm 

SM -
sole leucacna (KB), double rows spaced at 3.4 m 

SL 
na as in SL with 5 rows of 

ML- alley-cropping, lcuca 

millet in alleys.Millet row spacing 47 cm 

MLP- alley-cropping with vertical polythcne barrier separating 

millet and leucacna root zones to a depth of 50 cm 

In each experiment wind speed, saturation deficit, leaf temperature, soil temperature 
are listed in Table 3 

and light interception were monitored. The variables measured 

together with details of the instruments used and their positioning within the experi
se.nsor 

from all instruments except the prototype integrating quantum 
ment. Signals 

data logger which computed and stored hourly 
ascanned every 6 minutes bywere 	 used in conjunction with a 

sensor was 
averages. The prototype integrating quantum 


polycorder (Matthcws ct al. 1987) and measurements were made at midday once a week.
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Table 3. Instrumentation in intercropping and alley cropping experiments,ICR ISAT Center, rainy seasons 1985 and 1986. 

Variablel Insirument Intercrop and Posit ion Alley 

Wind speed 'Met-one' 
anemometer 

sole crops 
Two heights 
(30 and 90 cm) 

sole crops 
One height 
according to top 

Saturation 

deficit 
Aspirated 

psyclirometcr 

Ambient at 1.5 m 

As for wind speed 

of millet canopy
Ambient at 3.0 in 

As for wind speed 

Air 

temperatur( 
Aspirated 

psychrometer 
As for wind speed As for wind speed 

Leaf 
temperature 

T-type 
thermocouple 

Two heights 
(30 and 90 cm) 

Youngest fully 
expanded leaf 

Soil 

temperature 
T-type 

thermocouple 
5 cm depth 5 and 20 cm depth 

Intercepted 
radiation 

Prototype 
integrating 

Horizontal 
profiles at four 

(60, and 90 cm) 
quantum sensor heights (2, 30, 

Tube 
Row-wise atsolarimeter 
groundlevelIFor frequency of measurement see text 

Results 
Although results from both the 1985 andpresented wc 1986 intercropping experiments bewill concentrate willon a comparison of the 1986 intercropping and alleycropping experiments. 

Wind speed 
Figure I shows wind speed ab
millet, expressed a percnI. 4 e 

the intcrcropped groundnut and alley-cropped pearlas of the corresponding sole-crop value. Wind speedabove the groundnut intcrcop (anemometer at 30 cm) was apparently unaffected bythe pearl millet until almost 35 days after sowing (DAS), by which time the pearl millc'thad grown sufficicntil 
became larger 

to aller the pattern of wind flow over the groundnut. This effectas the pearl millet grew in height and increaseddifference in wind spced between the sole crop and the intercrop decreased after about 
in leaf area. The 

68 DAS as the pearl millet began to sencsce. 
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Figure 1 Wind speed above intercropped groundnut and alley-cropped pei 

percentage of the corresponding sole-crop value. 
millet, expressed as a 

e-e Intercrop 

-' Alley crop
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In the intercrop, wind speed at 30 cm would be strongly dependent on the growth of 

the pearl millet but only weakly related to the growth of groundnut. In the alley-crop

ping experiment by contrast, wind speed at this height would depend on the relative 

rates of growth of leucacna and pearl millet. In 1986 the heights of the anemometers in 

were adjusted to keep them just 
the sole pearl millet (SM) and the alley crop (ML) 

above the pearl millet canopy. Figure 1 shows that between 40 and 55 DAS the mean 

wind speed over the pearl millet alley crop was apparently greater than that over the 

sole pearl millet, though the trees would have been expected to cause some reduction. 

However, in raising the ancmometers inSM and ML by equal increments we overlooked 

the fact that the sole pearl millet was growing faster than that in the alley. At 44 DAS 

the average plant height was 94 cm in SM and 79 cm in the centcr row of ML, while in 

were positioned at approximately 80 cm. Thus in 
both treatments the anemometers 
effect, the wind speed was being measured at different relaitive heights on the vertical 

profile in the two treatments. There is also the complication that the leucaecna was cut 

back to 70 cm after 30 DAS and at this time the pearl millet stems elongated rapidly, 

reducing the height diffcrence between trce and crop. 

Despite these problems, an important difference between the two systems was still 

evident. The intercroppcd groundnut experienced reductions in wind speed only during 

the last 40 days of millet growth and this to amaximum of 30%. In contrast, leucaena as 
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a perennial reduced wind speed by up to 55% during the early growth of the alley crop,a feature which could be maintained throughout the pcarl millet growing season withappropriate hedge managemcnt. 

Temperature 
The values for accunmlatcd thermal time over consecutiveTable 4 were calculated using equation 131 

10-day periods shown infrom hourlytemperatures and the constants shown in the table footnotes. 
mean day and night-time 

Tm and 71 / T2 are notquoted for pearl millet since leaf temperature never rose above To. Columns 2 to5 allowa comparison of leaf temperature for sole and intcrcropped groundnut, and sole andallcy-cropped pearl millet. Each value is the arithmetic meanmeans, each representing tle average of 12 daytimc hourly 
of 10 consecutive daily 
means.inevitably hides short-tern This approachvariations in temperat urc but does illustrate the magnitudeof differences blwccn treatncnts. 

Table 4. Ten-day mcns for daytime leaf temperature and accumulated thermaltime, ICIR ISAT Center, rainy season 1986. 
Daytime canopy temperature (C)' Thermal rime (Cd)T 

Sole Intercrop Sole Allcy-crop
DAS Sole Intercrop Soleg.n1ut g.nut millet g.nut Alley 

g.nu millet millet crop21-30  - 24.0 24.4 -31-40 29.8 - 125 12929.8 26.3 26.3 175 18441-50 28.1 28.7 23.1 23.2 
134 135 

15051-60 30.8 32.6 24.8 
154 115 118

24.5 167 17061-70 28.5 122 12329.4 27.3 2(.3 156 15971-80 34.9 35.9 25.7 24.8 
133 129 

151 153 128 123 
1For center row. Mcans calculated as described in t .:t.2 Robut 33-1: Ti,' 1--(C, To = N .C, Tn = 46C, "rj /2 =2.79 (Mohamed 1984)


BK 560: Ti-
 10 C. 'F = 33.5CC (Ong and Monteith, 1985) 

Intercropping increased the 10-day inan daytime canopytemperature ofgroundnutby up to I.8'C. This effect probably resulted from an increase in aerodynamic resistance,
which would have reduced the ability of lcavs to dissipate absorbed radiant energy by
se.,siblc or latent hClt LIux.Alternatively, competition for soil moisture in the intercrop
might havc reduced the aniomt of water available to the groundnut for evaporative cooling. Temperature differences bctwc,,n treatments were, however, small and amountedto only 21 dcgrec-davs from 31 to (1DAS. A ICperiod wouild incrcasc maintained over this entirehavc gi9'icn a 51 dcgree-day difference in accumulated thermal time,sufficient to ca usc a difference in overall development of at most two days.The pattern in the alley crop was more complicated, but the differences betweentreatments wcrc agtin relatively small. Canopy temperature in the allcy-cropped pearlmillet was similar to or slightlyhigher than that of th,- sole pearl millet between 21 and50 DAS, as is rcf]ect.d by tlie accumulation of 8 more degrec-days during this period. 
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Between 51 and 80 DAS, caaopy temperatures were 0.3-1 0C higher in sole pearl millet 

than in tile allcy crop and the Iormcr accunmulaled 8 more dcgrcc-days. It thus appears 

that during this period shading by the Ieucacna may have reduced radiant energy fluxes 

to the pearl millet canopy to more than offset any decrease in the rate of heat loss caused 

by reductions in wind speed. 

Saturation deficit 

Table 5shows mean daytinc saturation deficits and calculated saturation deficit factors 

11)-day periods in both intcrcropping and al!ey-cropping systems. 
(Z) for consecutive 

I that groundnut experienced a lower saturation deficit when grown 
The records stit c, 

ts an intercrop, with lthe difference rising to almost I kl'a towards the end of the pearl
 

can be attributed to higher acrodynamic resistances within 
millet season.This.difference vapour fluxes within and
 
the intcrcrop canopy which would decrease vertical water 


above tile groundnut canlopy. factors
 
to Mich Ihsc'c diffcrences might affect crop growth (other 

The extent 
remaining const ant) is indicated by Z as shown in Table 5.These valucs w-ere calculated 

Ten-da', means for daytime saturation deficit and the saturation deficit fac-
Table 5. 1980.tor, ICRISAT Center, rainy season 

Satruation deficit factor (Z) 
Daytime saturation deficit (kPa) 

Sole Intercrop 
Sole Intercrop Sole Alley-crop g.nut g.nut 

DAS g.n ut gnu! ilct millet 

- 0.7/3 0.(q)
I21-.v - 0.980.981.0)831-40 1.17 ).82 0.96 

0.93 
0.) ( ) 0.55 0.93 

1-50 1.24 1.27 0.860.83
1.54 0.9)4 ).60

51-60 1.82 0.950.931.271.0'9 1.3461-70 1.18 0.920).78

71-81' 1.99 1(14 1.1) 1.05 


1Do:= I kPa, Dili 6,kPa (El Sharkawy et al 1'184)
 

2 g.nut = groundnut 

ion an hourly basis using the values for Do and Dm determined by 
5from equation 

More rigorous analysis would obviously require 
EI-Sharkawv ct al. ( )84) for cassava. 

hours) and 10-day
DM for groundnut. Daily means (12 

the determination of D, and 

means wcre then calculatcd from the hourly values. It is interesting to note that between 

31 and 50 DAS the differcnczs between treatments in mean saturation deficit were not 

our assumption that net carbon assimi
reflected by the factor valucs. Thi, results from 

lalion is reduced only when Diis greater than D,) and that there cannot be any increase 

Thus, changes inD below 
the maximum rate if D falls below D. 

in assimilation a.ovetl',\ 
Dr,are of no impotanc: in determining carbon assimilation, Iut may affect tran:;pira

and 
tion rate. Dry matter accumulation bctwcen -10 and 8(0 DAS would have bccn 891.:', 

931;, of the maximum possible in the sole crop and the intercrop respectively if all other 

factors had becii non-limiting. 
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Saturation deficits were gencrally lower in thc alley-cropping trial, and the millet expcrienced lowcr deficits as an alley crop than as a sole crop. Since the alley-croppingtrial was plantcd 14 days before the intcrcropping experiment the data for specific 10day periods are not directly comparable. We have not calculated Z for the alley-cropping expcrimen. As the dcficits werc generally close to or belcw Do, the smalldiffercnccs between the Iwo Ircatments arc unlikely to have significantly affected drymatter accum lation. 

Light interception and yield 
Table 6 shows total light interception, conversion cfficicncy, and yield on a row areabasis for two seasons of intcrcropping and one of alley cropping. As dry matteraccunulLation isoflen considered to bc proportional to accumulated li;,ht interception(Montcith 1)72), changes in total light interception may be expected to affect yield.However, convcrsion efficiency, that is the quantity of dry maitter produced per unit ofintercepted radiation, is equally important. For instance Marshall and Willey (1983)and Willey ct al. (I 1),8) described dc partitioning and utilization of light in a 1:3 pearlmillet/groundn nt intercrop and showed how the yield advantage of the intercrop could 

Table 6 Total light intcrception, conversion efficiency and crop yield ICRISAT 
('cntcr, rainy seasons 19J85 and 1986. 

Total Light
intercepted conversion Crol 
radiation efficienc tYear Crop yield!(MJ in 2) (g MJ') (t ha')1985 Millet 617 0.92 1.2-3Groundnut 550 0.46 0.931:,:L/groundnut 80 0.29 3.40/1.09 

SE 
0.0510.06
 

1986 Millet 
 568 0.89 1.81Groundnut 752 0.25 0.16Millet/groundnut 780 0.18 4.16/0.07 

SE 

0.07/0.02


1986 Millet 
 575 1.14 1.98Lcucacna 450 0.89 3.9NileCt/'Lencaenia 725 0.90 1.60/3.87MiLl 
2.06/3.52 

SE 
0.24/0.58 

-,Conversi n of inicrccpted radiation to total above ground dry matter."Grain yield pcr row for annual crops, and total shoot dry matter increment forIcucae ia. Yields calculat,ed on row area lasis (see text). 
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row) by tih.pearl 	millct and an 
be attributed to incrcascd light intcrccption (per 

increased cflcic ncy of con' crsion by the groundnnu. 
a row basis) was improved"of species (onrcrippingIn the 19%5 tilc ia1. yiefd boto 

an intercri p,but in IQ,)8 groundnut yield was very poor in tlhe 
when Ihey wcrc grtown ais 
sole crop and ,.,lOrsc ill Ile inlcrcrop. These resmhs cannot be explained by differ

more light in lO than inl 1085. 
ences in lilrt intereption since groundnut intcrccpted 

and groundirtll perltrmed substantially below 
With respect to cllicicncv, pearl mlliet 

in both 1985 and 1'98(. In19 Marshall and \Villey 1983)their potential (,olteitlr 0I2; 
both years, rainlall was tkcll bclow thre Cpcetcd (0111111 during liC groundnut growing 

stress ['or at least part of 
scason. The crops wtl0d thcrelot-rc have bCn under droughl 

their lives, causing slolatal closure and reducing their ability to convert intercepted 

light energy into dry mitter. lhe dilttcrcnce in crop per formance between the two years 

originated largely Irmir dif'crcnces in rainfall dlistribution. Rainfall during the period of 
no rain fell after the millet wasthan inI19S5 btll in 19t',8millet growth was more in t')S 


harvestCd (Table I),cauhig the gromndnut to bcoImc highly drought ircsswd during
 
bclwCCn sole and intlcrcroppcdstu:e. 'lhc yield differenccthe scniativC pdl-hlii 

198),O ma\ bc duc ito there bcing less water lelt in the intcrcrop prolile after 
groundnt, in 
pctrl millcl har tc-. 

In the aIle,-croppin svsttnl, rainfall was adequate during,pearl millet growth except 

altcr cmcrgence. Total light interception and conversion 
for a 15-day pci'rd soi0m 

obtained in the intercropping,cre,similar to thoseefficiency for solc pearl millet 
experiment. 

Interccption by lcuc;icna was small cVen tough the trces wctc already well estab

the heinilt O the scason, lar!'Cly bCcausC the wide alley spaCing and sCverc 
lished atl 

tofavailable rcsourcc,. Alley cropping
hedge maragecint led to umder-utili/atim 
increased tttal li.!:ht intcrccption bw 2o ; and il; compared \with the sole millet and 

in the ro s inurc-Sole leueacna, respecti,.lv. Millet ",eld was i'niilhcantly reduced 
not 

to the hrcIlec th,uh the yield ot the treatment as a Whole was 
diatclv adjacent 


om thie slc millcl.
significaitly differcnt hr 
tthcr alley- ctppingtrials in the semi-

Similar yicld Ireductiom, rave hec lose vcd in 
v.hcthcr above or bclow

ct al. ir press) prompting the (juslion oftarid tropics (Sinch for pearl millet was the principal limiting facltor
giound compectition for icsourCes 

millet, %crticalpolthcnc barriers were installed in t 
growth. Bclore plantine thei rlc 	

hedges and (t a depth o 
separate treatmet 	 at AdistacC of 24 cm from the IeucaCnaill 

I', IotI ,sstmcns of intcrcropsto seartc theIlk)dateclIIIIic prCvious50 cm (Table II). 
Results Irouir this treatmcnt show no ignilicant diffrcnccs 

(Willey and Rcddy 1981). 


in millet yield bctskee'n rt,s within tlke alley, and no decrease in yield relative to the sole
 

millet crop. This sue~est,,that Ihe+\',ground intcractions, probably in the form of conl
millet growvth adjacent to the 

petition for wkatcr, %ci cCesponil tor limiting pearl 


hedges in the normal alhcv crOp.
 

Implications 	for future research 

The results, presrteklcd li'c slaggest that the micrlihnatic mtodilhcatiOns produced by 
to I.0 m or less during

allycropping: in the scmi-a 	 to pilics, whcrC the hedges are L.tt 
major role in determining the growth

the rainy season, arc n,it s lFicientlv larg to play at 
vhcre mirolimatic modifi

and vicld of the annul ctop. 	Situlttron>, may ie CnvisdiCd 
' - , for CxarIplC itIhe lCUCaCl.a hedges were allowed to 

catio;n would le moItc repriou ced 
annual 

. ea on withotlmruin and or it a shortcr stature 
grow throuthout tre rin 

hredees would be imIost 
such as gtoundnul \vts ,-aih,,titltlC for pcall millet. l)CrsC 

428 

http:respecti,.lv


J.E. Corlett et al. 
beneficial to crops in areas prone to wind damage (Fryrear 1969). However, in mostcases competition for water would increase, probably to a degree that could not becompensated for by concurrent improvements in either light or water use cfficicncy.In the semi-arid tropics the prime consideration in the planning and management ofagroforcstry systems should be appropriate
particular emphasis being placed 

and cflicicnt use of available water, with 
components. 

on opt imising its partitioning between tree and cropWhcncvcr wc seek to improve the acrial environment within specificsystems we should always be aware of the possible implications and consequenccs ofbelow-ground in! cract lions. 
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Water-balance and soil water relations studies in 
a nixed tree/grass/bare-scil system 

J.E. Jackson and PJ.C. Hamer 
InstituteofHorticulturalResearch
East Malting Maidvtone, Kent ME19 6BJ, UK
 

B.Jackson 
Sittingboute College, Sittingbourne, Kent, UK 

Abstract 
Water balance studics in a Inatureapple orchardshowed that where the gra.ss between thetree rows had been killed by herbicide treatmnent the efficiency of rainfallin replenishingsoil moisture was greatly reduced. 77ie rate of infiltration of water into overall-herbicidetreatedsoil was found to be 'nitch less than into soilof grassedalleys. Otherexperimentshave shown soilfroin grass-freeorchardplots to have higherbulk density andloweragregate stabilitythan that from grassedorchads.Bare soil in the alley-wa , is accomipaniedb~ylower otgamlc 'mattercontent andgreatlyreducedearthwonn activity. Itseems likely thatthe basic cause of the soil stncturalprobleins arisesfrom tile low rootingdensity of thetrees and their relatively small contributionoforganic "latterto tile soil. 7 7e importanceof tle conttnbution of the groundcover crop to the mailtenlance of soil stnicttreil treeplantationsand in agroforestmy stem~s in general is dicussed. 

Introduction 
Light, water and nutrients can bc considered as three "resource pools" exploited by thecomponents of agroforcstry systems. The amount of light available at any one site isfixed, so the trees and ground-cover crops share a fixed resource. This is not the casefor nutrients where nitrogen-fixing symbionts associated with either the tree o 
 the crop
and mycorrhizal infection of the roots can lead to substantial increases in the amounts
of available N and P.
With respect to war it has long been accepted that the components of a tree/crop
mixture can influence total water availability. The emphasis has been on the effects oftrees on the pattern of rainfall interception (through the effect of stemflow in, effectively, redistributing rainfall in the horizontal dimension), on evaporative losses (especially from wet leaves), and soil slabilily.The present paper presents data on the effect ofa ground cover crop in a mixed treeand crop system on water availability through its effects in reducing run-offcusses and disthis in relation to the relative effects of trees and herbaceous giound cover onthe factors controlling soil structure and infiltration of water. 
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Water balance studies 

Experimental details 

Soil water use was measured for the years 1977-83 in a trial to examine the effects of 

on the growth and cropping of Golden Delicious apple 
spacing and soil management 
trees on M.9 rootstocks which had been planted at East Maling in the winter of 1969/70. 

The soil is a sandy loam overlying ragstone at 90-120 cm depth and the land slopes from 

The trees were in N-S hedgerows (between-row
south to north at an angle of 2' to 30. 


spacings 4.25, 3.35 and 2.9 m, within-row spacings 2.7, 2.25, 1.35 and 0.9 m in all combi

nations). A belt of soil under the trees was kept clear of weeds by the use of herbicide.
 

This 'herbicide strip' was originally I m wide but was gradually increased in width as the 

trees thickened and by 1983 was approximately 2 m wide. The alley-ways between the 

herbicide strips were grassed and were mown regularly. In 1977 the soil management 

regime on two of the four replicates was changed, with the grass in the alleys being 

eliminated with herbicide and a bare-soil regime, referred to subsequently as overall

maintained thereafter.hcrbicide (01-1), 
In the treatments reported here, soil water content was measured by neutron probe 

in the tree spacings of 1.8 in within the tree row and 4.25 m between the rows. Access 

tubes were arrangod in a 50-cm grid from the tree centre, with access tubes parallel to 

All access tubes (16 swg aluminium) were 
the tree row and 50, 1N and 150 cm from it. 

Soil water content of the soil profile was determined using 
installed to bedrock depth. 

and the soil moisture deficit was taken as the difference from 
the method of Bell (1973) 

The moisture contents for 
a reference value when the soil was close to field capacity. 

estimated from measurements for each 
each spacing and soil management type were 

access tube multiplied by an area factor which represented the area associated with each 

access tube. 
Meteorological data were acquired from the records of a standard meteorological 

site 200 to 250 m from the position of the acccss tubes. Potential evaporation (Ep) was 

calculated as for a well-watered grass surface (Penman 1962). The estimated cvapora

tion rates for the orchard plots were calculated from the change in stored soil moisture 

and precipitation (cf. l-illel 1980). The assumption in this method is that capillary flow 
The analyses were re

and runoff are small compared to evaporation/transpiration. 

stricted to the summer months when, in general, soil moisture deficits were increasing 

and it could be assumed that drainage out of the root zone was minimal. 

Results 
Only those relevant 

Results of the experiment as a whole will be published clsewhere. 
versus overall herbicide) are 

to the effects of soil management (grass in the alleys 

Initial attempts to relate measured changes in soil moisture to rainfall,
reported here. 
potential evaporation ani characteristics of the tree and grass canopies showed that 

The following results illustrate 
these factors did not explain the changes in soil water. 


the nature of the discrepancies and the reason.
 

Changes in soil moisture deficit in relation to rainfall, evaporation 

and alley soil management 

over the period 17 Septenber 
Table 1 shows changcs in soil moisture deficit (SMD) 


1982 to 6 October 1982 (luring which there was 98 mm of rain (42% of which fell during
 

432 



J.E. Jackson et al. 
rainstorms with more than 6 mm per hour precipitation) and 18 mm of potential evaporation; i.e., there was an 'cxpcctcd' change in SMD of about 80 mm. 

Table 1 Soil moisture deficit (mm) in relation to rainfall, evaporation and alley soil 
management.

Rainfall Evaporation 
Soil moisture deficit (mm)17 Sept 17 Sept Groundto 6 Oct. to 6 Oct. cover in 17(mm) 'Expected'(rm) alley Sept. 

6 
Oct. Change change

Grass 136 6698 18 70 80Herbicided 98 53 45 80 
soil 98 

Figure I shows the changes in soil moisture deficit with depth between 17 Septemberand 6 October at a distance of 150 cm from the tree trunk. The lack of change at 80 cmand below indicates that there was no drainage to this depth and, by implication,drainage loss. noThe decrease of 45 mm in soil moisture deficit instead of the expected80 mm decrease ,uggests loss of rain by runoff from the "bare-soil" plots.discrepancies between rainfall and changes in soil moisture deficit under overall herbicide conditions were generally noted and surface runoff was regularly observed. The 

Similar 

overall magnitude of the effect was established by looking at changes in soil moisture 

Figure 1 Changes in soil moisture deficit with depth over the period 17 September( * * ) to 6 October (o------o) in 1982 at a distance of 150 cmfrom the tree trunks. 
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over the seven years 1977-1983 
deficit over 108 separate periods of a week or more 

These changcs were considered as the dependent variable in multiple 
(Table 2). 
regression analysis in relation to potential evaporation (Ep) and rainfall (R) according 

to the equation 
(1)

SMD =ao + al Ep + a2 R 

Table 2 	 Regression analysis of change in soil moisture deficit on potential 

evaporation (Ep) and rainfall (R) in mm per day according to the 

+ al Ep + 	a- R for grassed and herbicide treated 
= aoequation SMD 

alley-ways between tree rows 4.25 m apart with trees 1.8 m apart in the 

rows. 
Herbicide treated alley 

(Bare soil)
grassed alley 

-0.38-0.53a0 	 -0.36 
a-0.49 0.54* 58.20 a 
 0.80*81.10*R2% 

*108 sets of values 1977-1983 May-September inclusive 

Infiltration rates of herbicide-treated and grassed alley-way soils 

Eijkelkamp double ring infiltromeer at an
Samples were taken in March 1985 with 

The sample at 50 cm 
distances of 50, 10 and 150 cm from the centre of the tree row. 

from the row centre was, in each case, taken from herbicide treated land (i.e. from the 

hcrbicide strip in the grassed-allcy treatment), the other samples were from grassed and 

herbicide treated arcas in thc grassed-alley and overall herbicide treatments respec

tively. Results arc shown inTablc 3. Infiltration rates were very much lower in the over

all-herbicide treatcd than in the grasscd-alley plots. 

iaf,,' 	 Infiltration rates (mam h") into soil in orchard plots with either grassed 

alley-ways or bare-soil (overall herbicide) 

Infiltration rates mm h 

Into overall-herbicideInto grassed-
Distance from treated plotsalley plots
tree row centre (cm) 

4027650 1756100 12137150 
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Effects of grass and bare soil between rows on soil structure 
Atkinson and While (1076) conipa:cd soil bulk density ii tihe grasse.mature (o,-vear- alley-ways ofId) apple orchards with that in corresponding alleys which had beenkcp: ficec Ofgrass and weeds for the last 3 years bv use of herbicides.was azpprccjuhl\ higher in the harc-soil alley-ways (1.54 

Soil bulk density 
the grassed ",ILV.s). g ml " as compared with 1.34 in 
Herb,-rt ]Q79). 

Similar rusults were obtained in oit her experiments (Atinson andSoil coirpact ion, expressed as 'Clifornia bearing ratio' was also muchmore ext 12if and sc,,cre in orchard allCy-ways treated with herbicide than in thosewhich wcre i'rasod (Atkinson, Swain and Frickcr 1979). O'Kennedy and Robinson(1Q84) sho,vCd tC.l the percentage of water-stablegrassed orch ard pl aggregatcs was much higher ints (45%k) than overall- herbicide treated plots (24%) but tha,Imrulching thic e racrilli-h icidC trealcd plots vith straw ftirn thethe herbicide treatiucrnl ime of imposition ofhad sonic beneficial effect, raising the percentage of watersolthictzag['rcg!:its to 34. 

Deisity of rooting of fi uit trees and grass 
The miost im.,itrtant factors controlling the creation of structural pores in undisturbedsoils are plant roots arld thc larger riembers of the soil fauna such as earthworms, beetlelarvae, ants anild urritcs (Russell 1973). Structural pores, oncc created, are only stableagairrst \kCttiu, ifthcre is sonic agcat holding the soil particles apart against the surfacetension f ircc- et up on weltin; arriorig tlie agencies which maintain stability are theclay fra;ctio,1. lurlius andtldcoriposall corganic niatter.Apple root svstc endsto he sparse, rcportt,' values of rool density excm root pcur ci-s ill -,turface area (l.%) .ressed asle.lg within the range 0.8-23.8 (Atkinson 1980).In conlrast the rcpojrtd valucs for (ranin'ac are in the range 1() to 4)52 to 310 (Ne jiNO)). and for herbsarii lf rooting dcns : ,s expressed as cm per crii3 ofsoil (Lv) thehigliest vale cited fir apple by At kinson (1980)
grasses of 50 given by 

was 0.20, in contrast with the Lv for
ocwn (1984). In an orchar d with grassed alleys most of the treeroots aic corincd to the licrbicidcd strip, in an (,rchard with overall- herbicide managcrnerit the roots 
Alhhugh thce are 

are much more evenly distributed (Atkinson and Whiteno 1976).specific experiuental comparisons of the density of rooting ofgrass in the alley-ways wih that ofiapplc in the combined hei-bicided strip/grassed alleyeystemol in orchiards trcated wit liherbicide overall there is little doubt from the above15gures thai grass ri,,,: Jerisity is rimmrrv ies that of apple trees. 

Earthworm activity in relation to grass or bare-soil
 
management between 
 fruit trees 
The effects, ofr ss or bare (icrhicidcd) soil in the alleys belween apple tree rows onearthworm incidcnic- and also the differences between the herbicided strip under thetrecs and the grise d or rc 
niired in 1J,977 oi 

eoil alleys in respect of earthworm population were deterit large rc-licatcd experiment atwhich four East Maling Research Station inctralping,nitzlgelcnl systems were being compared for their effects onDuc gzrowth iit] cropping, ien nfitrogen fertilizer was applied at either a high or lowrate. 
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Experimental details and methodology 

The experiment consisted of Cox's orange Pippin and Spartan apple trees planted in 

rows 4.5 in apart in Deocmber 1972 with the following soil management treatments: 

1. Ovei all hcrbicide; with herbicides applied to the entire orchard surface to remove 

any grass or weeds which might compete with the tree for water or nutrients. The 
were applied as 

were paraquat and simazine, but others 
main herbicides used 
needed.
 rows of trees sown with grass (S50 
Overall grass; with the alley-ways between the

2. 	 1973, with only a very narrow strip (0.5 m) 
Timothy, Phlcuni nodosutn') in March 

of herbicides, the rest mown regularly to 
under the trees kept grass-free by the use 

for the passage of farmn machinery.%,,rfacemaintain a good working 	 ip under the trees 
3. Wide herbicided strip treatment; as 2. but with the herbicidcd st 

much vider so as to lcave only a narrow grass strip for tractor use in tile alley. The 

herbicided strips were 1.7 in wide, the grass alley 2.8 m wide. 

4. 	 Irrigated grass; hasically as 2. but with regular irrigation by sprinklers to prevent soil 

NIPa arising. This was intended to eliminate the 
moisture deficits in excess of -10.04 

adverse effect of grass in competing for water. 

Each of these four 'main plot treatments' was replicated three times and each was 

( potassium nitrate,
subdivided, half being !,iven a high level of nitrogen fertilier 

189 kg/ha) and half a lo\, level of nitrogen fertilizer (63 kg/hia). This was intended to 

test whether addition of extra nitrogen fertilizer could overcome the adverse effect of 

competition by grass for mineral nutrients. 

Each 'sub-plot' consisted of nine experimental trees of Cox on MM.106 rootstock, 

spaced 4.5 m apart and surrounded by guard trees, allcrnately Cox and Spartan at the 

sai. ie spacing. The individual plot size for soil management purposes was therefo, e 

18 m x 18 m. To test whether 
These treatments had all been applied from the time of planting. 

some effects of the herbicide treatments on earthworm numbers noted in this study were 

on food supply, earthwormI counts 
due to direct effects of the herbicide, or to effects 

also nmadc on other plots in which tie herbicide treatments had been carried out 
were 
so recently that there was still plenty of dead grass on the soil surface. 

brought to the surface by the application,
3Earthworms and other soil animals were 	 of a 

a solution of detergent containing 25 cm 
using a watering can, of 5 litres of vcre 
proprietary liquid (letergent to the area covered by a 0.5 n"quadrat. Worm counts 

made on all plots in the strip (i.e., within tree rows) and alley (bctwccn tree rows) posi

strip plots these 'strip' and 'alley' positions
and wideIn the irrigated grasstions. 	 In the plots treated 

corresponded to herbicide-trcated and grassed areas respectively. 

with herbicide overall, both the strip and alley positions were in bare, herbicide- treated 

soil. 

Results 

Results are given in Table 4 together with results of ancillary observations. In the over
so 

all-herbicidc treated plots 'Alley' and 'Strip' all had the same treatment (herbicide) 

reflect position, i.e., within-row or between-row, respectively. 

436 



2 

J.E. Jackson et al. 
Table 4 Effects of treatmcnts on number of earthworms per 0.5 m2 soil. 

Main plotManpo 
treatment S--p-tSul) Plot 

treatment 
Replicate Extra Extra 

1 2 3 
sampl 

A 
sample 

B 
11 

Sept 
22 

May 
21 

May 
23 

Oct 
23 

Oct 
Irrigated 

grass with 
narrow 
herbicide 

LN Alley 1 

LN Strip-
IN Alley 
HN Strip 

2 

1 
3 
2 

10 

3 
11 
5 

7 

3 
1 
0 

15 

22 

5 

4 

strips 

Grass with 
narrow 
herbicide 

strips 

LN Alley 
LN Strip 
IIN Alley 
IN Strip 

8 

0 
5 
0 

4 

0 
1 
0 

2 

0 
2 
0 

6 

18 

8 

8 

Grass with 
wide 
herbicide 

strips 

LN Alley 
LN Strip 
IN Alley 
IN Strip 

9 
0 
0 
0 

3 
0 
3 
0 

0 
0 
0 
0 

7 

12 

2 

12 

Overall 
herbicide 

LN Alley 
LN Sthip 

IlN Alley 
FUN Strip 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

Newly overall-Ilhrbicidcd area in the same field 
7 

Key LN = Low Nitrogen 
UN = High Nitrogen 

Grass alley bctwccn trec rowsHlerbicided area within tree rows. 

Effects of overall herbicide and irrigation treatments 
Worms wcre never observed in the overall-herbicideseparate assessments were 

treated plots, although twelvemade, and in this consistent absence of worms, thcse plotswere unique. Worms were found in fifteen of the sixtcenplots, ten of the sixteen in the grassed plots and 
areas examined on irrigated 

seven out of sixteen in the wideherhicided strip plots. 
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that a significantly higher proportion of tile irrigated 
Chi-square analysis showed 

ither the grassed ( P ( 05 ) or wide herbicide strip plots
plots had worms than 

(P < 0.01 ). The total nInlbc r of worms in the different trcatmcints 94 in thc irrigated
plots with wide 

i2 in the non-irrigated grasscd plots and 48 in the 
grassed plots, 
herbicidc-treated strips. 

Effecls of nitrogen 
the high nitrogen plots the 

more worms into bc ratherthere appearedAlthough 
not large or consistent enough to be statistically significant.
 

differencsc 
 wcre 

Effect of herbicided strip versus alley within a plot 

more worms in the strip than Ihe 
never 

was very consistent. There werc
1 his effect was truc in 15 paired comparisons. This
 
adjoining grassed allcy whereas the reverse 

consistency of differences is highly significant (sign, test). InIterms of number:; of worms, 

inier;the headings, Re plicate 1,Replicate 2, and Replicate 
ly'the dat a recordedw.hci n 

in the alley' samples and only 14 
3 of Table 4, arc considered, 71 worms wCre coun,I 


in the 'strips'.
 

Worm counts on other sites 

Becausc of the apparcnt trcnd for there to bc more worms where there was more vegeta

tion vormi counts wcrc also made in a recently herbicide treated area of grass near the 
-found here aSeven worms were 

tt-::rc was still dcad grass.
main experiment where 

similar number to that found in non-hcrbicided grass plots on the same day. 

In a separate East NIaling experimental plot, prcviou'ly grassed alley-ways had re

cently been herbicide treated and still had dead grass. ('omparative worl counts were 
bccn herbicide 

and also on adjacent grass allcys which had not 
on these areas 


treatcd. per 0.5 ii-).
 
made 

The numbers of carth wornls in plots rccntlv treated with herbicide was simi

vs 1.)
ilar to that in unherbicidcd plots ( 1.3 per t0.5 in 

Supplementary ohscrvations 

Worm casts. TIhsce\vcrc numerous on th,: surface of the grassed alleys, less frequent 
o 

on the herbicidCd strips and seldom c,,ide nt on the overall herbicide-treated plots of 

the main experiment. They were numerms on recently hcrbicidcd land with a dead 

grass cover. 
Following very heavy rain twenty small dead worms were counted on 

o Dead wornis. some 
of the plots treatCd with overall herbicide. This suggests 

thc surface of one 

worm activity at depth in these plols, probably feeding on deeper organic residues. 

o Walter absorption. The gr'asscd plots absorbed the detergcnt solution used to extract 

()n the hcrbicidcd plots 
It soaked into tile soil without runoff. 

worms vcry readily.it had to bc applied slowly and carefully t( ensure soaking in. If itwas applied quickly 

Alter heavy rain erosion duc to runoff was seen on the overall 
it ran off the surface. 


herbicide-treated plots.
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0 Soil p11. This was measured on tile overall herhicide-treated plots and the irriga!,dgrass plots (tile two extremes for earthworm numbers). Both high nitrogen and lownitrogen plots were assessed. All samples came in the 5.5 to 6.0 range. 

Organic matter

in relation to grassed and bare soil in orchards
 
In the experiment used for the earthworm studies the grassed plots both with andwithout irrigation had 3.1% organic matter in the top 7 cm and 2.2% inthe 7 to 15 cmand the 15 to 30 cm zones. 
organic matter in the thp 7 cm 

The 
and 

bare soil (overall herhi,'ide-treated) plots had 2.1%t .8, in the 7 to 15 crn and the 15 to 30 cm zonesI lipps and Fairall ( 1)8 reported the results of 

(data supplied by Dr. D. Atkinson).
another trial involving 14 years' application of herbicides overall in comparison with agrass/hericided strip svslci.: In this, the average organic carbon contentcm was 1.47'%,i in tile overall-he.bicide in the top 7.5plots compared withi 2.75% in the grasscd alleysand 1.26(% in tile herbicided str r~s of those plots managcd tinder the grassed-allcy/herbicided-strip system. 

Discussion 
The vcry rapid delerioration of the structure of lure soil under and between apple treeswhen the grass sward was killed off in anorchard ircady established row-and-alley appleinder the mild climatic condil ions of southern England and on land with onlya gentle slope is a cause for concern. It also raises questions of the contribution whichwidely spaced trees or trees in rows can make to the maintenance of soil structure andcontrol of erosion and runoff in agroforcstry systcms. These (lucstions are best considcrcd in terms of lthe factors which appear iohave led to the adverse changes in theseexperiments and to their lilkely occurrence 
under other circumstances.
 

Rooting density of trces and crops 
Manuother tree sTI-Cicsarc more densely rooted than is apple. The
(uted by kilson •maximumLvalues
.0...arearound(t..witl cm root per c1 3 oflsoil for apple compared0.5-0.7 for a rangc of conifers. Bowven (1984) cites values of from 0.13 to 5.20 in
the upper soil /omes ()-1() cm and 0-15 cm respectively) for conifers and up to 8 in the
t1-
10cm z:one flr l~twalypt us. 
 Itwould seem from this that tlie root system of other trees
might makC a much greater contribuor 

root systems. to tlie creation ofstruclural pores than do appleII owever, even the highest Lv values which Bowen gives for trees
many tinles lower thlan the value of 50 in tile 0-15 
 are
 
and at the lower end oft ie 

er zone which he gives for grasses
range of 5 to 25 which he gives for cereals. Newman (1969)
gives the raigc of 1, values reported for (;ramiriae as 100-4000, other herbs 53-310 andwoody plants 5-110. The contributionl of tree rootstherefore to creating good soil structureseems likely to he small relativeinadequacies to that of grasses and crop plants.of trces iII this respect will be accentuated The 
in tie early years of' treeplantations unless there is aIground-cover crop. 
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Earthworms 

The results in tie cxperimcnts ,tt East Mailing are consistent with tile incidcncc of earth. 

worms being dclcindtint on the availability of food supplics. Thcir numbers were ap

rowth, with most being found frcmi 
proximately proportional to the vigour of grtss 

under the irrgpttcd grassed plots, next most from the unirrigatcd grass and none from 

wasthe overall-hcrbicided plols. 
of thc herbicides in polsoning earthworms 

ify dilc efctIt is unlikely thla 
Worms amd woim c:ists were frcquertt in nlv* herbicide -treatCd i and with 

,involved. iglad showed that killing
Results from Rothimistcd,

dead grass on the surface. gave a 
a cereal crop without Iurther cult ivilio 

hCrbicide and slit-sccdin.paslurc witl out of piastrc thana did Iradiwear 
much higher populition of earthworms in the first 

or grctlv reduced numbers of carth
19 73). The abscncc

tional ploughi ng (Russcll 
1.7 in or less inl width, i idicates the
 

worms in the orchard hcrbicidcd strips, which were 
d ct l i l activity elow
 

Slpccificiy of the link Ictwccn a ovc-ground vegetatioll n 


grouind, 111templcralc and tropical
rCSumably as a rcult not only of leaf litter but also of the !urnover of roots. It 

lc to supposc that a imilar link will al;!y in 
An obviousseems rcasona 

carthwoi is arc a;n important cononcnnt of the soil ccology. 

deduction is that any polrtion of the soil sirfacc kept bare of vcgetation in agroforcstryareas .here 

t: cs of forcstrv or tree crop plant ations will be accomplanicd by 
systems or the early 

)otcntial devClopmncrt of poor soil structure and rcdlccd 
absence of carthwmormslt, and 


water infiltration.
 

Organic matter 

The trees in apple orchards, which usually have LAIs of less than 2.5 (Jackson 1980) 

and have the sparse root systcms discussed previously can bc cxpcctcd to return less 

Broadleaf forest trees have LAIs of 6 to 7 

organic matctr to the soil than many others. 

(Kir.- and Kumiira 1983), rubber an LAI at canopy closure of 0.3 (Moracs 1977); aad 

3.7 to 5.7 (Alvim 1)77). 
cacao I.Als varying from 

On the assumption that the root production and turnover in the soil is proportional 

not bc valid), the organic matter in puts into the soil from 
to these LIAls (which mayl 

scac;o and rubber at maituritv should be higher than those 
trees and crops ,uca grasses or grain 

still, howcver, be low comp0aprcd wit h those from 

crops (leaving root Stlns in tle soil) wilh higher LAIs and net production efficiencies 

it 1S3). This will be particularly so in the early years of tree 
from apple. They wvill 

'Fable 2; Kira and Kuimu can be very low. 
matter iroductivity pe'r hect are

ntCI dr organic matte r changes under diflerent tree cropscstablishmcnt wlaCi gilThere ar1 conflict in dat a on s 

e,.en under good managcment topsoil organic carbon has 
but in some cases at lct, 
been reported to fll Ii Ilowi ug the cstablishicnt of plant ation tree crops, e.g., by 41% 

A major factor controlling 
in 14 years in tu oil ptlm plantttioli (Sncicz ct ,l. 1985). 

inpiuts ly trees and ground-cover plants into the soil is the actual 
the organic mntter 

Apple orchards subjectcd to herbicide 
le orga nic Matter pfrOduccd.

destination of th to the soil te nd t) blow off and accu
,c the lecas shed on 

mlnagcment sufcr be ca 
litter rcmova' fromt tcak plantatitons may be the main 

niulate againt bohundar., felnccs. Appar cntly high 
for runoff aind c-,,i>in %hcrc this ocCers (I Lndgrcn l)78). 


reason 

efficiency inl the ue otthe difCrcnt Iprotducts of Ircs for fodder, fucl and timber, may 

result in them makting rclattivcly little contributior, to the maintenance of soil organic 

matter st atu 
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Conclusions 
At least under some conditions thcre is markedconsiderable rcducii loss of soil struclurc leading toi inhe infiltration ,)f rain waler, and sevcrc loss of this by runoff,in mature apple orcl,:irds in which the grass cover-crop in thc allcys has been removedby herbicide ui,c. "Th los of structLure is accompanied by, and probably caused by,reductions in the thtal rOt occup-cvtofihe soil, iniorg nic matter content und in earthworm ictiilv, Compared Wil-.rtvsscd orchard soils.These resul trc prohabl rclcvant to row-;ad-allyCin general. Thcv 1, bec 

and other agroforestry systemsreclati,'cl, extreme because of the generatllv low Lv values ofapple ro"t syStcms and the 
orchards. 

low LAIs, hence pointial bioniass production, of appleThe pio blhms did, howvcr, dcvclop within atshort space of years on landwith o'nly agt'cilc d(ipc in the mild climate ol solut hern England. This sutgests that
sbrious aIlclim "htmld in hbt h-! .rln-systems, ill r 

covcr crops wilhin all agroforestrv\khich the trut",btdcfimes,lemIs ofsol strtclur. o, do rnot provide at(lcasc closed canopy, if pobrunoff and crosion ate to bc avoided. It is of interest thatand Evans ( 1972) in anll aryCpcrinent on
citrus trees IoM d11hC 

the effect of soil management regimes under 
turn by winter clees. 

hi'het ini1thr..t ion rates to be into permanent sod, followed inwvinlcr tick-bean and bare surface chemical weed control
treatilmt ls. 
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Protein and sugar production in Prosopis pods 
as affected by different climatic conditions 

P. A. Oduol 
InternationalCouncilfor Research in Agroforestry

P.O. Box 30677, Nairobi, Ken, a 

Abstract 
Prosopis pods used in this study were collected from trees grown under senti-aridconditions, at Riverside irmgatedplots (California, U.S.A.) with July'mainmuin temperatureof.74.60Cand mean annualrainfaullof .40.8 mttwith luly 'naxinitt temnperature'of41.7 °C and "watt annualrainfallof 106.6 trm. 

u l(at Imperial 'alley (California,U.S.A.)They 
were evaluhatedfor pod protein and pod sugarcontents. No significantdiffi'rences wereobservedforpodtprowindt1 t fthe climatiediffiretees ofthe two sites,bttsignificantdifferences were Ohaerl'dfi~r sui,'aracross the irA, tion treatmeIts anid at both sites. Areaswith htlgh moisture stress had higl sugarmnt'a.i (P. A lba, 0137 37.6';i.) in the pods. 7hepresence of species 1) site interactionfor sugar indicaies that sugaris more ci'ironmnentully'sensitiiv ail that indilihualspecies may perfornm differentlv on diffirent sites withvariablecli conditio.ns. 7his study .shows!hat l'rtosopis pods are of high nutritionalquality andcan be usedfor 

onati 

fJood, fiodder and en,.,rihus warrantinga multi-trait selectionfor multipurpose trees inAgroforestrp* 

Introduction 
The current strain on Ihe world's resources posed by rapid population growth, dwindlingsupplies of non-rcncwahle resources, and shortages of food, has aroused interest ininvestigating and pr.mlot ing woody species that can be easily acce ptcd by local pcople.The woody species in qucstion are those that can servc anumbcr ofdifferent purposeswhile providing a wide: range of goods and services.
Poor distribution of arabic land and the lack of technological interface with land
resources has greatll loyhwei ed the world's potential, given the fact that 90% of human
need for calories conies from plants (Rcvclle 1974). Under such circumstances the 'new
crops' sought are those that can bc grown on short rotation, mostly on marginal landwith numerous sir, ss problems; and have potential utilization of components such aspods and leaves, 
 vhile at the same lime providing wood and timber as by-products.
Selection of' plant species for arid and semi-arid regions of Ihe world poses a bigchallenge to plant scientists. These are areas of low and vrratic rainfall, intense solarradiation, and high wind vclocity. During most of the year, potential evapotranspirationfar exceeds precipitation. All these factor affect plant responses. Under such agroclimatic conditions, cro p production is agamble if not impossible, and the productivitypotential of the land is usually low. 
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Tree leguimesal the genus Prosopis are well adapted to the arid areas of Asia, North 

Africa, North America, Central and South America (Felkcr 19)79). Prosopis pods have 

human and animal food (Felker 1)81; Becker 1982). 
been used inI these areas both as 

U.nder these desert conlit ions lPro.sopi"has been evalat d for biomass as well as pod 

The cnormous potential ProsopiN has for fucl
production (Felkcr cl al. I)3a, 1084). 

foddcr for animals 
wood production. shade, shcter, nitrogen fixation and dry season 

candidate Irce species for airolorestry systcms in semi-arid an1d arid 
makes it an idea 

ireas has centrcd on survival and 
research in the arid and semi-aridMost of plam 

plant growth. Due to the 
the effect of climatic factors on 

,adal abilitv, a test for 
addresscd in order to achieve 

complexity of the environment and the problems to be 
shouid bC fully' addressed whilC selecting trec species for 

success, climatic ,actors 
aigroforestry systems in diltfrent ,ones.
 

The objective oftlhc research presented inthis paper isto address the effcct of climate
 

on protein and sugar product ion in t'rosopis pods, when grown at two different sites 

wvith varying moisture levels. 

Materials and methods 
The plots were 

The two study sites wNcrC described in detail by Felker ct al. (1983b). 

Riverside irrigation plots and Imperial Valley
 

located in California and designated as 

plots. The Riverside irrigation plots were established in July 1)78 and were composed 

of 32 accessions (half-sibs), planted at a 1.2 x 1.2 m spacing in three randomized blocks. 

irrigatcd whcn the moisture stress potentials
months the blocks wereDuring summer 

-0.2 NIl'a, and -0.5 Ni',a, respectively. Thte .luV 
at 30 cm depth reached -0.)( NIPa,, mam. 
malxiflun temperatturc for this site was 34.0 'C', 

The Imperial V\alley plots, established in March 1979, wcrc composed of 55 acccssions 
wilh mean annual rainfall of 341 

blocks al55 trees per block as siigle tree replicates. They were 
(half-sibs) planted inin, 

x3.0 m spacing. The .1ulV maximum tcmpcrature for this site was 41.7 'C, 
planted at 1.5 mam. 
with mean annual ratinfall of 11)7 

Pod samples were collected in I08I. The poLls were individually picked, oven dried 

at 51) °C for a minimum of six hours to 6"i moisture content, catalogued and stol ed as 

collcctions in frcier box at -SC'(1Fclker, personal communication). For this 
single trec 
study. pods werc taken from frece/cr box and oven-dried at Stt C for six hours. The pods 

were then gromnd in iWiley mill to pass through a Imm sieve. 

Total pod protein was determined using a factor of 0.25 x nitrogen per cent. Pod ni

trogen was determi ned by microkicidahil analysis (\Villiais l981)). Total soluble sugars 

were extracted from the groundLpods 1w the Soxhlct method for about 1.5 hours using 

Total soluble sugar in the extracted solution was aiial7cdl by improved 
71',: alcohol. 

anthrone method f,r dfetermination of carbohydrates as described by Loewus (1951).
 

Results 

Pod protein 

Statistical analysis of the protein content of pods from the two sites showed no significant 

diflrences between sites; but significant differences existed between species at both 

sites (P < (.15) (Table I). Duncan's test shows that the protein means for those species 

are significantly different from each other at the two sites. 
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Table I Protcin mean comparison across two sites (Riverside irrigation (RI) and

Imperial Valley I). 
Species Accession RI I AVG Duncan's

nmbcr % 
 % 
 %
P. velwtna- grouping()32 18.0 15.7 16.8P. vehlina A0020 
 16.8 15.0 15.9P. ve/utina AW025 17.0 13.0 15.0 BP. glandosaB
var. torrvana W)1 15.7 14.0 14.8 BP. g/a/l1t/uhoa 
var.glanidthl .a 
 ()28 13.2 15.) 14.1P. articulata B(016 14.7 13.3 14.0P. alba B(XW39 9.2 12.0 10.6A. alba C0137 9.0 12.0 10.5RI = Riverside irrigation treatmcnt plots; 

C 
I = Imperial Vallcyplots
Means followed with same letter are not significantly different at P < (.05
 

Significant prolcin differences existcd al the Riverside irrigation treatments amongspecies and species by I.e-atment interaction a( P O.l and P <<I lowever, the irrigation ircaltmeits (M 1, 0.05 respectively. 
(Table 2). Duncan's test 

M2 and M3) were not significant at P < 0.05shows the prolin means that are significantly different fromeach olher for the three moistlur levels atP < (1.05. 

Table 2 Protcin collnet for species at Riverside irrigalion treatment plots. 
Species Accession Protein content Duncan'snumber NI 12 
 N3 Avere

(*' grouping"*' 
 U! (7f

P. vc/aina (132 18.) 19.9 17.0 18.6P.arliculata A()16 14.2 14.7 * 17.0P. pp A B(W18 17.8 17.2 15.2 16.5P. veluina ABCW020 
 16.8 17.3 16.0P. iclutina A B C0025 17.0) 13.3 15.4 
16.7 
15.0".glandttlosa BCD 

var. torrevana 0001 15.7 15.5 15.5 14.8 CDP. gwadu/iosa
var.ghanihnu (W)2 13.2 13.1 14.2 13.4 DP. 
 0, 13.0 13.2P. a/hia W74 12.7 13.0(1137 D9.0 * 11.4 10.4P.nigra 1133 E8.7 10.0 11.7 1(.2P. a/l)a (W39 E9.2 10.0 9.6


NI I = E-0.0 bars (moist); N12 -2.0 bars (medium); M3 = -5.0 brs (dry).Means followed wilh the same letter are not significantly different at P < 0.05* Missing values 
Source: ()duol CI al. !986 
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Pod sugar 

The two-site sugar analysis showed significant differences between sites, species and 

0.1, P < 0.001 and P < 0.05 respectively (Table 3).
species x site interaction at P < 
Duncan's test shows means that are significantly different from each other at P < 0.05 

Sugar mean comparison across two sites (Riverside irrigation and 
Table 3 

Imperial valley). 

Species Accession 
number 

RI 
% 

I 
% 

AVG 
% 

Duncan's 
grouping 

P.alba 
P.alba 
P. veluina 
P.ve'luina 

0137 
0039 
0020 
0032 

45.0 
37.2 
26.7 
25.0 

33.2 
36.0 
26.5 
25.5 

39.1 
36.6 
26.6 
25.3 

A 
A 

B 
B 

P.glandulosa 
var.torreyana 

P.veilutina 
0001 
0025 

20.7 
19.0 

28.0 
28.0 

24.4 
23.5 

B 
B 

P.glandulosa 
var.glandulosa 

P.articulata 
0028 
0016 

11.7 
3.3 

22.0 
15.6 

16.8 
9.4 

C 
D 

RI = Riverside irrigation treatment plots 

I = Imperial Valley plots 

Means followed by same lctter are not significantly different at P < 0.05 

Sugar analysis for Riverside irrigation treatments showed showed significant differ

cnces between species and species x treatment interaction at P < 0.001 and P < 0.05, 

respectively. However, treatment source of variation was not significant at P < 0.05, 
Duncan's test sho'.s sugar means that are 

but was signficant at P < 0.1 (Table 4). 

signiF.'antly different from each other at P < 0.05. 

Both protein and Fugar values for the two sites (Riverside irrigation and Imperial 

valley) and the three moisture levels (Riverside irrigation treatments M, M2, M3) 

showed an inverse relationship between protein and sugar. Species which tended to be 

high in protein had low sugar contents while those species high insugar had low protein 

contents. 
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Table 4 
 Total sugar content for species at Rivcrsidc irrigation treatment plots.
 

Species Accession Sugar content Duncan'sNumber M1 
 M2 M3 Aver:,ge grouping 

P.nigra 0133 40.7 33.0 36.7 37.5P.alba A0137 45.0 * 35.8 37.3P.alba A0039 37.2 * 32.8 35.0P. vehitina A0032 25.0 22.9 31.5 25.7P. veUttina B0020 26.7 26 .0 23.7 25.4P.spp. B0080 22.4 26.7 25.9 25.4P.velUtina B0025 19.0 23.0 31.0 24.2P. sP. B0074 19.5 16.4 33.7 22.2 B C
P. g/anduosa 

va. torrcyana 0001 15.7 18.5 24.2 20.1 B CP.g/anddlosa 
var.glandttlosa (W28 11.7 22.7 17.0 17.0P.arliculata CW016 * 3.3 6.7 5.3 D 

M I ---.0.6 bars (moist); M2 = -2.0 bars (medium); M3 = -5.0 bars (dry).Means followed with the same letter are not significantly different at P < 0.05* Missing valucs
 
Source: Oduol ct a]. 
 1986 

Discussion 
The study shows variable results for both protein and sugar contents in Prosopispods.There were no significant differences for pod protein for the Riverside irrigation treatments (Nil, WP, M3). At both the sites, however, significant differences existed amongspecies. The lack ofprctcin differences due to teatment and site suggests that in thesecircumstances, the pccics were not overly sensitive to differences in environment.Significant differences werc noted in pod sugar content for the Riverside irrigation
treatment (N I, M2, N13), 
 between sites and among species. Irrigation treatment 
M3(very dry) and Imperial valley site had the highest sugar-containing species, a factorattributed to Ihe magnitude of moist tire stress causing carbohydrate buikd up in fruitformin 
 trees and hence high stga: concc ilrat ion. This may also be dle to carbohydrate
conversion to sucrose in the fruits during ripening under moislure stress (Kramer ardKozlowski 1979). The high carbohydraite may also be attributed to the Lick of nitrogen,thus hindering the tu';e of carbohydraics for protein synthcsis(Kraner 1983).Protein and sugar differences at both sites aronm ':pecics is very important, ifspeciesare to be crossed in order to get hybrid:, that atc high in both protein and sugar. Theprescrnce of species by site interaction for sugar indicated that sugar is more environmentally sensitive and that individual species may perform differently on different sites,with variable cl:matic conditions.lf th, potenial of Propis species as a food and energy feed stock is to be realized.then pod nutritional quality must be known. The pod can be fractioned into a high sugarfraction, a high fiber fraction, a high protein fraction and a high galactomannan gumfraclion (Felker el a!. 1980). 

447 



Meteorology and Agroforestry 

a new hope to these often 
The survival of Prosopis in desert ecosystcns renders 

disregarded wastelands. The concept of establishing multipurpose trees in agroforestry 

direct competition with conventional 
systems on marginal lands, where there is no 

agriculture appears to be a promising solution to both the social and economic problems 

associaed wth the de,,c!c:rnent of these areas in developi,-g countries. 

References 
1982. The nutritive value of Prosopis pods. In H.W. Parker (ed.), Mesquite 

Becker, It. 
UtilizationSymposium, Oct. 29-30, 1982. Lubbock, Texa:" Texas Tech University. 

Felker, P. 1979. Mesquite an all purpose arid lanI tree. hn G.A. Ritchie (ed.). Newag

iculturalcrops. Ar;'..:.'an Association for Avancement of Science Symposium, 

Vol. 38. Boulder, Colorado: Westview Pre:;s. 

Uses of tree legumes in seni-arid regions. Econ. Bot. 28: 174-186. 
Felker, P. 1981. 

Canni. 1980. Utilization of mesquite (Pro-
Felker, P., P.R. Clark, J.F. Osborn, G.1i. 

sopis spp.) pods for ethanol production. In Tree cropsfor ene ry co-production 

onfanns, November 12-14, 1980, YMCA of the 1Rockies, Estes Park, Col.. 

Felkc.', P., G.ti. Cannel, P.R. Clark, J.F. Osborn and P. Nash. 1983 a.Biomass pro

duction of Prosopis spec;es and other legume trees grown under heat/d-ought 

stress. Fcr.Sci. 29: 59z-606. Effects of 
Felker, P., G.lt. Cameel, J.i'. Oborn, P.R. Ch.k and P. Nash. 19831. 

accessions. Exp. 
on 1,b)mass production of 32 Prosopis (Mesquite)

irrigation 

Agric 19: 187-198.
 

Prosopis pod production
'.R. Clark, J.F. Osborn and G.l1. Cannel. 1984. 

Felker, P., and African 
c-, North American, South American, Hawaiian 

- compai.on 
germplasm inyoung plantations. Econ. Bot. 38: 30-51. 

Water relations ofplants. New York: Academic Press. 
Fgramer, P.J. 1983. 

Kram,#r, PJ. arid T.T. Kozlowski. 1W79. Physiologyof woody plants. New York:
 

Academic press. of carbofor determination 
Loewus, F.A. 1951. Improvement ii aithrone method 


hydrat s . ,Anal.Client. 24: 219.
 amongVariation 
Oduol,P.A., P. Felker, C.R. MicKinley and C.E. Meier.1986. 

Prosopis families for pod sugar and pod protein contents. For.Ecol. 
selectcd 

Aanage. 16: 423-431.
 

Food and population. Sci. Am. 231:168.

Revelle, R. 1974. 

Official miethods of analysis.Washington, DC: Association of 
Williams, S. (ed.). 1980. 

Official Analytical Chemists. (13th ed.) 

448
 

http:compai.on


6 SECTIO 

Agroforestry and animals
 

- CornJ)Cition for water, light and nutrients in D.J. Connor 

agro!orestry association of PiItsradiata andpasture. . Snds
pastnrc.M. R. Sands

Strandgard 
- Climate, animal and agroforcstry. M. Djimde 

F. TorresW. Migongo-Bake 
- Impacts of sheep grazing on soil properties and Nik M. M,Bajd 

growth of rubber. 
K. a'gK. Awang 

K. Jusoff 

449
 



Competition for water, light and nutrients 
in agrofom stry associations of 

Pinus iadiah and pasture 

D.J. Connor, R. Sands and M. Strandgard 
School ofAgriculture and For-estn, University'of elboune 

Parkville 3052,A ustralia 

AbstractA'n eCrperi/,eett to stutdith crdiwiivo in tdse7 
S popine previously plantedilito imnpro,,d ',z.sture in 1981 was thinncd to provide (I range ofpi ne-pasture CoMi/nat io .s. 

was establishedin 1983 when 

an extensive basaltic plaii 
The cipetT-nntal site is 150 kin northwest of AMelbourne onat ant c/evationt of 400 in. 7he anal rainfall is 650 mithe annual ',porau(, 1100 mmi. 77 andw soil is acidic,dplwith clay lonsrfacesoil

1.5 cm d"7) overvii- d77emedi 1 /(.'.woodlalddotill., ou,iial 1-cefationl of tictb area was a savanna"-uICIyptUS CatIlfcdiulcnsis hillpreviouslv .conil
pasture of Lolium pcrcnnc and Trif'Olium subhcrrancum veled to improvedbut now with considcrablein'usion of I olct',s liaitLs.There are fue l (atne/it.s of which the two h )itidaru, treatmnt,a plantation of 16 50,ha (3 are treeless pasttreandi rows x 2 .-1 tree sacintg).tions are QO0/ha (S x 12 in), 277/ha (4-x 9 i) 

The three agroforestr, combia
and a treatnciit in which 5 rows spaced 3 Inapat (rees 4im withiin rows) are separatedhy a JO-row gap. In this case /ie tree deisity inthe plantedarea is 8 3 /,7a 1butoil a total area basi" it is also 2 77/ia. Plot size is 1.85 ha ofI/i ic/i fI eillier0.-5 Ilais .l..... lf,fiiced.IPlots aregrazed by incividualflocks of sheep.Theirperfornae is recorded as wo0'pductioiiaiid live weightgain.
77ic laige treatmlt plots afford an 
 c elc,it delnonstrationofagroforestry oilte'atives,', ",:ii inc/tusiomi ofprazin'l,,asrealism to the microl,'n:ate,prodluctiviyaidnittricitflowsin the syste/is. Th comprehieisive anual/ne(.ltrech'.asgrowth l that arc beinig made of treeanimalproduttioi will, ill the long i :'ni, allow a conp,',te ecotomic appraisalof Ic ,si.ste/s.1. However,it is f/ie interfacesbetween trees and pasturetiatprovide the most 

genera/A'\ uts('fu! data. ihis is so becautse f/ic co-produetility rc/afioniship.s to flicroc/i,'atic
modification across these maigiuis (an be ge/ieralized to asscm thepe'fianceof other-.wise ttn.studis../:! .'ibiutionls.ofpini (i/dpasture.Detailed mcasiiremitiiSof t.f growth alid ience of the inferactioii of treesandpastureare oniceitratdlalong traii.'cts acros" the /na7,ins beticeit freed plots and the pasturecontrols. These iinclude larious attnbutes of tree size, pasture production and soil moisfture co/iteti to 13 Iin.Measureiei'ts within the plots inclde light, wiind ,n
distributtioi of rainfaltt anid the recanoy'iiterceptiot aii stein flo'also beiig studi(d in Tree-pasture copiil)etitioi isap/)lication. hl lOO/ha treatnieiitt,;ig combiiatiois of trenchingatd herbicide 

Result.. sof 'r are limited. Differenc's ii tree growth are elide/if. Thie treesin the ighestdtiisi'vare tat/'st btt the stem vohmie of those evci/y .spaced at 2 77/ha is greatest. 7Thelow densityv trees (,uOdha) havegrowi least,probably a response to eL'positre at this windysite but perh.','.s also to water stres. because the lowest deit.Vif; reat/ne/if has the lowest 

;.. .:A-w-. -, -.d ; '-,,jCat' ''': 451 
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77tis tnav reflct the aerdynanicr(tn'ss 
sui)soil water content of the tr,'ed treatme its. 

of the arnigelnlnt biut it is evide'nt that the presence of trees improv's the infiltration of 
ha.s fn'qiitenflv 1)0cn jre wafer in surfa,', irrt'g~it/tiOs (If 

the ,.'iay sttbs, i/. 'F/iornwafer infi 
re

l,'nsit'vtrc' lo s du ring th' winift'r wh'reas ill lilt' phlfain and lt,it 
past nr, anidlow 

iu'i sly a, scif. 
d, 'ns,'l" trc,',tplots. j,'t Mria,, iwat'r ias /,','n ,.one 

p tiitM'thelproductivityis 
..Itll'i.\s ozpa¢,,strc prot/ihtitity 4lows t1fhit cvt'li in th, opl 

rnowit/ raft's ovr a 00-,lay 'at td a','r, i (ni/n()
,,nf wtn/i ill if N? .l ' Q,,'lo' t ili jasturt' prodtiefivitY ex,'p t in1 

"SoJlr thetr iv litt'(, 'vid(tlc' fa dchn/,
7) kt ha-day. 

, vrai mly'itoh,'dduringI' niittfr / S(O (.\''rstft,'rplt ifting). 
It,' p/altati 11in n'liti l lhno'

the tt' t'cov'r in tlit azrofori'stn ,'onbin/ti,iollY ,'yeial'jo 
x','pt ill f/t' ,laliti 't i v it.t'
fi. 

t,'r IO6, is it Iifjji'ictIt to IoInito PstIurt" proffh
 

ing fhcir pmning in ni 
I 

'
of pasi re t' ti, appli,'ati)11to hi'rtiii, l(t 

,i alit rI'l nt a
FretI'hiit, of roo f syf t 

has dtn tnfrft,' tle sinijlf'Ilit
fit,' 100 ha trfati,'lit


liosatt') ill O/w vicillitv o'flt '.5 it 
trc'.s. To f/ae


the watr "clation.tiPSald g,rothf
tt,'fJ'ct fjtret-titii Ctr,',mltfi l 

ot/i'r ac'roforc.'i conllbinations.ihdi'r,'nt ill t/h'i/,et fs al an, ' 

S,,il ifttrprtiljt's duritig .srnlhiit'r1NS5 .shov that trt,it do's not apl,'ar hat fit' was, 
lon'v'xr, nie'a,urinlt.\ o 

th Iax tire. Comltvr t i 
ll ind,'r t/' it'cd tr'at))n'tscoif1 aU 

forf 'Jrsitil time, a n rk',l ,h-in 
iIastur' appearsto be i tft'ns/li'iig after 5 v'ars of 

Iar 'rfre's andp,'itif I wt'if/in tt, li 

I ltroduction 

Altiough much (it' tile gra/zing during the past 150)years in southern Australia has been 

or savannah wodland, the maalagcclet 
on \what was orieinally grasslandcarried out 

lands has lcCI dirCctCd sOlelv to the liaximi/ation of returns, from an
of these ra/in, re

many areas have been complcely cleared of trees and 
imal products. (;iradually 

placed, ottcn in acropping rotatitn, wilh ji 1 't1rtovedpasturcs. In othcr areas, trees have 

thiutid ad the g;OtIh of impro\d pasture sp-ecics encouraged bv the appfica
bCCn 

tili/crs and trace elements, generally with pasture sced broadcast 
tion otf lhosplhtic 1i 

( ;I a/ing and fhic have prcuitcd tihe rcgcncra
or lightly setatched Mitt the sul Lace soil. 

land ik bcin con
so thai, a , the rctlallini trces dic, most 

tifn of rcplicemincit treCC of the death of' ti'aus,saea lulmbiler iti possibl c 
vertcd to trclcss paturc. There 

:s 'tree decline' and wich is causing
trees in \hati,, coiiitll'V reCtrrCd toremiini" inICIsLd C'\I)OtSr, in1SCCt 

con 1crn. 'fhe reastSlls inlcldC 
considcrable comIlity 

the lack ot recrlmlnicti trce 
atack, rishi- \erbes d ,linitv I lowccr, iveiC 

i ai/lnO, the rc:,eit is jic,.itahlc its the renillin,trccs 
sccdlinis to the tree layer under 


ae, whcthcr or not their delath hts bCCn hastCCd.
 

i c. , ith rising watc t tl'tles IdLcrosion 
Itos o0tree co%,er a,.ttci thd ill nIMIV pl.ics

'he excCCds 
l,,,tof the arca, the ;/initl pticiliial cvipriiitn 1,11

Ich,'h inhltr',tis into
of the surl'acc soil. (),.cr providCs excess water , 
rainfiilt but the ratinlall e:vapitr'atiol btlmrncc 

the subsol during ,.intcr. 
Whereas the ntli\c, c', lore en trccs and sminicr-;icti yc nati\c ., ascs rcmoved this 

c ci cS tt improd pastures
i mm cr, the WinLtcr-

t cti\eL sp 
watcr ly acti,\c trinslrtittn 

Ico1mC ilictcasi'lI \, \%ct, lead
udlr \.0hih the subilsImsl-,arc sumnmer-dormn mnl tu . \Vhcre w ater 

tAbles in the ht,,.er Parts o1 thC ttIpo rtl'pIl
xulti littcl tt 1si111 \ At.I is oftenin, 

itllOthe ro00t /(litm', thet produk-ix it. 1I vxhat 
IA : l md t+C;.htables, bci.tnc s-, 


the bcst lI d ill thL ltfIl t pi c s U Ii t Isjtaiicd.s,critull 

tcie0t1 IMLItcc that is,

as urnc ',;tv to rc-cstablish h',J ol 
Arultorcslry otlcls litelI 

ing a!.ri,.ultu ral prducti'.itY. Altrnatives ,t c to ctmcc litriltc 
compitible ', itl ,,.1i I stlfecfi 

as p1 l i rlls ald luccrn., tr iot rctlin 


Oll snIi1cr acti\c agricultural species such 
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or all of the ianCl(..ae Io tree production. In qlroforcstry options there is anof imtnv raomia because there is a strong dem emphasisfor softw(,sod which cannot he metfrom the exlt.enshivC, rualges 

ond 
nijv,,c hardwood forests. The comniiatioiand past Lre has rceised nuch oflP rsdi.attention in Aand ('hile, i'tb trlria and elsewhere, e.g., New Zealandthc relinen l 1 ot he,I'1 eri.demonstration s for Victorian conditions, includingto farncrs itrequircs further local c-pCimcnlalion.

Carngham was The experiment atLslblishcd for this purpose. 

M,ethods 

Experimental Site 
"le"
Cxpclrimlal islocdCd at Carughan , 151 kin WNW Melbourne (Figure 1)on formerfaarmland which was purchlaed by tie government in !981 for the estabiishment of 
Figlire 1 Design of tic agroforestry trial at Crangham, Victoria. 

water tank 
N 
 - r--
ad 

0 200 o 

m 
Block 1 D 5

Kev 

Plot boundary Block 2 I 3! j 2 I 

!nternal fence 177 - 1 L 1 

Block 
2 

Treatments L 
1. Gazing control (no trees) 4. 277 tree n'
2. 100 trees ha" P m x 12m (5rows, then 10 row gap;3m 
3. 277 tree, hY' ( 4 m x9 m) betwveen rows, 4 m betveen trees) 

5. 1650 trees hT'(2 m x3m 
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on which tile original 
P.radiata. The site is at tihe NW Cdec of a broad basaltic plainiI 

camuldltAimis (red gmi)
domi iat cd Iv f ,ca/l ttus00d 1a nILvcgCat iTn \Vas a, a:Inn alt wo 

crass) and species ,fStipa 
a he r cous 1torcy of "h'zi,ed a .frali .kant'Aroo 

with I)'.iing 10- f tar, of gra/ing, motly by 
(spear grass) and J)witotl'ia (.ea!llv grass). 

and b\ sporadic applik,tion of'sulprllhosliatc fcrtili/Cr, the vegetation has 
shCep, d so that tre'': Irc I0v \irtli:tlvreecnertcchangd markCdl\v. ''rCC s-edlligs have not 

,itC. The laccot, licr is dotliilald 1-y introducd ,,pCciCs of 
abs nt Irom the ,r:s i' e contains, lt)reli'in',The preferred
curop:an and rncditcrLILan origin. 

itbhrranuulm (sub
(pcrcnnm:tl irtislctv," 1:1micl rao(COk-,foot ) and irit/fin 


thrc has bcCn slb,liati, invasionly Ibolcls hiaflts 
tcrranti: clover) but ,tt! th'-s.itc 


(Yorkshire tog grass. a cliv B horizon at
 
cl\Iloam A hori/on sharply overlyingis low and lie seasona'ilil waterloggin'gThe soil is duilkx with ;: ratte of the sutbsoil

l5 cnm depth. intiltration"ll1t 


atd by the laver of ironstone nodules that have 
diat O.CLii at the i1mtiol is dennys 

have the markcd 'gilgai'
is slhtly'undlting blit does not 

formed thcrc. The surLic 
anidiy iras'lan d avalnilh woodland sites on 

tict,.' ol inlmicro-rclicf that i,cha 

sous in southern Australia.
hcav\ of betterrcstricts cropping to arcas 

The ,CaoMnal vatcrltogng of the s',rface soill 
trolp is ts ,occss of'pasture rciovation.rown for gray/ing andor cran to support animal 

drIng.c. The prineipa ,vaduailc part of the
prodactihin lint cropping is aso 


no evidenceiof pm L\ it tls cultivation.
 
F[he ite o1 this cxpcrinCt shows 

C! .iiate 
arc summarized in 

,lan tnthly c,.Jimatic data for the nearby (20 krn) city of BaIlrat 

Table 1.These dat a are gcncrally applicable to the cxpcrimcntal site. Months of cffec

hich rainfall exceeds oic third topan evaporation,
tive rainfal arc defthcd as those in v, 

In this casc it shows 
a form of analysis that has wide applicability in soutthern Australia. 

have itsupply of moisture 
that the five months from Nay to Slcptcnlcr inclusive 

adcquaC to sutain plant grwth and that thcrc is a high probiability that conditions will 

( )n average the period of clfective rainfall 
remain flectivc in April and ()ctobcr also. 

is ninie llonltlhs. 

Mean monthly climatic dat.i for Ballarat.
Talle I 

N 1) Yc.,rJ A S ()A N ,J 

78 75 71 0ll 5 745 
J F 1I 

73 70 71
Rain (mm) 41 -Pi 4S Of 

150 1070
 
135 1210 71 41) 30 30 43 03 )lI 110 

1Evap(mm) 178 
T erup rmax 20 25 22 18 13 I 1 t 11 14 17 19 22 

i 7 84 3 4
12 1I S iTcmp rin II 1 1 1I 11 7 C 4 
-Frost (days) 

cIII pcrat tires fall bclow 10 o(' in the period April to November 
NI can daily minimumt 

and arc below 5 Tc- in the three rmontlis .lune to August. During these tiree months the 

arc rcstrictcd by low temperature.and past urc)
growth of Icmperatc spcics (pine 

and although a fewv hot day's 
Nlean Inrithly maximtin tenpcratures do lOt CxcCCd 28'C' 

10 

454 



6 

1). J. Connor et al. 
(35 'C) do occur, high t.eniperat tire does notrestriction on plant grom.th. During 

'eercise an importai,: direct controllinghc .summnier months, Water short age cause'd by I ghtcmperatuires and cvalorativc demand rcstricts groth of trees aiid pasture.
StronL 
 winds :ire a 1eatlure of' the climnal of lhe basalt pliins and one which cansuccessfulhl, a.Wlioratd b, trees.. 
be

ling factor' The modihcatioduring vinier wil receive of wind,,arliularlyatcnlion of (he 'chilin this. tcxlrimcnl hccausesignilcanco: to ,wock survival, p1r1ieularil of its
of CVes and lamlbs. 

Ain etuhto iiin ,,11'As A 
ridine elinilIU station was installed at the site. It records hourlyolxhl rIladhour (.-rain ,veraLm.,) ion, rainlall and wind run together with nllsur i crl!s ol thewet- and dry-bulb tenipcratiurdepths. Complete dat.1 are c and soil temperaltres at two 

wind 
now, avail'able f'or 1Q85 and l196). Two key parametcrs arerun and 'hobal radiation; ihc Iornur heauwsc mnliicalions toan niportant 'aturc ot ;ieroforestry +'stenusand thc latter 

the wind regime is 
ductivilv of pastlure undcr ec:usc tie potenlial protrees doepends ultimlatcly upon the penetrationradiation to the grass 

of solar
livcr. 

Experimental design
The experiment was estahihed in 1983 whLn pine previously planted in 1981 at plan-Ltion spacing (3 x 2 -- 165(/ha)treattnents described ii, Figure 2. Plot size is III x 167 n (1.85 ha). Within each plot 

was thinned to provide three replicates of the Five 

Figure 2 NMeasurcments of (a) tree height (cm), (b)
(c) 

canop)y diameter (cm) and3
stem conic vo(luL me, (in x I()-3) over a two-year period. 

1984 
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 1986 
 1984 
 1985 
 1986
 

E E 15
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ha) that is fenecd, supplied with water and 
there is an internal plot of 48 x I()-in ()-.0 

separately StoCkcd with shccp tor the nicasurencnt of raving production. The external 

areas of ;ll plots irc, with a few exceptions where additionai nieasurencnts are being 

made, bulk-grazed bv a single flock of sheep. The pastunrc was slashcd in the first year 

1S4. The nunber of stlecp 
of the experincnt but has bccn graCd since December 

grazing individual ph ts depcnds upon pasturc availability. When feed is inadc(luate 

the sheep are rcmovecd. 

Measurement
 

nts of soil water status, rainfall redistribution by the ,recs, and tree
 
Reular mCasurcmi AddhilOal measure:ients have been
 
and pasture growth arc nUde in each treatmncnt. 

%ater potential and stonatal diffusive conductance in the 1(X)/ha treat
wmade of tr 

to the removal of gras.. in the vicinit,'of the trees and to trenching 
ment in csponsc 

designed to scparatc the root systcm of pasture from that of the trecs. 

te econoic
will provideand animal product ionof treeAnnual mCasuremecnts MI ents of 
atncs included in the cxperinctt. r,,surcn 

ac roforcst ry altcr Alndies wkill assist il the inter
analysis of lic lance and the collpCti0ion
water -eds w 

I lowe er, in order that the rcsuls obtained in this experiment 
pretation ol tile rcsults of tree nd pasture 
can have the widet application, regular, detailed measurements 

growth and water balance are content racd along transcts that traverse the boundaries 
and past ure 

sand past irc controls. The estblishmc nt oft ree 
between trccd treat men and withbin .,e treed area 
growlh response functions (Fiurc 3) acoss tile interfacc 

i this cxpcrimcnt to b" c:rapolated 
will enable the competitive rclationships included 

to ?ree-pasture combinatmions that are not inchld,d in this cxpcrimicnt. 

Figure 3 Soil volumctric water content over a two year period for soil depths 

(b) SO- 144) cm and (c) 1(0-220 cm. 
(a) 0-80 cm 

0 50

c 045 

* -;. 
03b '....-:---

030 

1986
1984198619851984 

(C),0'050 

->--......004 

~04 
1986
1985
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Soil whater conI CniA ncastiri d by ncutrol nois-turc meter (N NNI) from the 20 cmdcphi at 20 cm-dcplh intcivals in 3 in deep aluminiuml accessalong~ the tansects Pasllurc growth 

tlubcs- (() in all) locatedisltlllnri Winter an 
incasured at 3-mnontlil' intervals (s:mmcr,.,pliil) iii i'r iing exelusioi cages of I in ra;diuv (2()lhcaLed aionglhe transe't',. in all) alsoboil Wal cr is illaslreld monlllhy wnheCLth' ilterval be'tw. r possibll" althoulghn readings Can be extended toif" infornlatlr h en itn,at lii.t 

vo moths in witer with little loss'h 
ar. ye'l 4rr ) in 

ire small. ('anopy inlrccpio(m and sItm flowe prcd in S77 (even)rain ea JL,ar,,: Cllrrellll and l() 'ha Ireat.icils.( . in) are illtilet f6 0 ( 7 Lincir, I '.rder ree eve ) t, 
pe'r 1h1. hay,, bCCn fitt 

<.' pi 's .nd b lwe:,:n Ircc rows. Six Ireesd %kill)i s,hm .ecoL-s to c'llctl slem flow. Additional NNINI ac cssltithes haeli rIhC ahd in th viCinilv of fIli wircpilion -quipnt.il. 

Results 

Aree growth 
Measureenits Of !rcc height, calopy width and stemrFigir, 2. Trees it, the Iwi 

conic volume are presented innmm dcnc treatlents (1650 and 277/ha)approiciinc -4In hiv age 5 ye; 
are the tallest, 

rs. The trees in the liw density ( 11/h) treatmentlhe 'i-row pttern are shorter iv apprOiximaiclyt and(anOpy width is eacst in I m.hle 2 7 7 iha trcatin,.,tl. Tle two open- spaced treatmentshave coi iecnsilcd Ir iesh ijht wilh grc~itr
ais nith1i heieht Ior( ,nt 

lateral expansion Of their canopies, buti 1,ca mpypvn (wItIdeol:Isi i ac,(o1 Iatcheir p)irer growh. These estimt csneanl canopy diamet'cr tload to gro,s csimalcs iif vrti;lvi'proje.cttd0).0 ;!nd 0(.2 fr cover of f.42,'.02. 277 and 1()0, ha rcsp 'livh,. Within tie Ircd arca, the cover ofthe 5-ro w pattern is().1-3.-Trcc pri,!'i]!iily i most c' ise!, appioxinlated by stCl '.iifhnC. The data in Figure2 sh that :he Iree, at 27,1E, Mhith have the widcst canopics, also have th( grcaleststelum e The ipen ,paced pling (1(X) h,) and the S-ri.- pincrn are 5(Ui smallerafter 5 \ears of 2n i, th.Analy,,es ofthe , ros. tof individual trets across the pasture- tree interlace are prcscnted for tni occai sions (.\ugst 19,84 and April I '.S)the ilargins of tit in Table 2. Trees grow )est at1M ),ha :inl 5-row rea;nilns but performance across the interfaces
of the other more open trcircnt,, is variable.
 

Soil utter content
 
(hamlanes 
 ill , ietI c \uat' r eiilllt

2-ff til are, 
for trcc depth intervals 2-'.-(0, sf)- 140 aid 160vn in Iyw,.ure A. .c;isiral
onlly abi'cO ,S-;lis n hutre 

changes in soil water cillnt have occrred
-n thc d ta fur [hl 2T1v-Acm.the PlailatiM had 11 In this ha\,-r Tle pa't;:re andtii' ,higilestil water content for the first two ycar.sbil diul Ingtile i liin ,, !-',surrccnltr ti' pilanltatin dri'd tilt l. The thl cchinatit,, ((iX I . i. agriiforstry CO27" ha ain 3-row pat1 ri) wtrt at all tlle. drier than tile pasture butduring the last ,illllncr vse 5vB ew ltcr til;il tht pli tatin.
() (.m lh' , is ll[:,' C.ithnctc ca
Whle1 
onal change c',.cpl il tlht,,r ciiItit'til last sunincrin tilt.' (SO-It-

iion is that s,til nditCr 
.'ll ftll tinder ihc plantation. A inltcrcsiilg oiiscrva,il 'O.'nI at de'pth It-lh , the ph iiitaliiithat under aNi 5 has bttn Wttelcr thaniithpr triCallitnIts. Thcr is 11,seasonal fluctationhave been csthli,,htd b-,,.ccn ti eatilts ill tile 

and nio differences 
eipth range ,(i-22) cm. 
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Growth of individual trees.Table 2 

Spacing Tree 
No.1 

Distance 
edge(n)

0 

Volume 
August 1984 

1.30 

(m3xII " V) 
April 1986 

9.75 
1 12 1.03 7.73 

1(X/ha 

5-Row 

277/ha 

1650/ha 

3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
3 
6 
10 
15 

2 12 
24 
36 
48 

0 
3 
6 
3 
0 

0 
9 
18 
27 
36 

0 
4 
10 
18 
28 

1.42 
1.10 
1.32 

1.05 
0.72 
0.60 
0.67 

0.79 

1.04 
2.03 
2.98 
1.89 
t0.87 

1.64 
1.44 
1.25 
1.07 
1.02 

9.41 
7.34 
7.87 

8.47 
7.38 
6.73 
6.50 
8.68 

11.83 
16.94 
23.85 
14.72 
9.44 

14.83 
14.84 
13.79 
11.98 
11.29 

An1l,--cs of the changc in soil water content across the pasture- tree margins are in

cornplctc but show that the gr:idients are stcp across the interface bctwecn the pas
1 /ha and 277/haIn the case of the 

turc and the plantation and tCe 5- row pattern. 
gradients witihin the planting arc as marked 

treatments, the trees are so sparse that thet 
across the interface. 

at this stave in the d&vcllnicnit of' the Sstms as are those 

Pasture growth 
the 1086 spring pasture growtlh across the trcat

l',c data presented inl Figure 4 dcscril 
and the 5-row pattern. These treat

mcit-past'rc intcrf'acc for the plant ation (165011,ha) 

nints now show an effect of trcttm.-ent on pasture productivity. Within the 277/ha and 

lff}ih:n plantings there is still no diflcrnce in pasture production from that of open 

pasture. 
In the 5-rc w pattcrn the ctfcct isrclatlively small. The data show no sitcs of high pro

arca so Ihat the avcragc pi,,duction is less thln in the paS
the plantedduCtiOn %,ithii the productivity of 

Acro.s the pasturc- plantation interfacc the effct of trees on g ilda
lure. Pa,,turc productivity in the openi avcrqgcs 5.1 
pastre is slrP (Figurc 4). 

The variation in pasturc production within the plan
\khlit. Ihat uirledr the trecs is 2.S. 

of sanles from individual trees rather than the distance 
l,tlis thc ,ltanCCtali,m r 


from the edgc offthe trcatimnit (Figurc 5).
 

458 



D. J. Connor et al. 
Figure 4 Spring pasture productivity (gm "2 day-) across (a) the platation-pastureinterface, and (b) tho 5-row treatment-pasture interface. 
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Figure 5 Pasture productivity (gm 2 day) 

. 
across (a) (he plat ion-pasture interfacc , and (b)0 J. the 5-row treatment.past ure interface, expressed in termsof distance to the nearest tree. 

, I 

rees.i 
anceoeretreces wn c to Disancihp anelndrsttree n il ed 
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Trcnching and pasture removal combinations.Figure 6 
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The incrcased wood production was probably due in part to the improved tree water 
weretreatments

tholgh the 'no pasturc' and 'outer pasture' 
statuS. I lowever, even 
equaly1 effective in raising needle water poltential, thcv were quite different in their pat

er pasture' treat-
The 'no pasturc' trcatlmcnt used lcast and Ihe 'out 

!crns of ;watcr usc. 
aler over the period .une to January (Table 3). 

merit used most soil A, 
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Table 3 Growth and water relations of pine in response to the removal of pasture. 

All Inner OuterTree stein volume increment None 
3.89 4.0)3" 4.00(m3x10 , 18/6/85 to 21/f/86) 

Needle water potcntial 
-1.50 -1.50 -1.24 -1.22(MPa, 31/1/86) 

Soil gravimetric inner 0.101 0.080 0.088 0.116 
water content
(0-40cm, 21/1/86) outer 0.108 0.157 0.098 0.163 

Discussion 
The agoforest ry trial at Carngham isa traditional randomized block design. Althoughstatistically rob ist, such trials occupy large ares and are expensive establish and
1o
maintain and coasc(lucntly can compare a limited number of tree spacings. By contrastdesigns such as the Neldcr Wheel and a va ricty of parallcl row designs can cxamine treespacing as a continuous variable over a wide range. These designs are, however, upsetby silvicultural tircatineits such as thinning and are sensitive to tree mortality. In theeXp'eriments described hcre an attctmpt has been made to maintain the robtustness ofthe traditional design while at the same time gaining some of the advantages of iesystemalic designs. This has been done I1y making additional measurements along transects across tlheintcrfaccs between trees over a range of'spacings and pasturc.It is envisaged thmi dhe- examination of these interfaces will provide valuable informalion about the co nlmeition between trees and pasture and that the production functions of trees and pasturc across the inlerfaccs will be :ippropriate relationships toinclude in simulation models of tlie productivity of a wider range of agroforestry systems.It will certaiinly give a more comprehensive understanding of an agroforestry systemthan could he gained from measurements I;ken only withii, the individual treatments.The approach should als,) assist fle design of windbrcaks and of a wide range of discontinuous agroforestry sy:;tems. At this ca ly slagc of the invcstigation only preliminary rcsulls have been ,blaind.
 

different 
For the first five years the effcct of pasture on tree gi owth has not been significanllybctwcen treatments. Now, differcnces in tree growth are emerging andgradicnts arc being established at the interfaces between treatments. The effect of tree
growth on pasture production is evident in the plantation, b)ecoming cstablishcd in the
5-raw trealm ent (cffective density 825/ha) but at lhe lower tree densities, the growth of
pasture is siill unaffectcd.
The subsoil under the planlation (1650/ha)
ing th iswelter than under pasture. Considerrelative rooting dcpth of pasturc and tree!; this isasurprising result. !t is likelythat the wetter subsoil reflects higher infillration of water into the soil tinder the treesrather than a lower rate of watr extraction. Certainly, while strlace water has beenrelatively common du,'ing winter in tlie surface irregularities of the pasLurc treatment,it was infrequent and shrt- lived in the plantation and denser tree treatments. It is 
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expected that this trend will be reversed as the trees develop larger canopies and denser, 

deeper root systems. The beginnings of this are perhaps evident in tile drying of the 

subsoil which was observed for the first time in summer 1986. 

Agroforcstry experiments typically test a rang: of tree spaci'gs against pasture (or 

crops). Result,; from these experiments tell more about the effects of trees on pasture 

The reciprocal experiment, in which a range of 
than of the effects of pasture on trees. 


pasture densities (or treatments) is tested against a constant tree spacing is more infor

trees but few such experiments have been car
mative about tile effect of pasturesc on 


ricd out except in studies of wccd control in plantation forestry.
 

The pasture removal experiment reported in Table 3 is an example of such a recip-

It is well known that clearing herbaceous competition from around 
rocal experiment. 

the stem of pine can substantially improve growth, particularly in the early establishment
 

roots of herbaceous 
roots are shallow and actively competing with 

phase when tree 
species for soil water and nutrients. The use of herbicides in the establishment of pine 

is now standard practice, and this may explain that while the effect of trees planted into 
total pasture productivityon 

pasture may appear to have minimal differential effect 


there is nonetheless significant competition which restricts the early growth of trees.
 

the co-productivity atnd water bal
arc being continued to measureMeasurements across the treatment

Examination of their performance
of trees and pasture.ance 

interfaces will assist in the interpretation of the treatment responses and provide pro

duction functions that will be useful in the design of a wider range of agroforestry sys

teins. 
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Abstract 
Climate affects dofstic ani/nals hoth directly and indirectly. Direct influences are onthennoregulation, feed and water intake and utilization, anlimnal growth, milk productionand reproductive pc'foonanice. Major indirect effect of climate is on quantityaPdqualityoffced supply. Iw . 'road/ost importantindirect ffea of dimnate is its i/flt eWe On thedmstnbtti/n of pests 1(1 diseases. There apper-s to he a great scope for agroforestry toalleviitea(ersecli//atic eff,'cts on livestock throuighprovision ofshelterforani/nalsanidpasture. Tree shade, windbrecks, shelterhelts, trees i pasttre hat' agroforestrpotentiahsit al/h 'iatigc/i/atic .stress /n aottiaia/, a/d increasinglpa..tutrejrodtuctioi. 

Introduction 
Environmental conditions under which livestock are produced vary greatly. Theyinclude the tep...rate zones; semi-aridareas; low wet tropics; and high-altitude areas.These environmejntal conditions i.e., climatic factors, influence animal husbandry and,in particular, animal reproduction and productivity. Livestock production is influencedoy climate both directly and iadirectly, affecting health, reproductive efficiency, productive conversion of fced and, indeed the very survival of the animal
critical st,,gcs of its life cycle. - particularly at
Direct influences affect in particulzr the heat balance of
the animal whereas indirect influcnces affect 
 land use and management, feed produc!ion and conservation, disease and parasites (Starr 1986). 
 Therefore the provision of
favourable mi.,roclirnatcs represents an important management aspect in livestock production. In this framework wc alcnpt in thisrclationships and paper to present climate-livestockthe possible role of agroforcstry in alleviating adverse effects ofclimate. Although Ihc animal component in agrolorcstry includesfauna (e.g., bees, worms, fish ctc.), a wider range ofwe concern ourselves with co1nvetional domesticlivestock (e.g., ruminants, pigs, poultry). 
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Direct eftect of climate on livestock 

Thermor. gula ti on 
That means, they attempt to maintain their 

All domestic livestock arc tinicotherins. 


hoy tempratures within a range most suitable for optima! biological activity. In order
 
Domestic live

to maintain thcir body temperature animals must cope with tile ciimate. 
m theal,nce bctween their hct production or gain f:': 

stock must preserve atthermal 
environment and their heat liss to the environment. 

The thernal balance can be cxprt'ssed by tileequation 

Ni - : -_# ('d :_Cv- - R = () 

where NI is metabolic heat production; F., he'it loss from skin and rcspiratot y passages 

ait lost or gained bringing ingestcd food or \ki.r to holy tempera
by evaporain; F, 

turc; Cd, hcat lost or gaired by direct contacas between the body alld surrounding stir

faces; Cv, heat lost or gained by convection tile to contact between the air and skin 

andAor linin!gs of the rc qpiratorv passages; and R,heat lost or gained by radiation (Wii

lianson and Payne P)84). 
)f the various ways that domestic livestock lose heat, evaporative loss is potentially 

noir,'al ci-culstances. It depends on the ambient air 
most important underthe 

moisture, the area of evaporating surface, the 
temperaturc, the alniont oF available 

absolute humidit yof the air surrounding the animal and the degree of air movement. 

The ability of'livestock to lose heit throigh conduction (Cd) is vcry limited. Con

vectin (Cv) heat loss isof course increased when cool breezes blow on the animal, and 

incrca;cd air movcmerit n.ay also increase evaporative heat loss. Consequently live
to cncouraV;e

stock accommodat ions in the't ropics should always be built in such away ,,s 

maximal air movenient on and around the animals. 

Solar radiation may not only increase the heat load on tile animual but also directly 

affect the skin, causing skin cancers and otlher photosensitive disorders. 

Climate and grazing behaviour 

Tie effect of climate on livestock is manifested in their grazing behaviour. C.ttle in the 

tropics if not yarded make use of any natural shade available rather than grazing in the 

middle of tile day, to avoid the climatic stress due to high insolation and air tempera

tures. The reduction of night grazing practised in tile tropic., because of predators leads 

to significant decline in liveweight gain. 

water intake and utilizationClimate and feed, 

Feed intake 
1High ambient temperatures depress the feed intake of all cattle. Increasing humidity 

combiied with high aknbieiit temperaturc also depresses the feed intake of all cattle. 

Water intake 
The direct effect of climate on the wale; intake of livestock is very complex, as water is 

required by the animal far at least two different purposes: firt,as an essential natrient 

and component of the hody,irod secondly to assist the animal lose heat by evaporative 

In general, the water intake of livestock increases with increasing ambient 
cooling. 

I liimidity also affccts water intake. Increasing huniidity combined with 
teInpe rature. 
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high ambient tciipMof drinking, aiures decreases water consumption and increases the freclucncy

Increased radiation load on livestock increases water consumption which is used forevaporative c(oolin, (Williamson and Payne 1984). 

Efficiency of Utilization

Increasing ambient tcmperature may decrease the efficiency of fccd utilization.
 

Climate and growth
Growth is a complex set of mclabolic events which are environmcntally and geneticallycontrolled. 'Xmong the climatic conditions that may impose stress on the rate of prenalal, pre'eaning and postweaniing growthand radiation (ilafc are temperature, humidity, air movement1968). Reduced feed intake and grazing time is likely to affectanimal growtli (Wehster and Wilson 1980; Williamson and Payne 1984). 

Prenatal growth
The eniiionniilal temperat tire is perhaps the most important climatic componentatff.cting pren , !.l growth. Minialure calves are often born to unadapted exotic breedsof liveslok following summer pregnancy in the tropics. Pregnant ewes (breed dependent) exposed to high experimental temperatures bore miniature lambs, the reduction
in weight being proportional to tie length of expos;ure. This dwarfing is,according to
Ycatcs (1958), 
 aspecific effcct of cmperature and not an effect of reduced feed intake. 

Postnatal growth

Growth of tie suckling offspring will depend upon both its own 
environmentroundings and the environmental factors imposed upon its mother and her milk supply. 

l sur

o Effect of heat. The growth of animals after weaning can b stunted by high environnicntal teniperat tires.0 Effect of air movement. Wind can be harmful to unsheltered animals at low iemperatures, especially if ihey are wet.0 Nutritional and metablolic mechanism. Nutritional requirements of the animal aredependent on envirormcntal temperature.

at high temperalturcs is:tpparcnti. 

Reduction or cessation of body growth

d uc to reduction in voluntary fccd intake; increasein energy cxpendecd for heat dis-ipation, particularly through rcspiration enhancement; reduclion in tlie amount of nitrogen, fat or water stored; and changes in the
different ial growth of body organs.
I lormonal and enzyniat ic mechanism. When homcothermic animals are subjectedto environmiental lemperat tures 
 above or below their thermo- neutral zone, a vast
array of physiohwic:,l a:d biochemical changes take place. The enzymes that catalyse various metabolic rcactions are to i a great extent controlled by the levels of bothsubstrates and hormones. Environmental temperature fluctuations ultimately alterthe availability of these controlling factors by causing changes in the amount of foodconsumed. 

465 



Meteorology and Agroforestry 

Climate and milk production 

Milk production is reduced during exposure to heat, or during the summer. This can

not he attributed solely to a fall in feed intake or forage quality. The effect of heat on 

physiological mechanisms related to lactation is also of importance, mainly the low level 

of thyroxine during the summer. 
to high environmental tempcra-

Similarly milk constiltucnts undergo changes duc 

Most of the availatlC expcrimnietat evidence indicates that, for example, butter
ture. 
fat and non-fat solids production is depressed 1y high ambient temperat tire. 

Climate and reproduction 
are ambieut temperature, humidity 

The major climatic fa:ctors affecting reproduction 

and length of 'l, ylight (Williamson and Payne 1984). 
a major result of high temperature

interior pituitary may b,
IHIypofunctioul of the 

d u ction of sexual hormones, which in turn results in repro
le:,ding to an insufficient pro 

ductive failure (t lafcz 1( S). Sudden violent Iluctuations in ambient temperat tire, such
 

as occur in the sub-tropics, can directly affect tx rcproductivc performance of cattle.
 

I igh himiditics reinforce these effects. 

There is evidence from field observations that both embryonic death and foetal 

Iligh ambient temperatures also appear 
.,ccur in hot environments.dwarfing of sheep on oestrus. Constant high 

to affect embryo survival in sows and may have some effect 

ambient temperatures reduce the rate of laying of cggs and the total number laid as well 

as a dim nution in eg,g weight and shell thickness. 

In all male domestic livstock there is evidence that spermatogenesis is adversely 

affected by higih .nibient teniperatures. 

Indirect effect of climate on livestock 

The major indirect effect of climate on livestock is on the quality and quantity of the 

are on the incidence of disease and 
to them. Oth,:r indirect effects

feed available 

parasites and on the storage and handling of animal products.
 

Feed supply 

The quantity and quality of feed available to tropical livestock are primarily dependent 
The 

upon the climatic factors influencing plant growth (Webster and Wilson 1980). 

important climatic factors that limit plant growth, and hence the quantity of the 
most 

ambient temperature, effective rainfall, length of daylight and the 
feed available, are 
intensity of solar radiation. The qualitv of feed depends mainly on effective rainfall and 

on the intensity of solar radiation (Williamson and Payne 1984). 

Parasites and diseases 

Another indirect effect of climate on farm animals is its influence on the distribution of 

the major pests and diseases and on the arthropod vectors that are responsible for their 

a favourable breeding 
spread. High ambient temperatures and humidities provide 


environment for internal and external parasites, fungi and disease vectors.
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Storage and handling ofIanimal products
Tropical climate, humid or arid, favours the rapid deterioration of stored animal products, thus increasing processing and handling costs. This indireclv affects animal production since increased proccssing, handling and storage charges may make increasedproduction uneconomnic in certain marginal areas that are ot herwise suitable for thedevelopment of a livestock industry (Williamson and Payne 1984). 

Role of agroforestry 
Agroforestry can alleviate adverse climatic effects on livestock by providing shelter foranimals and increasing pasture productivity. Shelter effect on livestock production canbe direct o;- indirect; direct through shade trees and windbreaks; indirect through anincrease of past ure productlilvby utiliing trees, windbreaks and shchrbclvs to improve microclimate. 

" i 

Direct shelter effect on livestock 
Literature on the specific effects of shade trees or tree windbreaks is very scarce.fhcsi:. hy (,oadon (i973) Aoncoastal Kcnya indicates [hat the

dairy production in a ca;,Fhcw-pasturc combinationiggsi contribution Ofthe trees to (he aniial was the
in

reduction of solar raidiation as manifested in aninial behaviour. Ilowever, there was nodifference between Ihe milk yields of animals in four treatments with and without shadeduring the wet and dry season.According to Robinvson (1982) the effects of hc:,c stress reduction by shade trees onanimal production are numerous and the extent of the effects depends on the climateand the aninial breed, lie postulatcd some of the effects as follows: 
o Animals cat and graze longer.
 
" Animals nccd less water.
 
o Conversion efficiency of fodder is improved." Growth rate, milk yields and wool production are improved (independently of thequality and quanlily of fodder available).Reproductive rates should be improved (independently of quality and quantity offodder available) due to the following likely influences: earlier pubcrty (related tohigher growth rates), higher conception rates, more regular fertile periods, lengthceicd reproductive life, reduced embryo loss and need for a lower ratio of males tofemales.

The survival rate of the offspring is also higher due to the following likely influences:mothcrs in better condition, easier parturition, largcr and stronger offspring, highermilk yields. 

Norman and Ernest (1986) reported shade to be beneficial to livestock in a hightemperature environment and suggested that tree plantings can be designed with theprimary ,unction of providing shadt, for livestock and helping to distribute grazing uniformly
Whereas

in a pasture.
provision of shade to animals is crucial in hot environments, windbreaksbecome importan management tools at low temperatures. Nkl.h the cold windy weatht;rof New South Wales, sheltering lambing ewcs from the wind by using a tall unpalatable 
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and that of multiple births 
plalaris reduced monrtaiity of single lambs from IS to (11";, 

from 51 to 36' ; (A!cxndcr ci ai. I)SO). 
lambs in south-wcstern11) compared tile surviv,Il of new horn 

McI.auglhlill (11)7 sura) exposed paddOCks; b) paddocks
in 3 lambiig sVsA iMs:VictOria, Aust ralia, high; and c) individual pen 

(C"tro'.sso ,,acrocaripa)hcdgcs 5.8 il 
rounded bv (vprus 

lIt sy;stcms ircrc cld the silivival of single 
in the first year, the Iv\.

Iaming in a shicd. 
and Iv,in lambs in ,lhe period bctwccn birth and 48 hours of age. In the sec.md year, the 

no otlhcr differences werelambs.., but
increased 'ihe surv\tl of sinrI

trd sYstcm , alternative to individual 
siwijlqcant. Thc,, coLrcltded that the -,,cmd system offcrs 

f imprOviag lamb survival.
pcl laibiiqg as milthiod on shecp propcrlics ill 

Tle ,.alc Otf tree \indbreaks fOr reducing lamb rmortality 
lie used 22 \,cars of daily

stralia has bCCII discussed by IWy(IPSt).
st i-~ca',t em A 

mCetOrolt~gicral daa from (GinindcrraExpcrimcnt Station (New South Wales) to cal

cutl:ttc the relatonshlip betwccn lamb rrrrtalilty and wind velocity, and fcund that major
 

occur until wind \',Iociltv i reduced to near 7ero. 
oortalit., does molreduction in lamb 

lvc cmcludcd thiat t rcc windbrcaks (,. hich cannot be expected to reduce wind velocity 

tile windbreak) should be seen
mlstrtial distance frumn 

to near Yero, at lcast for any su 
nt program to reduce i'unib mortality. 

as Onk. one faring practice ilr a nmagc 

Indirect elffct of shelter oi livestock 
hlat pasture canevidence suggestsJrcs prc\ails some

lii cnvironmcnts \%hcre \water 
>:torey of trce sdLe to better moist ore conditions. Furthermore 

grow earlier ir tIle urdel 
erot Ii cani continue considcrablv hinger into tile dry scason, owing mainly to 

pastlore 1982). The effect of 
a,suitable moisture reginre being maintainCd for hinger (Robin.-oi 


\ls,
was reviewed by N arshall ( 1467). 
shelter on tile productivitv of grasslar 

Tire effect of artificial windbrc!,-s (sheet iron fences ) on behaviour and production 
They com

of sliceep ill adj',ini rg paJIdOCks was strldied by Lynch and Marshall (1909). 
a 23-month non-dro)ught

month drcught period with 
spared body weight after a 21-

3 and 38,, e\cs per hiectare in a fi~alri ulu'rosal
period at three stocking rates (15, 

During tire drought period, sheep
Arriridale, Australia.Trijfilium re''t11S pasture) at 
in the sieItered than unshreItrd paddocks, ranging from 

body weight increased more 
nCdini, s ocking rales. Pasture prodictivity in tile sheltered 

7% to 22/I:; at tire lOW aird 

paddocks was about double that of tic uinselte red ones at all stocking rates. Increases 
medium 

tivy period was approximatcly 2(),/';,, but only for tir 
in body wciight during tie r 

and high stocking rates. Sircp at tire lo\wcst stocking rate had abundant feed in tire wet 

period in both tire shcltrcd aid unsheltered paddocks, and little difference inl sheep 

live weight between these treatircrits was found. 

They concluded that variat ion inianimal productivity was largcly due to differences 

in pastlorc availalbility rather than to the direct effect of shelter bccausc: a) the sheep 

were iii full wool through mid-winter arid wcre cOnscctenitly'well insulated against cold; 

b) the threshold wind speeds above which most sheep movc to shelter are encountered 

nt l\ tire opportunity to bencfit from shelter in 
Armidale and conseqc,infrequcitly at 

id c) tire slading effect of tire fences frort direct Sin is mini
lawindy wactlhcr was sliglt: 

According to the authors, moisture 
inral "inmid-surrmer at tire latitode of Armidal'... 

coiserved by tire sheller was prolably tire rrrairn factor to wich the pasture responded 

in tire experinent, a conclusion which is supported by tire fact that tire sheltercd pas

lure invariably rerMainred greern for hmiger than the unsheltered pasture with tile onset 

of dry spells. In txpjerim cnits whcre lcsturcaanindi
pajstirC gro\th directly.aso ,l'fcCWind aylso 

aid Lolim; lwrcmic grasses werc exposed to constant windspceds of 1.1, 4.0, 7.4 
,acca 
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and 10.0 in s 1 in a wind tunnel for 14 days, Russcl and (;r.- ,d; 1978h) found thatincreasing windspced reduced rate of leaf extension, relative growth rate and leaf arearatio. They concluded that mechanical slim ulus itsclf may have caused (he reductionin leaf growth ratcs since no watcr stress and no change in rate of pholosynthesis wereobserved.


It has hecn sh,0wn thal shading may' have 
an aderse efflect upon hoth growth andchemical composition o'past urc species, at least under temperate Condlit ions. I owv,'crthe known negaLive eftec of temperature upon quality of forage grasses (Deinul 19066)may lead to a beneficial effctc ofshading under tropieal conditions (Norman and Ernest19S6). 

Conclusion 
Wealer and cfimate are environntclal faclors affecling domestic animals both directlyand indlirectl'. Any improv..i .in animal health and product ion necessitates managerial meaiurcs to alleviate adverse climatic effects. There appears to he a great scopefor agroforcstry to counter these climalic dislurbances on liveslock production by providing sheller to the animals and ccating fayvurablI microclimase,; for an increa;e inpasture production (shade, Windbreaks, trees in pa 'ure, shclterhelts). 
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Impacts of sheep grzhig
 
on soil properties and


growth of rubber (Hevea brasiliensis)
 

N.M. Majid, K. twang and K. Jusofr 
Faclld' of Forcstn, Unit-crsii Pcrtanal ala/ysia•3400 Serdang,SelanIgor, A(ala sia 

Abstract 
Ae agrointeorolo4c i/7lportanc of sheep grazing is rtc' iving icrcaved attention in nibberphantatons~in Afalayvia. JcA1casr(,,icntvt of .oilphvsical and chetnicallm:/rties,filiarald tree girthof nh/hr (I Ievea brasilicnsis ) in a Rthb,,' lnhtstrySallhod(rsDevelopicnt ht/lth "iv (RISD,..) inini-eslate at Blhkit A,'ahang, Kuh''lin )Kehintan showed 15inoiItjis ofgr'ra:ziliedid notocatsesoil ('i' )c/u to ttltater toit)il'/?it'tl thtrouphthe soil projie cV)cciaI\, tip'tig intv'w ruin tornits.. 
All incamttrvpinet.
propertic,, of soil pt.Vcal 

inacropores,
name/ soil i isttr, cot'nt, pal th, diti.sittY, hulk dn.tsit,h'iitro/por,, 	 totalpore space,hatirat/.\drauhl'o tt v .i/distribution, lo.s'5 ont in'ntiitill 

di t it ,d ntmperature,particle-sizead ti fallto root Illtrationthe soil.surfacce (0- It) cm 	
/, dit(ti'ica 1/i agi'rtadatioftatdcpt/!) diue tograing.N, I, 	 ptc ofr A toilittrients-Ca and Mg leve/ - andsoil/plf under anluvi tos 	

tianelv total 
intcreased with grazi' .	 

mhoivoi that , P Ca, Mg anid NaPotasitim,however, decreasadwith gra:i/ig. Trees undergrazing 
havec higlier, i/h inere':.t'enttthaii tugrazeaiarea. 77!w qttanutficatiotiand tundcrstaiitgof 
lcsep~arut er.s will u t- properugrofor,'.tr, a11igcicIt practices to he adoepted. 

introduction 
Integration of livestock under plantatimns s not1 a new forrm of husbandry. ir isfarming practice and has been carried out by emany farmers in Asia and other parts of 

an old

the world. WVhat 
 is perhaps new iktlit rcal,,ation that the integration of livestock andcrop can improve prlict ivitv per unit area of land. With ich prccnt rapid populationgro\th, [he allocaiion of land for agriculture and forcstry docs not appear to be able tomec the increasing dcand for arabic land. 
 hus, increasing productivitv per unit area
of land is vcry vital.
In \Llaysia, the inercralion "livCstock Under plantation crops such as rubber (WanNlohamd and Abrahanm IT,); Waln ,lohanmed I1)77; Lcc, Ng and (obbcr Research Institute Mala , 1978; and Rub,i, 1P,,8)), cocon!utt al. 1978) has been shown lo 

(Selvadurai 6';.7), and oil palm (Chen
be technically feasible and financially profitable.
bccn found that such practice prmvidcs 	 It has 
Ing effective bi dlgical control of wccds. 	

cxtra inconmc oihe farmers as well as provid-With the introduction of sheep under rubber,the overall cost of weeding can be reduCed bV 15 to 215;. compared to chemical conrol 
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Ilaysia 10)85). Apart from the bio
wareh Institut e a 

l ,"t; and RuNwl'r R('1iaiuddin inmprow
avantages, it is blicvcd that the doppings of'shcp can 

logical and ct.'nomiic ,i v yav about an adul sheep can produee vc' 
soil fertility. Ac,,.rding tolajuddin ( l'l), 

2.4'; N, 0).5"; P,F 1),;K, 1.8; ('a, 
18(, g (dr' matter bhais) of maourc corntairing 

Mc-and '07 ppm Na. Tiris anount of manure added to the soil will significantly 
0).5'; 

ot nulI cnts, 'or tree growlh.
increa"C the ! uppl. chances ineancause

iktlo reported that gri:/ng animals
A nIher110 ofI%ilkcrshlc 

h,,ial properties of ,il. According to \itosh, I)avis and Kac/ck 
the chcmical and organicprlOp"L'iCs, p;nrticularlysoil chiiCal 
(0731), and \\,lnicf d ct al. (!'75). 

hnialitirC iSapplied. Bc-
Mtlltr, sil rirlilltLn anId CChts~cha l c;tions inclasC \heC1 

, inprocs the physical pruoipties of' soil.
alsosides provitdiu, Ilainl mint rielit,. nIiel 

oils. vater innltr~iion arid w.atcr-holding 
These includC imt ca,cd aoi-,rCgatc s.ibilitv of 

')5i: ledrick and 
[c\lit l'lS"):I til. ledrick and Keniston 

capacit (Nl;ther' and 

K ernis res may inii 1)a,). Mc a


lucrc is soloic cvidence that the i;trodutlion of licstock intrL'C-kt 

(117Tt/)showe d that cia/ihgcattlcIvIcr r..rdeI 

1OtvC the yield ,1the p.-, >tud llck 
iis per ha over a four

on ratlietlC undet ctonut, improv.d yild tiorn 5,786 to 1t0,8t) 


f !'QS) and Thomas 
War period. A timilar fliitlng was ls tlotcd bv Niti-, and Ril .i 

iKuan l)7(ic Wan 
Cd Ilht J' 'lt. 'Van loh+arICId ad 

studiCS ,it.o Sov, hOt78). ()thit - under rubber plan(T lP)S')and ShCCp r:,in Uddin 
+Oihancdand .\iirahani l'7,) 

fitrubber trees. I.ikcl rc:sons for the intcreasc in yield of tree 
t .rowtlitation imulr 

i;e rCduction in wLed cotnltitiOln and inC:aed ,oil nutrient content origi
crops ,erc 
mitlin.' 11oiui aiinial droplings. 

iatrunc and gra/ing on crop ,iclds have been well
,.\lthoiicthe bencfits of aninial 

iy .llaScausC probIleIms. Stcinbrcncr (19,51) 

reported that lissthltk tr anipling drastically rcducCd soil infiltration 
;and ,\dains ( '75) wll A', calsing darmiage to 

space. acraliir. ccpAc', mitrt aurinal a, tivity as 

documented, aniual-crop irilration d 

rate, pore lli"matter content. ( ;crald and Ilawk
sl ica. 

the tLrcroots from poachini" and Lccr 
- tlgfra/ing on infiltration. They ;-'ported that 

revics cd the hvtr,,lgicimpain,( 1')7) and Coiseqluent downIstrcall Iln\talor Use
g.ra/ing ct.s on runlff, cr1 ion. on-si-

iftected byAs thc-c processes arc 
pacts ae espet.cially idius ai d of great concern. 

and scdinient yields,asturc pattcrns, erosioncyces,. soilgra/irg, so are nutriint in soutlern
,odd.ctivit. . Invetigatioro bv Lctd (1915S) 

downsitrcaril vatct quality, ard 
of the litter wcre much lowcr

and nutrient content 
\Vis.consin showcd that the \,Cig1 

re ,cid ,rid lower in orcanic 
,oils in q;,w'ed staiid,, wcre li 

in craved stands and that 
the 1ithcr hand. Lund. )iss and l.owry ( P75)

and Nic. ( ;,lm.atcr, cx hiangealic K, (a. 
rc1oi. I that sturlace' applicatin of' rnianlurc can poi

and E-lliot and Stevcnson ( 1977) may product.i i leav, :.pplic:tion of manurc 
idte strcams by contaminating rnr'offwai 

+-Nig) that are detriif K'(C('a
csivc nitrate lcvcls or cqui- Icnt ratios

i:h cforace v, 'Ioften cautsc nitrate contan.miation of 
-xcessivC loadingmental to arliiuil health. 

r the soil. 
water or exccssi\c salt acctinrillatio.the cround 

,iccp grazing under rubbcr plantations is a 
Therc is little evidenIce inNIalassia that 

has been reported concerning the inipact:i of 
litle. iriforiatiorproblemli. Nuorcoscr, Such int'o, ;oaiot is inipor

gramig on soil charactcristhcs and grovth of rubber trees. 

[or better management of the agricultural land resource.. 
tan 

The olbjcctivc of this paper is to examine the impacts of sheep gra/ing in a rubber 

plantation on the physical and chemical properics ofthe soil and the growli of the rub

ber trees. 
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Materials and methods
 
Description of the study area
 
Thc sIudv Was Conducted ina RISDA, estate at Buki( Mahang, Kctcreh (laitudc5058'N,
longitude 102" 
 16' E) in the state f Kelantan, Malaysia (Figurc 1). 

Figure I A map of Peninsular Malaysia sho(wing the study site. 
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The area is ch-ractcri/cd as ha:iving a troplcal humid climatc. Nican annual rainfall 

'Ihe wet season starts around Novemhe r to Januarymm.ranges 1mm i.114 to 3,3(12 
lasts from February to 

with the arriv'd of the north-cast monsoon. The dry season 

August. Tenmipe ratuare is high and urifIor.n. Nican annual temperature is 24 °C. The 

area has a mean iuall rclail\c humidity of about 16'.,. Soils of the studv area have a 

loally-sall lt\ llc. 
Dt:talcd charact cristics and historical background of the study area are givcn in 

Tablc 1. 

of the study arca.
Tabk I. Gcoral charactcristics and historical background 

D atarist is('Ia rackI. 
80.5 haTol:l ileitunder plantation 

4..5 ha
Total are: under graing 
1983

Year of planting 
4m x 6ni

lanitinlg dlistance 
GTI, PR255, PR281 

(lotn typces 
August, 1985 

Month, Year sheep introduced 
556

Number of sheep 
471

lFcmales 85
Males 

Dorset Horn 
Shecep 13.7 sheep/ha
Stocking rate 

9:(,) am - 5:00 pin
Daily graiing time • Ottocllo-nodttsa, 

Paspalhtm ojutgattm,
Pasture/grass species 

Alikania-cordata, 
A.'onopIu-conlsrCs4.IS, 
Digtariaspp 

h/ycear of basal fertilizer application May, I )86n 

0.14 kg,'trcc


Rate of application 
RISDA 2 

Typc of fcrtili/cr 


Kamarul Ai'an, Assistant RISDA Officcr, Ketcrch Station, Kelantan.
 
Source: 

Experimental design 
in in size were randomly estab-

Two treatment plots (grazed and ungra/cd) 50 ni x 10() 
taken at several sites within the 

the study site. Repeated observations werelished at 

cach plot.
 

Soil samplilg
 
cm depth 'iwasrandomly186. Soil from 0 to 1(1

Soil saimpling was done in Nove'mber 


sampled from the arCas between the rows of the rubber trees, using ELE soil augurs.
 

These dislurbcd sarples w'cre used to determine chemical properties.
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For Ihe determination of physical properties, 20 undisturbed soil cores were also randomly collected from each site at

ter and 4 cm 
)to 10 cm depth with metal core rings 7 6 . cm in diamehigh. A depth of 10 cm was chosen because variabililty in soil propertieswas grealer in tie surface layer than in (he lower zones (Gent, Ballard and Hassan 1983).Both ends of the cores were filted with plastic covers to prevent loss of water by evaporation. 

Field measurements and sampling 

SoilSoil tempcraturctentperature
was measured at a depth of5 cm with soil probe thermometers. Readings were taken three times a day for one week at each site and the average for the daywas recorded. 

Resistance to penctratimi
A CL-700 Soil Test Inc. pockct penetrometer was used to measure 
resistance to rootpenetration on the grazed and uingrazed plot. The resistance to penetration test is commonly used to neasurc soil strength or root penetration resistance since soil engineering tests for shear strength, ;jcli as the triaxial and direct shear tests, have limited usedue to [he larger number of samples and tests required to obtain an adequate degreeof precision in structured soils (Bradford 1980). Twenty replicated samples of eachprobe were taken in each of the treatment plots. 

TreeTree grosthgirth at 0.5 cm height 
selectd trees in each plot. 

was used to measure growth on one hundred randomly-

Foliar sam)lingLcafsaniples 'ere collected as composite samples from three to live trees.
selected 
 For everytee, 20 leaves were randomly sampled. Twenty cori posite leaf samples werecolleccd from each treatment plot. 

Laboratory analysis 
Soil ciwnical propertiesThe soil chcmical properties determined were total N, P, K, Ca, Mg, Na and soil pH.
Total N in the soils was determined by the micro-Kjcldahl method (Mackenzie
Wallace 1954); and available andP by Deniege's method using a Spectronic 20 spectrophot onieter. Exchangeable cations K, Ca, Mg, and Na were extracted with 50 ml ammioniunn acClate from a 10 g soil sample. 
 Their concentrations were 
then determinedwith an atomic absorption spectrophn(mitelr. 

Soil plvsical propertiesSoil physical properties determined were soil moisture content, particle density, bulkdensity, tolal pore spac,:, riacroporcs, wicropores, loss on ignition and particle-size disribution. Moisture conterit was dete,rmincd by the gravimtric method after oven-dry
ing at !05 'C for 24 hours.Bulk density was Soil particle density was determinedcalculated from oven-dryweight using a picnometer.and measured volume of each core.Total pore space was calculated as: 100 x (I - bulk dcnsity/parlicle density).Large-pore space (niacropores) equalled the volume of water drawn from the saturated cores at tensions up to 60 cm of water. Small-pore space (micropores) was cal
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culated as the difference bctween total porosity and large-pore space. Loss on ignition 

was determined using a high ternperature kiln at 750 °C for two hours. Particle-size dis

trilution of samples was determined by the pipette method. 

l.oliar analysis 
The composite leaf samples wvere washed with distilled water and kept in paper en

vClopes ;cl'ere drying in a forccd-draft ovcn at 65 'C for two days. The dry samples werc 

then ground using a stainless Fritch pulverisctte miii and then passed through a 1mm 

sieveC. 
i(;round Icafsamples of0.25 gwere subjected to rapid wet digestion (Thomas, Sheard 

and Mover 197) using concentrated sulphuric acid and hydrogen peroxide in the ratio 

5:3 for the analysis of N, P, K, Ca, Mg and Na. These elements were determined by pro

cedurcs similar to those u;cd for the soil samples. 

Statistical analysis 
There is no replication in Ohis experiment. The repeated observations within each plot 

Jo not constitute true replications. Ilowevcr they do indicate the level of repeatability 

of observations within the two plots. As much standard deviations are indicated in each 

table. I lowvcer they should not be used to test for statistically sigificant differences due 

to the applied treatments. 

Plot differences in physical properties of soil. I 
Table 2. 


Ungrazed
GrazedPhysical properties 
4.8 17.2 ± 4.7

16.9 _
Soil moisture content 

2.48 + 0.17 2.68 ± 0.29 
Particle density (i'cm-3) 0.221.57 _1.59 ± 0.12 
Bulk density (1 cm-3) 2.42.3 43.5 ±35.9 +
Total pore space (%) 

± 1.2 10.2 ± 1.3
 
Macroporcs (%) 8.0 

0.9
+ 1.1 33.3 ± 

Nlicropores (,{) 27.9 


Mechanical analysis 
80.275.2:ands 10.111.9 

,silt 9.712.9% clay Loamy sandLoamy sand
Soil texture 0.625.4 ±25.8 -
Soil temperature (oC) 0.7 

Saturalcd hydraulic 0.254.2 ±26.9 ±
conductivity (cni/hr) 1.1 

3.6 160.6 ± 5.2
215.2 _

Resistance to penctiation (kPa) 
3.12 ± 0.212.27 00.16 

Loss on ignition (%) 

Data are mean of 20 observations within the plot 

1standard deviation from the ncanI 
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Results and discussion 
Soil physical properties 
Results arc presented in Table 2. Total pore space, saturated hydraulic conductivity,rc'istancc to penetration, and loss on ignition show large differences between the twoplots, andI these observation: could be expected to be altered by grazing.The weather at Bkil Mlihang, Kelerch, in Novcmlner 1986 was welter than normal.It was raiu;ig heavily vhen soil samipling was carried out. Thus, high soil moot tire contents were recorded in both grazed and ingrazed p~lts.No difference in soil temperature was recorded between grazedThis may have been (oe ond ungarzed plots.to shading from the rubber trees.Pa"'icle-size distribhmion was relatively uniform among samples colleclcd from thesame depth. The percentage of clay was slighlly higher in ie 	grazed plot. This may indicate that gully erosion had taken place in the bare areas tinder rubber. Both grazedand ungrazed plols have i h anov-sand text ure which inay I e associaled witlh por struet1r9,loose consislencv,excessive drainage and thus wilh w\vwater-rctention (DonahueAlthough particle-sizc distribut ion and particle density (or specific gravity) are usually unaffectedI byerazing per se as found in] this st iy,Smith (1940) ro[ported, for instance, that 

they may be altered indirectu.the proportion of clay in the surface soil increased as erosion progressed under intense grazing. Thus, similarity in texture andparticle density!)Ctween soils witl and withoot sheep sugests that golly crosin was notaccelerat ,.d sulficieitlv to affect particle size and density at the early stage ofgrazing.Due to tlie beat;iig action of intense rains with large drop-si:e during soil sampling,holh plots were subjected to compaclion. In comparison with no grazing, grazing increased bhlk density by V,(, in the surface layer (Table 2). This increase was very smallcompared to those reported in other studies, especially those in Nort. Amcrica. For example in South Dikota, surface soils averaged 1.22 g/cm in sheterbelts frequented by
livestock, but only 1.01 v'cm where livestock was excluded (Read 1957).

A horizon soils in the Allegheny River watershed, averged 0 92 gcm for the ungrazed
Woodlands, as compared to 0.52 g/c- (Trimble, Hale and Poller 1951). 

Bulk density of
 
tralion was unspecified in Animal concnboth instmccs. On Oklahoma range, tie 10-to-15 cm layeraveraged 1.72 g/cm in uingrazed exclosures (Rhoades et al. 1904); differences were evengreater at lie 30-to-60 cm depth. 

year at one animal per 5 ha. 

Ilea y grazing consisted of stocking throughout 
 lieThev f(i)nd that 20 years of light grazing increased bulkdensity of a loany fine sand to the 7 cii dep Ii.Redticlion in large pores of tlie surface soil layer 
on grazed land is readily understandablIc (die to animal treading) but re..'asons for responses of 2iilall-pore (micropore)
space to gr,/ing are less apparent. The increase in micropores under grazing, coupled
with the sharp reduction in macroporcs, sutggests a transfor.nation of large pores into
small pores. Van dcr Wecrt (1974); Dickerson (1976); Kanartizanian(19861); and Kamarozaimii, 	 and MuhamadMuhamad and Dcsa (1)86) reported that when forest soilis compacted fllwing loging activities, total porosity is reduced at the expense of thelarge voids. I lence, the proportion of micropores increased becauseimicropor es wererelatively less affcted by compaction (Kaniaruzaman Dcsa 1988: KamaruzanniaMi	uhamad 1986a, i98b). and 
Saturaled hydraulic conductivily (a(Table 2). measure of infiltrilion) was reduced by grazing

plot 
During a one- hour period, 26.9 cm ofwater entered the soils onas comlparCd 	 life grazedto 54.2 cm on the ungrazed. In 	their rcvicw, Gifford and Ilawkins(l)78) showed cilsidcratolc evidence (if reduct ion in infiltration caused by animal tram
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area may be due to the removal of 
pling. A reduction in infiltration rate of grayed 

vegetative cover crops from the soil and compaction upon grazing. Wilkinson and Ania 
clay) under 

(1976) reported a high rate of infili ration (25.4 cm/hr) into sandy soil (10% 

tropical forest fallo,; and reduction of the iate of infliltration to 9.1 cm/hr after two con

sccutivc y'ears of mai/c cropping. Infiltrition rate was reduced in this case because of 

the compaction effect by the mai:.'e roots. 
of soil

increase in resist:acc to penetration (a measure 
an;razed soil showed 

tungrazed soil. The increase in soil strength 
strength or bcai ing cap:citv) c( mparcd 

that occurs as a result ofgr,'zing indcatcs that the soil is compacted by sheep trampling 

due to tihe large hoof pressure A' shcr p when walking, with two to three hoovcs on the 

iground which could raise the hoof prcssure to about 220 kPa. Another factor is that the 

to have a pressure of 83 kPa) is not necessarily placed flat on the soil 
ioof (estimated 
surface, again tending to incrctsc the applied pressure. For comparison, the value ob

tained with a forestry tractor is 30 to 150 kPa (Sohne 1958). 

Plot differcnces in soil chcnical properties.'
Table 3. 

UngrazedC;razedChemical prope. tics 
_ 0.44.3 - 0.7 4.1 

Soil p1 ± 0.020.19 _ 0.01 0.14 
N ({) 15.0 ± 1.946.4 - 1.2
P (ppm) 

0.1 2,.7 - 0.721.9 0
K (ppm) 6.9 ± 0.310.0 ± 0.4 
Ca (ppm) 4.3 ± 0.56.9 ± 2.1
Mg (ppm) 15.0 ± 3.537.6 _ 2.5
Na (ppm) 

Data are mean of 20 )bscrvations within the plot 

1standard dcviati.n from the mean.I 

be inhibited as soil strength increases. There are many laboratory
Root growth. ma, 

studies showing this effect; see for example, Gradwcll (1968). Significant reduction in 

root growth could takc, p12cc as penetration rcsistancc increases by between 20% and 

30% for the gra;cd plot as compared with the ungrazed plot. However, in this study, 

resistance to pctration increased bv 26',f"but showed no pronounced effect on growth 

reason being the abundance of sheep manure 
of rubber trees in the grazed plot, the 


which provided fertilizer.
 

Soil chemical properties 

The mean values of tle chemical analscs are shown in Table 3. 

On the average, total N and available Pwere higher in the gra:,ed plot. The increase 

in total N was probably due to the increased output of organc matter from the sheep 

manure. In the case of available P,the increase could be attributed to the organic part 

of the manure retarding P fixation by mechanically separating soluble P from the min

eral part of the soil. 
The higher level of the exchangeable cations (Ca, Mg and Na) in the grazed plot 

compa cd to the non-graze plot was most liKclcy due to the added manure and its sub
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Table 4. Plot differences in sonic foliar nutrients and girth difference. 

Nutrient element (;razed UngrazedN (%) 
1.64 ± 0.06 1.18 - 0.14 

P (ppm).1
K (ppm) 375.46 ± 6.26 313.45 ± 0.74K (ppm)Ca (ppni) 0.14 ± 0.01 0.16 ± 0.010.32 (.02Mg (ppm) 0.25 

0 0.24 ± 0.01 
± 0.02 0.21 ±Nl(ppni) 0.01

168.58 ± 5.49 143.33 ±Treegirth increment(cm) 2 0.88 
6.20 . 1.71 5.56 ± 1.25 

Data are mean of 20 observations wil!.in the plot
± I standard deviation from the mean.
 

2Data are mean of 100 observations wilhin the plot
± I standard deviit ion from the mean.
 

sequent decomposition. The decrease in K of the grazed soil may be due to tLe rduction in the valcr-solullc Kwhich causcd excessive salinity as a result of the addition ofsheep manure. It is also likely that the highly mobile K i5 lost by leaching, especially inthe loamy santld, since heavy rain showers were experienced during the taking of soilsamples. 

Foliar nutrient content and tree girth 
Except for K, the other ft;liar minerals analyscd showed an increase in the grazed compared to ungrazed plot (Table 4).The increase in P, (a and Mg upltakc is,however, small compared to N and Na undergrazing. The variability of nutricnt availability for uptake by the rubber trees undergrazing may be due to the variation in the aniount of sheep manure in tlie soil and leaching!osses. Potassium is L.ss available for tree uptake in the grazed area because of the loweramount of K as explained above.The tendency for higher nutrient uptake by the rubber trees in the grazed plot is evident from their larger girth increment (Table 4). Apart from the addition of organicmatter deposited by the sheep, supprcssion of weeds by grazing led to lesser competition for nutrients and water. 

Conclusions 
The data sugest that 15 mnths of grazing slightly compacted soils under rubber as aresut of trampling or treading. Nevertheless, sheep grazing improvedthrough the addition of nutrients to the soil. 

soil fertility 
for soil and nutrients. 

Grazing also reduced weed competitionThis resulted in increased nutrient uptake by the rubber trees,thereby enhancing their growth.Future research should be directed towards the study of the relationships betweenlatex production, stocking rate and intensity, change in pasture composition, and timeof grazing with the presence of sheep under rubber plantations. 
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Les effets aerodynamiques et microclhmatiques
des bisc-vent et des amenagements regionaux 

G.Guyot 
INRA - Station de Bioclimatologie

B.P. 91 DoinaineSi Paul84140 Montfavet 

Abstract 
By rettluin. ii 'ul ved.,
wind1hreakcsinodify encl,yeichanesnearth eground sutfaceandtliii the different ticrlclinhlticfa(t)r.
Picinlutce f " i indhrcaks has to heconsiered at to()differentscales.ti local shelier:one ofeach hcd, 'cal the regional iffects inthe case ofa network ofhedgey.This ipucr st/mratn'cc aerodynamic and microclinatice/fr'cts of vindbreaks. Tieaction ofknlfh~l,e. iirvak.
iscnalvve(l inthe hi'ht of current thetretical and ea:perimental
 

RWsujn6
 
Les hn.ic-,.ent ,'tr.,htisantII,Vitesse dII
Melrgtiqt.s (III voisinage de la 

vent l(odifient egalement / ensemble des echangessurface dht sol et ainsi les diffr.-entsfaciirtiL actin des /se-veni dloji .. icroclita.etre co/zsidcre 
,
purtel ci t,'ah'ment cele ti 
dteL echelles differentes: celle de laspecifiqwt. leittgion oui tin riscaiiIde protection pew,avoir inff't 

C'ect 
 s,ri'sume, cs
tiifrtv effets at;rodvnainiqtes eivent. Les iff/ircwni. nicroclimnatiqitesties briseintcanismesId'action des hrse-vent sont analysis et arpliquces o /'aide
:h's Ct)ni/isances tll'oriqes e qtinlenah.'aetaelcs. 

Les effets a6rodynamiques des brisc-vent isol6s 
Le reile des caract6risliques g6otnelriques des brise-vent 
Les cfcts at3rodynamiqtics d'un brise-vent dpcndcnt tout d'abord de ses caracr6.ristiques gcon6lcriqucs (hauteur, longucur, porosit6, formc de sa section transversale).La hautL'ur cst nn 
posorit6, 

facicur important ct pour des hrisc-venri longucur de li dc mtnme forme ct m mczone qu'ils proiegcnt cst proportionriclIc Ahvur hauteur.Aussi prcnd on gsint~ralcrnc i cofmmic uni[6 de mcsure des distances ct des hautcurs lahauteur I I du brisc-vcor, ce qui facilitc les comparaisons. 
The essenti;il parts of*this papcr hivc hccn pesentcd at an internationd seminar on shellerbelis,held in Tunis. "Iunisi,i from 31 October to 3 November 1983 and arc included in the IDRC Rep'rrMR 117 publishcd 1985.
 

.J 
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Le r6Ie de la porosite de~s lrise-vent 

tin autre faceur import ant cst la porosite dnu brisc-veilt, ci schaflldi(lucrfleit on pet 

ICiiX tVIpes de brisc--crit: Ics hrisc-%-crit permcoables ci les Ibrise-NVet imiper
distiinincr 

tNypes (ICbrise-wil sur I'&oeocnicitid c c. deCUXCITC1effcLa fnoirc I rrC. ItC 
(-as tin brise -vent imipe roleablean(1-1,v.IA) :orre'spOIili

l'air. La part ic sup~rnc nrc 
&tvi3 yers Ic hlaut ct 11sc

I air cst lot aicrmien 
mtir on ride an\ d'arhrcs tr .LdCOSCS). aill doSol Lil

A ussi. oin observe anr oisirg
lLill durisc-Nc 01.

eric tin vastiourhion t parLICSMSu Ic brise -vent 
\'C1ft dc ecrs olpO'c a,ccliii duovc ii ineide niI1.'air qii cS! pa 

0 111i. Danis cce
d 5 :t i fls la Iantcur (1 

t tnc distanIce \01SIie se rahat \Lcrs Ic SAl 
Icv ntv a tt da0 c. t toidan ,Vairc ct it pcni 

one, an vVOSI Laido lai W 
(ICfruits, cii pairticulier).&'ittioii (Chicsk" 

iallors occasjiicr dk-s dqic),ts stir Ia wg 
1Ciicnt passe

hlc ( fig. M ). linc pantic dc lair 
Lorsquo: !c buisc-vcnt c~t pc ri r~ioitcL.a \itcss'C dil VCn1t Cet momns 

Iai toriatiOn dIC tourbilioWs.
travers ci cmnpLclhc riiftSC it scit ir stir 

sct inmpe r iablc nlaiS Iaro2ductit il 
ICeas do'Ln Orise qUC dn 


line distance pills gandc.
 

destir I'iconlciee1cI'c lfcun b~risc-%e otiqucRc pnilse ot aion selmaWIJUFiguire. I 
lfair - (A) llriIC -VCnit impernicable: (1) Briisc-cnt pcrni~ble. 

/7 T, 7 , 
EIrv '7 

tollQ,1l(~ 

77 _ 

Baliaxe (19)67) cst line illnstratijon des pHinomniie5 cqni vienoCent 
' La figure 2 dIue 

d' tre dcrits. Bile rcpnt~sentc les rCsltat5, do: nisures cffcctuitcs eni Sonlilcrie. L'&con
iIad jn

IVise-vecnt Lie diff~rcs porosiisetepoi
de lIr 

Petite giroucte 'taxe: hori-iontal. 
qni s'doigne ct disparait 

vaste mionvericit 

lenien l'aVal deC 
La figure 2 moire-Hien I'cxisieiiee i l'aval d'nn brise

tourbillonnfaire 
ven irinpe rnidabtc dnin 
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Figure 2 Rcpr~senlation schdnalique des diffrenics positions prises par uncgirouele dont l'axe cs horizontal et qui est uf-lisfe pour explorer lazone 'sous Ic vent' de brise-veni de poro.,,kis (1)diffcrentes en soufflerie. 
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a posorite augnicnte. Ele mct cgalcmcnt cn 6vidcncc I'cxistencc d'unc intense 
Iorsqtic 
turbulence dans le sillagc des brisc-vcnt inipcrmibblcs ou pcu permiables qui disparait 

porosite augmentc.lorsItic lIa 
de 2 types .eoulents a 

Cos rcsultats expgrincnatdux niontren! ainsi I'cxistencc Y 

I'aval d'un l)risc-vcnt: in ecoulcmlCt de type 'obstacle impcrmTblc' qui sc manifeste 
,bstaec perm6ablk'couilcmict dc type

cst infiricurc t 25', ct tin
lorsqluc la porosit 
lorsquc la porositte cst supt3ricurc a25";,. 

Les symbolcsi uili,..s pour repri-st:ltcr Its positions de la girocitte sont regroupCs 

droitc au passage d'un tourbillon sans 
au has icla figure ct correspoundeint dc gauche i't 

i un courant stable cn direction (d'aprs lBaltaxc 1967). 
orientation privililgi&c i ( , ) en 

Les figures 3 c 4 rcprtsentent NIvolution dc la vilcssc rcduitc du vent: 

listance au brisc-vcnt,fonction de la 

u((,,)i) 

u() ( "q) 

ZIII ct ii Iadistance k x/H ct 
, ) vitesse nloycnne du vent aLi nivcau 1 

avcc u ( : hautcur du brisc-vcnt).au niveau -q = Z/lt (-1
Uo ( rl) vitessc movennc du vent diffircnts 

Los diffirentcs courbes trac~cs correspondent ades nicsurcs cffc-tutcs "5 


niveaux -q= Z/I I atu-dessus diu sol.
 

Les Figures 3 ct 4 qui sont traccs pour tin brisc-vcnt pcrmable ( 0,45 < (1)< 0,55) 

ct un brisc-vent pcn pcrm6ibic ( 0,15 < (1)< 0,20 ) meitcnt bicn cn 61idcnce I'cxistcnce 

n de haut, constitu6 par une 
Influence d'un brisc-vcnt pcrimablc dc 2,2

Figure 3 
vitessc riduitc du vent itdiff6rerits nivcaux ('aprzs 

claic ic ros aux, sur lit 
Nacgcli, 1Q53) 

i ( ,I1) 0LzS< -.055 
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d'unc survitessc au voisinagc du sonimcl du brisc-vcnt ( 
 = 0, TI> EEi). cssIcbeaucoup plus marqu6c pour Ic brisc-vent pcu pcrm6ablc quc pour Itbrisc-vcnt pcrm6ablc.
A I'aval du brise-vent cl pour des hauteurs inf6ricurcs Ala propre hauteur du briscvent ( T < I ) Ies courbes rcprcscntativcs dc 6 (, I ) ont toulcs la mtme allure. ElIcs
passent louics par un minimum 
 dont fi position stimble varier en foncuion dc hi porosil6ci de I'altitude. Apr~s cc minimum, it vitcssc du vent croil progrcs ivcmcnt ct 6 ( 4 , lend vcrs I (ces t-:itdirc vers 1)avilesse rncsur6c cn 16mnoin). La pcntc dc fi courbc dereprise dc la vitcssc cst d'atitant plus grandc quc Ia porosit6 c:;t plus faibic.
Ces (lucllucs r~sulltais expt2rimcntaux laisscnl
optiniale dc ]it pcnscr A existenceporosir d'unc valcurpuour laquclle la coflbinaison dc la reduction du vcnt ct de ]'extension dc ]a /one protg6c a unc valour maximaic. 
 De nombrcux travaux cxpdrincnlaux ont fiont6 que cetic porosit6 optimalc 6ait dc I'ordre de 4)%sans 6paisscur. Pour tin brise-vent constilu6 par 

pour un brise-vent
 
plus complexc car un rideau d'arbrcs, Ic probhkmc est
il 

ci dc litortuosit 

faut tcnir comptc ila fois dc la porosit6 dc iasurface du brise-vent
 
du parcours du vent.L'cxtension dc la zone proteg6c par lcs brise-vcnt cst irs variable. 
 Elle depend,
conimc nous Ic vcrrons, dc nombrcux facleurs. Mais pour fixer Its idcs, nous pouvonsdire clut dans tine zone dgigc hi longucur moycnne dc la zone protdg6c par un brisevent permeable cst dc l'rdrc de 20 fis sa hautcur c pour un brise-vent impermdableclie est de i2 fois sa hauteur. 

Figure 4 Influence d'un brisc-vcnt peu permablc de 2,2 m de haul, constitu6 par uneclaic de roscaux, sur iavitcsse rduitc du vent Adiff6rcnts niveaux (d'apr sNacgcli, 1953) 
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Le rile de la structure des brise-vent 

Dans les prise-vent constitue3s par Lies rideaux d'arbrcs, la porositd pout varier en fone

iel'altidude. lls pcuvent avoir soit une base impermeable par des buissons ou des 
tion 
arbustres, soit, au contrairc, tine base tr&s perra6able ct une partie sup6rieure peu per

menable. La figure 5 donne dcs r6sulats d'unc cxperience destinec Amontrer I'influeiice 

dIL la variation Lie la prorosite .:n fonction Lie l'altitude. L'cssai a W16effectu6 avec un 

iehaut consti u par 3 bandcs parall~ics de 67 cm de haut. 
brise-vent arlificiel cie 2 m 

une bandc inpercn6ablc Ala base du brise-vent, une 
Dans un premier cas, on a plac6 

bandc peu pcrmcable au milieu et une bande tr~s perin6able en haul. Dans un deuxibme 

tliabase ct au sommet du brise-vent ont 616 
cas, Its positions tics bandes plac&s 

invers&s. La figure 5 montrc que liposition de la band- imiperm6able a des r6percus-

Le brise-vcnt dont la base est imperm6able
sions inportantes stir la r&luction du vent. 

comme un brise-vnt totnlciecnt irnperm6able alors que le 
se comportc pratiqticment 
brise-vent dont la base cst pcrm6ablc se comporte comme un brise-vent perm6able sur 

toutc sa hauteur. 

Figure 5 Evolution de la vitcsse du vent exprime en fonction de la vitsse mesur6e 
s par 3 bandcs superpos6es: 

en t6moin ;il'aval de 2 brise-vcnt constitu 6 

Bande imperm6able en haut. 
(A) Bandc impcrint,.able en bas - (B) 

Vilemse fliive? 

dlivt/it 1II1 

Mestal es a I Iadu Sol 

08 

.
. .
06' 
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4 6 

Dista(tiJC L'i nllipllS ie H 

de la base d'un brise-vent joue un r6le 
Cctte exp&ience montr. done que la poroit. 

trs important. II est n6cessair, pour qu'un brise-vent soilt efficace que sa base soit per

d'un brise-vent trop imperm6able en 
m6able. On peut 6galcment am6liorer P'efficacit 

6lagant sa base. 
en Tunisie centrale dans lir6gion d'Hadjeb el Aioun 

Une cxp6ricnce cffectu6c 
En effet, parmi les diff6rcnts 

(Charfi 1980) vicnt 6galement Ail'appui de cette thesc. 
6 s de 7 rang6cs d'arbres. Le premier 

brise-vent test6s, existaicnt 3 brise-vent compos 

comportait 4 rang&s d'eucalyptus de grande taillc ( E ) cncadr6s par des eucalyptus 

di petite taillc ( c) 2 rang6es du c16 au vent ct une du c16 sous Ic vent (e e E E E E 
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c). Pour le second, la prcmnitrc rangdc d'acacias buissonnants ( a ) (a e E E E E c) etpour le troisitnme, les dcux rang6es d'cucalyptus du cC6t au vent 6taicn! rcmplac6es pardcux rang6cs d'acacias buissonnants. Comme ces brisc-vrnt sont install6s dans une rdgion Irs schc (.30M mm dc pluic par an) le d6vcloppcmcnt des arbrcs est limi6 et bienque Ics brisc-vcnt aicait unc Lpaisscur dc 22 m, ils sont rclativcmcnt perni6ablcs.Le brisc-vent constitu6 uniqucmcnt par des eucalyptus a ]a base trs ouvcrte.remplacemcnt des cucalyptus de petite taille par une ou dcux rang6es d'acacjas r(duit 

Le
la porosit6 de Ia base. La figure 6 rcpr6sentc los robtenus. Elle montre qucic 

6sultats cxpdrimentaux qui ont 6t6rcmplacemcnt d'une rang(c d'eucalyprus par une rang6fd'acacias a alf1ior1Vc'ficaei:4
]a base 6tait trop pcrmrnablc. 

du brisc-vcnt conslitu6 uniqucmcnt d'eucalyptus ct dont 
base du brise-vcnt c 

Par contrc la dcuxicmc rang6e d'acacjas ferme trop laif devicnt ncttcmcn! moins cfficace. 

Figure 6 Evolution de la vitessc rdduitc du vent Al'aval de brisc-vcnt de 22 m de largecomportant au centre 4 rang6cs d'eucalyptus de grande taille E, espaccmcnt4 x 4, bord6cs par des eucalyptus de petite taillc (e) ou des acacias buissonnants (a) (espacement 2 x 2 m), AHadjeb cl Aioun en Tunisic centrale(d'apr~s Charfi 1980). 

Types de Brise.vera
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Influence des caractristiques du vent 

Influence de la vitesse du vent 
De nombreuses expdrienccs ont montrd que Ics courbes repr6sentant i'volution de Iavitesse r6duite du vent ci ( , rq) 6tajent ind6pendantcs de la vitesse du vent en t6moin.I1est ainsi possible de comparer les effets d'un mcme brise-vent obtenus avec des 

491 



Meteorology and Agroforestry 

vitesses de vent diff6rentes a condition d'utiliser pour cette comparaison les vitesses 

r6duites. 

" 
lorsque les niesures sont effectufcs non pas sur des brise-vent inertes,

Cependat, 
gdon6trie bien dffinie, mais avec des brise-vent vivants, on constate alors que ia r(duc

tion du vent dtpcnd dc sa vitesse. Ainsi, pour les brise-vcnt de feuillus, les feuilles ont 

La porosit6 augniente alors avec la 
tendance ai se placer paralllcinet a l'6coulmenent. 

Par contre, pour les brise-vent consti
vitesse du vent et la r6duction du vent diminuc. 

tu s par des coniffres, Ic, branches ont tendance hise placluer les tines contre les autres 

lorsclue la vitcsse du vent augniente, la porosit6 diiminuc alors ct la r6duction du vent 

cst plus forte. 

Influence de la stabilit6 de l'atrnosph re 

Au cours de la journ6c, la surface du sol absorbe le rayonnement solaire et 6chauffe 

1'air a son voisinagc. Ainsi, Pair chaud et I6gr, donc instable, se trouve au voisinage du 
une partie 

Comme Ic niontre la figure 1, les brise-vent ont pour effct de soulever 
sol. 

de journ&cs tr~s chaudes, un brise-vent va faciliter 
an coursde I'6coulernent; ainsi 

Une partie plus importante de 1'6coulenicnt contournera donc le 
l'ascension de l'air. 
brise-vcnt ct tout se passera comnic si sa porosit6 avail diminu6 (r6duction du vent plus 

An cours de la nuit, la surface du sol sc re
intense mais sur une distance plus courte). 

Ainsi, l'air 
froidit par rayonnernent et clio refroidit I'air qui se trouve i son contact. 

Une partie plus importante d'v i'6coule
froid et stable se trouve au voisinage du sol. 


ment passera alors i travers Ic brise-vcnt et on observera un freinage plus intense du
 

vent et sur des distances plus grandes pie durant la journ6e.
 

Influence de la turbulence du vent (Guyot 1972) 

La figure 7 repr.sente les r6sultats de mcsurcs effcctutes avec des brise-vent artificiels 

s dans des lieux diff6rents. Les 
s par des grilles en mati0re plastique, implant6 

constitu6 

un plateau bien d6gag6 dans la r6gion parisienne 
m6enes grilles out 6t install6cs sur 

(La Mini~rc) ct dans la basse vall6e du Rh6nc pros d'Avignon (Montfavet). La figure 

7 montre que des brise-vent identiques peuvent avoir des cffets nettcment diffrcnts. 

es avec des vitcsses moyennes de vent voisines,
Les niesures ont pourlant 6t6 effectu 

nu assez lisse et en p6riode hivernale pour 6viter d'avoir des effets dfis A 
sur un sol 

'air. La seule diff6rence entre ces deux exp6riences est la turbulence du 
l'instabilit6 de avcc un vent rggulierW effectufcs

Dans la region parisienne, lcs niesircs ontvent. 
peu turbulent alors que dans la basse vall6c du Rh6ne, le vent soufflait cn rafalcs et 6tait 

tr0s turbulent. Trs sch6matiquernent, Ic taux de turbulence du vent repr6sente la pro

portion cletourbillons dans 1'coulerncnt. L'extension de la zone pro:.6gk par un brise

vent, dans laquelle la vitesse du vent est rfduite, est fonction du mlange qui s'cffectue 

entre l'air i vitesse ralentie au voisinage du sol et l'air qui passe au-dessus. 

Ce m6.ange s'effectue par l'interni6diaire des tourbillons qui se trouvcnt dans l'6

coulernent du vent. Plus les tourbillons scront nombreux, plus le mclange sera facilit6 

et plus la zone prot6gte par lc brise-vcnt sera r6duite. Le nonbre de tourbillons dpend 
6 Dans les zoness sur son parcours.

de la densit6 des obstacles que le vent a rencontr

de plaines d~gag6es, ]a longucur prot6g6e par un brise-vent sera maximnale alors que 
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Figure 7 Variation de i , ) au niveau 71 = 0,50 en fonction du type de grille etde son lieu d'implantation:

- Grill, no?1e.tfa:'ct 
2 ° 4 - Grille nu- Grille n I La Minire2 La Mini~rE 5 - Grille no 5 La Minidre3 - Grille no I Montfavet 

1.0 _...... .
.. .. . .
.......
............ 

A5 

0
0 
1 2 4 6 8 10 14 20 

dans une r6gion oO existent d6j des brise-vent ou des accidents lopographiques, l'cx
tension de la zone prot~g6c par un bisc-vent sera r(duite. 

Espacement des brise-vent successifs 
La fipure 8 (Naegcli, 1965) monlrc la rduction de la vitesse du vent par des brise-ventsucccsifs dont lcspaccmcnrit cst progrcssivecricni rc.duit.dviden-c ICph6nom~nc Elle met 6 galement bien en-it6 plus haut: la diminution de 'efficacite d'un biise-vent !orsqCuil est prfctd6 par d'autre brisc-vcn,,.Sui It figure 8, 
nous vovons cgalomcnt quc Ic passage dun espacemclit 
entre lesbrise-vcni dc 20 i't15 H (r.iution de P'cspacemcnt de 25%) sc traduit par une r6ductior suppl6mnentairc de Ia vitc.sc du vent dc 14% (passage de Ia vilese moyer.ne de 5144% de ccle mc:,ur6ce cn t6moin).La rduction de l'cspaccmcnI dc 15 A10 1-1(reduction de l'espacement de 33%) setraduit seulcrncrit pakr une reduction supplkrncntairc de la vitcsse d'i vent de 7% (passag- J.. la %itcsse mycnnc de 44 i41 "1do ccllc mesur6c en t6moin). D'apr~s ces donnecs, on pcut done conc,-voi,

l'augmcntation dc la 
quo dans un r6scau de brise-vcnt, ilarrive un moment otisurface occupfc par les brise-vent n'cst plus compens6e par unaccroissenie,.it sensible d Ia rccduction du vent. 
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Effet d'une s6rie de brise-vent identiques constituds par des claies de ro-
Figure 8 

seaux de 2,20 m de aut et de porosit6 voisine de 50% sur la vitesse du vent, 

exprim~e en fonction de cellc qui est mesur6e en 16moin en fonction de leur 

espacement (d'apr~s Nacgeli 1965). 

-.. . . -.... . .I-0o4- <.---- .. .I -I i 
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' I I . _v IO I 

I 
3 iI 

I----

rAgion0t1La ruosi 0 

so1o :0 .0 

Nous vcnons dc voir que si I'on consid~re une s6rie dz quclqucs brise-vent, leurs effeis 

a~rodynamiques ne sont pas cumulatifs. Maintcnant, si P'on considre un ensemble de 

brise-vcnt constituant un r6scau rccouvrant route une r6gion, il s(. d6veloppe alors ze 

que lPon peut appclcr tine "rugosit6i r~gionale". (Guyot et al., 1976; Guyot, Seguin, 1978). 

(figure 9 
l'int~rieur d'un 

Les effets a~rodynamiques d'un brise-vent plac6 

r~seau de protection 

La figuie 10 prfscnite dc rmani~re sch6matique les effcts qui p,,uvcnt Wite constatds A 

l'aval d'un brisc-vcnt situ6 " l'int6ricur d'un r~scau dc protection. 

Dcux cffcts se supcrposcnt: I'cffct local de la haie qui se manifcste sur une distance 

rclativcmcnt courlc (ii cause de la turbulence ivduitc par Its hales qui la prfcfdent) et 

par unc rfduction gfn6ralc du vent sur 
I'cffct dc I'ambnagcnicnt r6gional qui se tradui 

toutc la parccllc. 
en Bretagne, dans l'ouest 

La figure 11 rcpr~scnic un r~sultat cxp~rimcntal obtenu 

de ht France, compar6 a des donn~cs acquiscs dans diff~rcnltcs conditions. La courbe 

I est detcrmin~c en zal dc brise-vcnit isol~s. Les courbcs 2 et 3sont relatives "un mnime 

brisc-vcnt plac6 dans un 6coulcmcnit pcu turbulent ( Versailles ) ct tr~s turbulent ( 
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Figure 9 Repr6sentation schdmarique de I'influence d'un amdnagemcnt r6gional surl'6coulemcnt de 'air. En A, d6veloppcment de la couche limite r6gionaleet cn B, d6tail de 1'6coulcment a !'6chcflc pa celiaire. 
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-
6R6
 

Zone de /1ae12 

Figure 10 Repr(scntation sch6maliquc des effcis adrodynamiqucs d'un brise-ventsitud f IAnlricur (Pun r6seau de brise-vent. (B.V. emplacement d'un brisevent). 
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Figure I1 Evolution de la vitesse rdduite AI'aval de diff6rents types de brise-vent. 

(1) Mcsurcs effectu6cs en Brctagne dans une parcclle de bocage. 

(2) Brise-vent permeable aver; un filiblc taux dc turbulence de Pair. 

(3) Brise-vcnt perniable avec un taux de turbulence de l'air 6levd. 

(4) Brise-vent impermeable avec un taux de turbulence de I'air Mev6. 
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Avignon). La courbe 4 correspond iun brise-vent imperm6able plac6 dans un ecoule

ment tris turbulent. 
Si on ajoute la valeur 0,30 iitous les points de la courbe 1,on constate alors qu'clle 

se place cntre les courbes 3ct 4. Ainsi, tout se passe comme si la vitesse du vent qui at

environ par rapport Acelle qui est mesur6e en 
tcint la haic 6tait dija r duitc de 30% 

la vitesse du vent incident est due A I'cffet global de 
t6moin. Cctte reduction de 


parcelle.
l'amcnagement en amont de lIa 
On peut 6galernent remarquer sur la figure 11 que la vitesse du vent reste constante 

s 61oign6 du brise-vent. Cela
vitcssect infcricure i lia t6moin, bien que l'on soit tr 

couchc limite r6gionale est d6veloppde, la pr6sence de 
montre bien que lorsqu lia 

modifie pas de faqon
quelqucs grandes parcellcs au milicu d'un r(seau de brise-vent tic 

sensible l'&oulcmcnt au voisinage du soI. 

Les effets des brise-vent sur le microclimat 

Le factcurs du microclimnat rcsultent Achaque instant de 1'quilibre qui s' tablit entre 

les diff6rentes formes d'6change d'6nergic au niveau de la surface du sol ou d'un couvert 
la vitesse du vent au voisinage du sol et les 

v6g6tal. Les brisc-vent, en modifiant 
dchanges radiatifs, modifient I'ensemble des facteurs du microclimat. Aussi, dans cc 

paragraphe et le suivant, nous examincrons los diff6rcnts ni&anismes d'action des 

brise-vent et des aniTnagcnients r6gionaux sur les facteurs du microclimat. 
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Le bilan d'gnergie Ala surface du sol 

Equation du biai d'energie 

traduisent par des flux quc Psc 
Les diff6rcnts 6changcs d'6nergic entre 1e sol (pris dans son sens large) et I'atmo.sph&C,onxprne gcneralement en waits par m2: W m "2 Atout instant, la sommc algtbriquc de ces diff6rcnts flux es! nulile, par suite du principephysique de conscrvation dc l'6ncrgic. Le bilan d'cnergic de la surface s'6crit alors: 

Rn + (1)S + (1I1 + (1)L = 0 

avec rayonncment nct : bilan des 6changcs radiatifsqt S: flux de chalcur dans Ic sol() If: flux dc chalcur sensible(FL: 	 flux dc chalcur latent: flux 6ncrg 'ti6quivalamn ueau flux d' 6vaporation de 1cau. 

Cette 6quation est valahWe pour les valcurs instantandcs des flux. Elie peut 6tre6tcndue Ades 6chcllcs dc temps quclconqucs, Acondition d'diablir corr"c"mcnt Ics
valcurs moyennes de chiacune des composantcs.
 

Bilans 	dejour et de nuht 
De faqon gtn6rale,lcs caractristiqucs des bilans Cnerg6tiques dejour et de nuit sontles suianics: 

Figure 	 12 Profils verticaux de temp6ratures diurne et nocturne dans i'air. 

Z Nuit 
Jour 

0 
0 e 
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De jour 
Le bilan radiatif est g6nralcment positif. Compte tenu de cet apport d'6nergic, la sur-

Le couches d'air voisines s'6chauffent Aleur tour par conduc
face du sol s'echauffe. 
tion el convection ct 6chauffcnt de proche cn prochc les couches d'air supdricurcs par 

Le profil de temp6rature de l'air qui en r6sulte a I'allure indiqu6e 
le rnme proccssus. 
sur ha figure 12. Ce profil cst dit suradiabatique ou instable. Le flux de chaleur H est 

H est ndgatif.dirige vcrs Ichaut, (1, 
La tcmptrature dc surface du sol 6tant sup ricure Acclle qu'il a cn profondeur, les 

surface vers la profondeur: (1)S est ngatif.
6changcs se font de lia y a 6vapora-

Far ailicurs, I'humnidit6 dce 'air cst inf6ricure AI'humidit6 en surface: il 

L cst donc ndgatif.tion, (1-, 
Ainsi, l'nergic apport~c Alisurface par le rayonncment net est en grande partie 

dissip6e par Ics proccssus d'changcs convectifs ct d'vaporation, le reste est absorb6 

par Ic sol. 

Figure 13 Bilan d'6nergie diurne 

RN 
S OL 

'I sol 

S 

Apports Pertes 

Onadonc Rn >0 
(1)S < 0 
(1L< 0 
4)H < 0 

Le bilan d'6nergie se traduit alors par la relation (fig.13). 

IRnI =I S I1)L I + I(P HI 

De nuit 
Le rayonnemcnt global cst nul et sculs subsistent les 6changcs radiatifs dans l'infrarouge 

thermique. Le rayonnemcnt net est alors ngatif et la perte d'6nergie est d'autant plus 

dc gcl6c). La tcmpcrature de la surface du sol est 
forte que Ic ciel cst plus clair (nui 

Le profil dc tcmprture est dit d'inversion ou stable;
l'air.alors infkricure 5collc d 


sa formc est donn&c sur h figure 12.
 
cst positif. Dc w.Cinc, Icsol rtchauffc la surface 

Le flux (FH cst dirig, vcrs Icbas. 11 
petit yavoir 6vaporation ou condensation durant cette 

par conduction; 4)Sest positif. !1 
L pcut-il ersoit positif, soit ntgatif.

piriode nocturne, aussi Ic flux (F) 
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Figure 14 Bilan d'dnergie nocturne avec Figure 15 Bilan d'dnc!rgic nocturnedvaporation 

avcc condensation 

Sol 

Sol 
s Oet t 

-" CSo-
PerfeS Apports 


Perl-s Apports
 

Le bilan 6ncrgtiquc peu done s'6crirc scion Ics cas:0 Evaporation nocturne (fig. 14) 

Rn = i ()S I + 1() H ) LI
 
0 Condensation nocturne (fig.15)
 

R,,= 1(1)S I + I(PH I +,I, tL 

La formation des microciimals
 
dans le cas d'une zone plane et homog 
ne 
Dans lcs zolics planes ci homogtncs Ics variations climatiques soft uniquernent fontion de I'ahitude Z (stratification plane). La distribution des facteurs clirriatiques etfonction dc lalitude cst fonction dc la vitesse du vent, des apports radiatifs et de I'eaudisponible. La figure 16 r6sume dc faqon schenatique l'inlluence de ce., facteurs surles profils diurncs ct nocturnes dc temprature ct d'hum,*diu.Ls brisc-vent en 

l'cnsemblc 
modifiant la vicsse du vent ct Ic bilan radiatif vont boulcverscrdes conditions microclirnatiques comme le laisse prdvoir 1'examen de lafigure 16.
 

Le rayonncnient net Rn
 
Lc rayonnemcnt net est Icbilan des diffdrents 
 fchanges d'6nergie radiative de la surface
du sol. II comprend.
 

Ie bilan des 6changes radiatjfs de courh, Iongueur d'onde
Le ravonnernent d'origine solaire dont 99.%de l'6nergic est comprise cntre 0,1'. .A4 m
parvicnt au 
 sol sous fornic dc rayonnenit direct I ct de rayonnement diffus D. La
somm,2 du rayOnnemcnt diffus D et de la composante verticale du rayonnement directS constituent Ic ra;onncnlent global G (si h est la hauteur angulairc du soleilS = I sin h).Une partic du ravonc-nenlt global cst r6fl~chic par a surface du sol.r6flexion du sol pour I'cnscmhlc du spectre solaire 
Le taux de 

rayonnement d'originc solairc qui parvicnt 
est appeh6 alb6do: a. Ainsi, si le au sol est G, Ia fraction rdfl6chie est aG ct 
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Figure 16 	 Inflicnce de la vitesse du vent, du bilan radiatif et du bilan hydriquc sur Ics 

profils dc tcmpcrature ou d'humiditd diurnes ct nocturnes. 

JourNuit 

eou F/ 

0--- vent 

- ciel clair 

-4 ciel couvert 4

4 sol sc 

o sot hurnide 4 

la fraction absorb6e: (1 - a ) G. 
propre Achaquc type de surface. Elie varie cependant

La valcur de I'albddo est 
en fonction de la hauteur du soleil, de I'6tat de la surface, etc... 

16gcrement 


Citons comme ordre dc grandeur pour a:
 

- 0,90Ncig. : 0,70 
Gazon : 0,18 - 0,25 
Sable : 0,30 - 0,40 
Eau : 0,05
 

Le bilan des ichanges radiatifs de grande Iongueur d'onde
 
de i'energic 6mise 

La surface tcrrestrC rayonnc dans 'infrarouge thermique (99% 

des longucurs d'ondv comprises entre 4 et 120 met le maximum d'6mission 
correspond 
est centr6 sur 10,5 m). 

Le flux de rayonnemcnt 6mis par le sol est donn6 par: 

RS = F aTS 

F 0,98 	 2~ 4 
E 6missivit 6 de Ia surface a = 5,67 10 w m.2.K 

constante de Stefan-BoltzmanCr 
TS temp6rature de surface du sol en OK 
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Ce rayonnemerit est absorb6, dans les bascs couches de Vatmosphre, par la vapeurd'eau et le gaz carboniquc, ou 6 ventuellement par 1,s nuages.vers Ic sol en fonction dc la tcrnp Une partie est rd6inscrature dlCc processus complexe la couche d'atmosphfre consid6rc.sc traduit globalement par I'cxistcnce d'un rayonncmentdesccndant Ic rayonnemcnt atinusphdrique, que I'on peut 6crire: 

Ra = (r T)' 

Ta : temp6rature ficlivc dc I'atmosphrc int~grant Pensmble des processus d'absorption et d'6missjon. Ellk est d'autant plus faible que le ciel est plus clair et l'humidit6plusSi basse.Ics flux constituant Ics apports d'dncrgie pour la surface son,ment ct ccux qui constituent les pertes n6 compt6s positivegavernem, le rayonnemcnt net peut s'dcrire: 

Rn = (I - a) G + Ra - Rs 

Influence des brise-vent sur le bilan r&.Iiatit a l'6chelle de la parcelle
A l'int~ricur d'une parccllc, l'cnsemble des composantcs du bilan radiatifde grande etde courtc longucur d'onde est modifi6. 

Figure 17 Sch6ma illustrant les effets des brise-vent l'6chclle parcellairc sur lesfclangcs radiatifs de courte ct de grande longueur d'onde. 

N 

Rayornement dr g'-ande Ombrelongueur d'erde 
Rayonrnment Soaire drtct 

de courte longueur d'ond -Influence des brise-vent si'r le bilan radialifdiurneL'cffct des brise-vent sur Ic rayonnement globa! est assez facile Acomprendre conmme
l'indique !afigure 17. Mais uncffct moins dvidcnt des hrise-vent est leur action sur les
6changes dc rayonnement dc grandc longucur !'ondc. La ligure 17 montre qu'au rayonnement atmosph6rique rcqu 
au niveau du sol se substitue, dans une partie de Ianglcsolide, le rayonncrient thcrmique des brisc-vcnt doot la tcnpfrature de surface TH estsupcricure i la tcmnp6raturc radiative apparcnte dc l'atrnosphre, ct cela d'aulai plusquc le cicl est plus d~gag6 !un ciel clait paifait-ient dgag6, avcc uncsQche, petit avoir une temperature radiative Lpparcnte de 
atmosphere

dO A - 40 °C). Ce gain d'6nc,'gieha pr~scnce des Lies est sewcrible sur unc distznce comprise entre 3 ct 4 fois leurhaateur (Chiapale, 1975). 
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Representation sch6matique des effets des brise-vent sur le bilan radiatif 
Figure 18 	

au cours d'une belle journe. La diffdrence de rayonnement net entre la 

parcelle entourde de brise-vent ct une zone ouvcrte est donn6e par 

+ Ra =Rs.Rn= (1-a)G 

Jour clair 

vent 

Rayonnement
rifIextof visible 
ombr 

0I
 

I Apports radiatifs 

des haies 

Rayonnementsot
i mtis par"le 

+
,, 


A Rn 

Bilan radiatf 
/* 

18 9
3 Z 5 6 7 

0 2 

Le flux de rayonnencnt dmis par IQsol est 6galement affcctd par les brise-vent. En 

d6pend de ]a temp6rature dc sa surface. Cette dernire est fonction de l'6nergie 
effet, il 	 Pour une m~me quantit 6 

radiative qu'elle reqoit et 6galernent de la vitesse du vent. 


d'6nergie radiative rcruc, la tenp6rature de surface du so! s-ra d'autant plus 61evde que
 

ia vitesse du vent sera plus faible. Ainsi, la valcur la plus 6lev6e de rayonnement du sol 

sera observ6e pr,:s du brise-vent c clle diminucra lorsqu'on s'en dloignera. 

La figure 18 rcpr6scnte dc faqon schmatiquc Ics cffcts de deux brise-vent paraklIles 

bilan radiatif. 
sur les differentcs composantcs ,ii 

Influence des brise-vent sur le biIhn radiatif nocturne 

Au cours de la nuit, les facteurs csscnticls de la variation du bilan radiatif sont l'apport 

radiatif des haics, qui est sensible sur une distance de I'ordre de trois fois leur hauteur, 
La figure 19 regroupe sous une 

ct la r6partition ds tcmp6ratures de surface du sot. 
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G. GuyotFigure 19 RcprCsentation schmatique des ffets des brise-vent sur Ic bilan radiatifau cours d'une nuit avcc vent. La diffdrencc dc rayonnement net cntrc Iapareclie entourdc dc brise-vent et une zone ouverte est donn6c dans cc caspar: ARn =A(I-a)G +ARa-ARs 

Nuit claire avec vent 

Vent 

A Ra 

Apports radiatifs 

A4RsI 

I Rayonnement 

0 emis par lesot 

A Rn 

O " 8 i/an radiati t 

0oo 2 3 5 6 7 98 10 
forme tr s schdmatique les diff6rents effets des brise-ventIintdrieur d'une parcelle. 

sur Ic bilan radiatif ACetie analyse montre ainsi que Ics brise-vent introduisentgdn6itd horizontale du bilan radiatif I 'intdrieur d'une parcelle.
une tr~s grande hdtdro-


Les effets des brise-vent sur ics temperatures ' l'chelle de la parcelle

Des analyses dftaill6cs on( montr6 que les effets des brise-vent sur la tcmpdrature de

Pair et du sol sont tr s complexes. Ils d6pendent, entre auires, de Iadistance aux brise
vent, du bilan radialif, du bilan hydrique et de la vitesse du vent (van Eimern et al., 1964;
Guyot ct al., 1976; Guyot ct Seguin, 1978).
 
Les effets des brise-vent sur les temp 6ratures diurnes
 
Cas des regions bien alinient~es en eau
La figure 20 repr6sente sous une forme schdmatique la rani 
re dont les brise-v\'ntmodificnt !ar6partition des temp6ratures diurnes dans une r6gion bien alirnentde en 
eau. La parcclle choisie a une dimension 6gale A10 fois la hauleur H des brise-vent.La partie A de la figure repr6sente I'effet des brise-vent sur i'6coulement de 'air. Les 
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Figure 20 Reprdsentation sch6rnatique de l'effet des diff6rcnts facteurs agissant sur 

la temp3rature diurne .il'intdrieur d'une maille de brise-vcnt dans unc zone 

bien alimet.e cn cau. 

JOUR CLAIR 

7 / 

k!V Apports radixtifs 

Ratntissemntnt 

@i 0 
deI Rabaternent 

i'coulemelnt 

Ecarts de temperature 
au voisinage dusol 

8 9 10 X/H
2 3 Z 6 7 

-_.7 brise.vent1 H 73X/H - -... temoin 

H 

LX 
0 e 0 e 

e., e.e Osei 

verticoux de temperaturesProfils 

en France (Guyot - Verbrugghe, 1976) qu'en Tunisie 
6tudcs cffectutes aussi bien 
(Charfi, 1980) sur des r6scaux de brise-vcnt ont permis dc constater quc dans une par

celle situdc itl'int6ricur d'un r6seau dc brise-vent, on observe tin rabattcment de i'Hcou

indiqu sur la figure 20 A. 
lement comme cela ,st 

Pr~s des brise-vent, I'asccndance de l'air est accentufe par l'chauffemcnt qu'iI subit, 
Ce mouvement ascendant est 

au nivcau de la couronne des arbres. 

d'autant plus important que la vitessc du vent cst plus faible. Ensuite, l'coulement se 

rabat vers le sol " une distance comprise cntre 6 et 8 ibis la hauteur du brise-vent amunt. 
en particulier 
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En B, C et D sont repr6sent6s les diff6rents termes dont d6pend essentiellement Ia rpartition des tempdratures de Pair au voisinage du sol. La partie B corres ond auxeffets des brise-vcnt sur le bilan radiatif (elle est reprise A]a figure 18 D). Le ralentissement du vent s'accompagne, comme nous I'avons vu, d'un rfchauffement de I'air. Parcontre, Ic rabattement de l'6coulcment enlrairne au sol de I'air plus froid provenant descouches sup6rieures de 'atmosphcre. (D6croissance de ]a temp6rature avec ]'altitudedejour). (Cf. fig. 12). Lcs 6carts de tcmpdrature r6sultant entre ]a zone cloisonnde etune zone t6moin sont rcpr6scntds cn E. Enfin, en F sont trac6s les profils verticaux detcmp6ratures Ades distances des brise-vent 6gales A3 et 7 fois leur hauteur. A X/Hlcs temp6ratures sont plus 6lev6cs dans la zone cloisonne que dans la zone d6gag6e A 

= 3 
tous lcs niveaux et le gradient thermique vertical peut 6tre plus 61cv6 si les mouvementsconvectifs ne sont pais trop importants. Par contre AX/H = 7, le brassage de Pair setraduit par une r6duction des gradients thermiques verticaux et la tempdrature de Surface du sol dans a zone cloisonnee peut 6tre plus basse que la temp6rature de surfacedu sol dans ]a zone dcgag6e.Ce phtnom~ne de rabbattemcnt de I'air Al'aval d'un brise-vent avail d6jA 0t6 mis en6vidence par Woodruff, Read et Chepil (1959) et ius avaient constat6 que la distribution horizontale des temp6ratures 6tait pratiquement telle qu'elle est ddcrite sur lafigure 20.L'16vation de la temp6rature de l'air dans la zone prot6gde par un brise-vent Aunedistance comprise entre 2 ct 3 fois sa hauteur est en moyennc de l'ordre de 20C. Elievarie en lonction de la porosit6 des brise-vent et dc ]a vi,esse du vent. 

Cas des regions sechesDans ces r6gions, le flux d'6vaporation est trs faible ct le flux de chaleur latente qui luicorrespond Vest dgalement. L'cffet des brise-vent est surtout marqu6 sur Ic flux dechaleur sensible. La reduction de celui-ci se traduit par une 616vation de la temp6rature dans la zone protfgfe. L'cffet des brise-vent est done du mcme type que celui queI'on observe dans une zone bien alimente en eau. La figure 21 donne Atitre d'exempleIer6sultas de nmcsures ,.thcrtuces en Tunisie dir:s une zone aride au coursjuillet alors que soufflait le Srocco. du mois deI.- brise-vent 6tait constitu6 pard'eucalyptus de 7 A8 m de haut bord6s du c616 au vent par deux rang6es d'acacias 6pineux (Acaciaferox) de petite taille et du c6t6 sous le vent par une rang6e d'eucalyptus
de petite tailie. La tempcrature maximale de l'air 6tait de 40 0C et la temp6rature
moyenne de ]a journc 


4 rang6cs 

de 35 0C.
Le courbes pr6sent6es montrent que l'dl6vation de la temp6rature de Pair est tr~s
marqude, notamment dans Ia zone comprise entre 1 et 5 fois la hauteur du brise-vent
(Charfi,Ainsi,1980).en conditions scchcs, les brise-vent auront pour effet d'accroitre encore i'aridit6 du climat.
 
Interactien de l'activit du courvert vtg~tal avec la temperature de lairDarts les r6gions ob le facteur eau est un facteur limitant, l'effet brise-vent sur la tcmpdrature de l'air va dcpendre en partie de 1'6 vapotranspiration du couvert v6g6tal de lazone protdg6e (flux de chaleur latente). Ainsi, dan des conditions semi-aridesarides avec des cultures irrigu6es, ouon pourra observer dans Ia zone prot6g6e par unbrise-vent des tcrpdratures identiques ou mcme plus basses que dans une zone ouverte.Nous verrons I'explication de cc ph6nom ne apr s avoir dtudi6 les effets des brise-ventsur l'Nvapotranspiration rfelle. 

http:1980).en
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e et une zone 
Figure 21 	 Evolution de 'cart de temp6raturc entrc une zone prot6g6 

ouVerte en fonction de la distance Aun brise-vcnt cu climat aride au cours 
A: 6carts 

d'une pcriode de forte chaleur, (Tunisic, Hadjeb cl Aioun). 

thermiques au moment du maximum de temp6rature - B: dcarts thermiques 
sCharfi, 1980). 

sur la moycnne des tcmp6raturcs diurnes (d'apr 

A e (1C 

4.0 

3.0, 

2.0 

51.0 - A-----------20 

25 XH201550 

Les effets des brise-vent sur les temp6ratures nocturnes 

la figure 20 mais pour une nuit claire et vent6e. L'ascendance 
La figure 22 correspond Les 
de I'air au voisinage des brise-;ent est moins importante que durant la journ6e. 

'."vation de la temvp6rature de Pair au 
apports radiatifs des briso-vent produisent une 

ou vent a pour effet de faciliter le
ralentissemenivoisinage dn sol; par contrc, I 

Le rabattement de l'6coulement entraine une reduction des 
nocturne. 

gradients verticaux de tcmp6rature et apporte de I'air plus chaud au voisinage du sol.refroidissement 
et une zone 

La r6partition des 6carts do temp(rature r6sultants entre la zone -oisonnde 

e en E. En F, les proiils verticaux de tem
ddgagde, au voisinage du sol, est reprdsent 6 

le vent est ralenti, 
= 3 et X / H = 7 niontrent que dans la zone oi 

p6raturc AX / H 
les gradients thcrmiqucs verticaux sont accrus, alors qu'ils sont r6duits dans la zone de 

rabbattement de I'6coulement. d6pcnd des conditions 
Alors que l'effct d'un brise-vent sur los tempdraturcs .iurnes 

effet sur les tempdratures nocturnes est 
en eau des vdgdtaux, sond'alimentation 


pratiquement le m~me quelles quc soient les conditions climatiques locales.
 

pour effet, 	 dans la zone comprise er.tre 1 et 8 fois leur 
Ainsi, les brise-vcnt ont 

hauteur, d'accroitre los amplitudes thermiqucs en augmentant los temp6ratures diurnes 

ct en abaissant les tempdratures nocturnes. L'abaissement des tempdratures nocturnes 

pourra augmenter scnsiblement les risques de gelhes nocturnes durant les p6riodes 

froides. 

Les effets des brise-vent sur la temp6rature du sol 

La modification des (:changes thermniques de la surface du sol par un brise-vent entraine 
L'amplitude maximale des 

la modification de la temp6rature do 'air et de celle du sol. 
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Figure 22 Rcpr6sentation sch6riatiquz de i'effet des diff6rents factcurs agissant surla tcmpraturc nocturne AV'int6ricur d'une maille de brise-vcnt. 

NUIT CLAIRE AVEC VENT 

0Appc its radiatis 

Rolentssmn41e 
0 Rabtement de 

Ecarts de tempdrature
 
au YO inaie du so
0 1 32 4 5 6 7 8 9 10 X1/H 

...timoin
 

es es 0 es e,, 
Profi'ts verticaux de ternpiratures 

phdnom~ncs thcrmiqutcs cst ainsi obscrvdc 'tla surface du sol, elle diminue ensuitelorsqu'on s'616vc dans Va:ir ou lorsct,'on s'cnforrce dans 1'.'sol. 
Ca~s C.1i Sol flu 
Lorsque Ic sol c.,[nu, la rcpartitlrn des fcnpraturcs dans Ics premiers centimdres,au-dcssous dc a surface du sl,est scmblablc aiccle qui esi observ6e dans Pair APaval 
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d'un brise-vent; la tempdrature du sol est plus 6levde le jour et plus basse ia nuit que, 

dans une zone ouvcrte. 
Par contre, au-dcla dc quclques centimntres de profondeur, ia tempdratute du sol 

icI'amplitude thermique de Ia surface neais 6galemccnIt de ia 
d6pend non sculcment 
dur6e des prriodCs de rdchaufiement et de refroidissement au cours de la jourvne. En 

"la dur6e de la nuit, le sol 
effet, au pr.aternps, Iorsque la dur&c du jour est sup6rieure 

se r6chauffe p!Ls Vile A l'abri d'un brise-vent que dans une zone d6gag6e, car la pfrlode 
est
 

d'accumulation de la chaleur en profondeur est plus longue que celle o6i la chalcu, 


e.
restituce aI'atmosph un depart plus rapkLe 
effct est tr~s intdressant pour l'agriculture car ii permet

Ct un certain nombre 
Les dvations de temprature, constat6es par 

de la vdgdlation. 
sont comprises, A10 cm de profondetur,
 

d'aulcurs cit6s par Van Eimern ct al., (1964), g6n6rale
entre 0,5 ct 3 (C.Ce rdchanffcn'cnt du sol s'attdnue avcc la profondeur c, 


ment, se unitc aux 50 premiers ccntimtres.
 
faut noter que I'dchauffemncnt du sol lejour ct son refroidissement ia 

Par aillcurs, il En effet, lorsquc le sol est humide, 
nuit sont d'autant plus importants qu'il est plus sec. 

conduit mieux la chalcur ct son amplitude thermique est alors tamponn6c. 
il 


Cas du sol couvert de vYgitation 
La vdgdtation en se d6veloppant couvre le sol ct limite ses 6changes de chalcur dejour 

au nivcau de laquelle I'amplitude thermique est maximale est 
et de nuit. La surface 

alors la surface supricure de la vcgtation.
 

Les effets des brise-vent sur lNvapotranspiration potentielle 

vapo
,ETP ),quantit6 maximale susceptible d'8tre 


L'vapotranspiration potentielle 

rOc par un couvert v~gdtal en phase active de croissance ct parfaitcment alimentd en 

eau, peut tre ddtcrmin6c AI'aidc de formules telles que la formule de Penman (1956), 

d6riv&c de l'6quation du bilan d'6ncrgie. Cette formule peut s'6crire: 

ARn + -yEa
 
ETP =
 A+y 

(Cf. Doorenbos et Pruitt, 1976 ). 

pente de la courbe de tension de vapeur d'eau
Aavec 
Rn: rayonnemcnt net 

constante psychrom6trique
 
La: pouvoir 6vaporant de l'air
 

Le terme Ea est ddfini par l'expression: 

Ea = f(U) I E( ,a)-ea 

f ( U ) est unc fonction de la vitcsse du vent ct de la rugosit 6 du sol. Le second terme 

reprdscntc lc ddficit dc saturation de I'air, avec E ( Da ) tension de vapeur saturante 

Da et e tension de vapeur d'eau dans I'air. Les brise-vent en 
Ala temp6raturc de I'air 
r6duisant lcs mouvements de I'air r6duisent les transfcrts de vapeur d'cau et l'humidit6 

de I'air est gdndralement plus 6lcv~e dans la zore protdgde mais cet accroissemcnt reste 

cependant g6ndralcmcnt faible. 
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Ainsi, la formule de Penman peut s'6crire: 

ETP = aRn + bEa 

A 

avec a = et b = '
 
A+y 
 A+,
 

aRn est le terme radiatif de I'ETP et bEa le terme advectif. Un brise-vent modifie Rnet Ea mais I'effet esscntiel des brise-vert porte sur la r6duction de Ea. Les modifications du bilan radiatif n'apportent que des corrections de rclativement faible amplitude.Le donnes exprimeitalcs, relativcs Al'influence des brise-vent sur i'vaporation,sont tr~s nombreuses (Van Eimern ct al.,1964) ct tous les observateurs constatcnt uner6duction de celic-ci de 20 A40%. Mais Ics rcsultats ne peuvcnt pas c3trc dircctementtrarispos6s a I'ETP. C'cst pourquoi Van Elmern (1966) met en garde les exp6rimentateurs contre cetie difficult. 

Les brise-vent sont situ6s dans une zone oii ilexiste une forte
advection 
Le poids relatif du termc bEa dans la formule de Penman est important (40 A60%) ettoute reduction do Ea sera scnsible sur I'ETP. De tels rdsultats peuvent 6tre obtenusdans les zones rclativement s~chcs.La figure 23 rcpr6sentc les effets des brise-vent sur I'ETP AI'int6ricur d'une parceile.En A est reprdscnt6 I'effct sur Ic bilan radiaif. La courbe est ddduite de la figure 18.
En B ost rcpr6scn16 Ic
terie advectif, ]a forme de 1a courbe trac6e est semblable Acollc
 

Figure 23 Repr6sentation schmati(Juc 
 *eseffets les brise-vcnt sur I'ETP et ses cornposantes. En conditions s~chcs, la figure s:it6 ablie dans le cas oi les tormesa Rn et b Ea reprdscntent chacun 50% de I'ETP. En conditions humides,on suppose que a Rn rcprdsentcnt 50% de I'ETP etb Ea 20%. 
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Le la vitessc du vent en fonction de la distance du brise-vent. 

des courbes d'c6voltitiof 
La partie C cst la r6sultantc de l'addition des deux terines a Rn + b Ea. Nous voyons 

ne l'est
 

qu'ainsi les brise-vent r~duiscnt I'ETP mais de faqon bicn moins importante que 

le pouvoir 6vaporant de I'air. 

Les brise-vent sont situ6s dans une region oO 'advcction est faible
 

est

lvapotranspiration rt~ellc (ETR) 

Cc cas se rcncontre dans les zoncs hurnides o 

ces conditions, la contribution relative du terme b Ea Al'ETP 
Dans 


est faible (de l'ordre de 20%) ct sa r6duction par un brise-vent nentraifealors que peuvoisine de I'ETP. 

de modifications de I'ETP, commc le montrc la figure 23 D. 

sur I 6vapotran spiration reile 
Les effets des brise-venlt 


dpendent non sculement 

Les effcts des brise-vcnt sur I'ETR sont complexcs car ils 


leur action sur I'ETP mais 6galemelt des r(actions physiologiques des v6g6taux pro

t6g6s. 

L'6vapot ranspirat ion potentielle 6voIlucau cotirs de lajoivrn 6 c: nulle ati lever du jour, 
Bien souvent, livaleur maxi

cte passe par un maximumlIorsqlue Ic solcil est au z6nith. 

male de I'ETP est supirieure au dTbit 0) max quc les plarntcs sont susceptiblcs de fournir. 
lcurs 

en fermant particllement on totalcmcLt 
Elles r6agisscnlt contre lc dsschcment 

stomates par oni scion l'intensit6 de las'cffcctuerit les 6changes de vapeur d'eau mais aussi du gaz carbonique 

alors sc pr6scntcr
se. Dcux cas peuvent

de lhplotosyth 
contraintc hydrique qluc subisselt les plante- (Stocker, 1956; Guyot, 1963). 

Reprtscntation sch~matique de la variation journalre 
Figure 24 

de l'ETP (I) et I'ETR (1, 2, 3) dans diff~rcntes conditions climatiques 

(Ll'apr.s Guyot, 1963). 

ETP ou 

ETR 

2 

qmax ...... 

q2n,ax 

Temps 

c 
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La Contrainkt hydrique est mod~reLc dtbit Q max est 16g0rcmcnt infdricur AI'ETP max, la rdgulauion stomatique intervient alors pour r6duirc I'ETR dou I'CVolution cst rcpr~scnifc par la courbe (2)figure 24. La fernicture des stomatcs n'cst quc particll. 

de a 

La contrainte hydrique est ForteLe dbit ( max cst nclrcmcnt infiricur AI'ETP max. Cc cas sc rencontrc cn conditionstr s siches. L'(volueion tic I'ETR pcut alors it3rc Ieic qu'Cllc est indiqu6c par la courbc(3) de la figurc 24. 

Comphltcecnl 

Lorsquc I'ETP attcint linc valcur 01 max, Its stomalcs sC fcrmcnt
el, avcc tin rclard variahIc scion Ics conditions localcs,fltrisscnt. Its planrcs scLorsquc los stornates sont fcrms, Ics pcrtcs d'eau sont alors uniqucmcntducs i hi transpiration cuticulairc.
f6ricur i ) I max. 

La plhnlc ne fournit alors que Ic d~bit Q2 max in-En in dc journue, lorque ETP devient ifericur a 01 max,vdg s tissustaux reprennent Icur turgcsccnce Cl les sionlatcs s'ou%'rcnt Anouveau.A partir de ces donn~cs, il est alors possible tic prcvoir sur un plan tlhoriquc, leseffets des brise-vcnt sur I'ETR, en fonction des conditions climatiqucs (Guyot, 1963). 

Dans lcs conditions humides 
Lcs valcurs instantances dc 'ETP sonr faiblcs ct sont geiuralmcnt infdricurcs ou ,diplus 6galcs ai0 max.Dans ces conditions, la r~gularion ston .tiquc n'intcrvicnt que Ir's pcu ou pas dutour. L'ETR cst voisine dc FE FJ) cl, comme un brise-vent a peu d'action sur I'ETP, ilcn a pcu 6gailCmnl stir 'TR. L6lcvation dc rcmperarurc au voisinage du brise-ventpeut ccpcndanl produirc tin 16gcr accroissenlcr dc l'ETP ct l'ETR. La tcmp~raturcest alors plus 61c%'6e dans li zone protcg6c quc dans ha one ouverte. 

La contrainte hydrique cst mod~r6e 
L'ETP max cst suptricurc At ) max, la rdgularion intervient durant une partic de ]ajourn~e. Comnic les brise-vent diminucnr P'ETP dans dc lelIcs conditions, ils diminuent6galcmcnt I'ETR coninlc Ic montre la figure 25 A. 
 La temp~rature diurne cst alors pcu
modifi~e par ICbrisc-vent ou 16g 
 rcnmcni abaissic. 

La contrainte hvdrique est forte 
L'E'rP max cst nctteicnt sup~ricure () max, les planrcs pcuvcnilnt Ic tirs sto former comphrtciatcs dans li zone ouverre alors quc la rcduction dc l'ETP par Ics briscvent playint los plantcs dins des conditionc moins s6v6rcs, clles pcuvcnt continucr i
transpircr (figurc 25 B). Dans ccs conditions, Ic brisc-vcnt a pour cffct d'atignientcrI'ETR ct d'ahaisser hi tcmp~rartrc de Pair. 

La contrainte hydrique est trs forte 
Les planics ferment Ictirs stonates aussi Hien dans ha zone ouvcrtc quc dans la zoneprotgec (figure 25 C). Lc hrisc-vcnt n'a alors pratiqucmcnl plus d'cffct stir I'ETR.NMais Ia vitcssL du vent tant r6duitc dans la zone protdg6c, hi tcinpidraturc des vdglauxs'dh&vc potr pouvoir 6vacucr la chalcur rci;uc. Lc brisc-vent a alors tin effet ndfasic stirICS cultures. 
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Figure 25 Repr6sentatio. schdmatique de l'Effet d'un brise-vent sur I'ETP et I'ETR 
La partie gauche de la figure indique 

au moment ou i'ETP est maximale. 
c de I'ETR et I'ETP en zone ouverte (d'apr,.s Guyot

l'volution journali 

1963).
 

EPiETR
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o Temps 

Ces prdvisions th~oriques sont confirmes par dc nombreux r6sultats exp6rimentaux 

(Guyot, 1983). 

L'6vapotranspiration propre des brise-vent 

En Effe!, Acause de leur 
Les brise-vent captent plus d'6nergie qu'une culture basse. 


forme drcss(c, ils intcrceptcnt plus d'6nergie solaire ct ils rcoivent plus d'dncrgie ad

vective qu'une culture basse qui occuperait la mme surfiice.
 
cst supericure Acelle des 

Ainsi, I'dvapotranspiration potcntiellc des brisc-vent 
(luverte ct qui 

cultures basses qu'ils prot6gent ou deis cultures situcs dans unc zone 

On peut estimer itpartir des travaux du seguin (1975) 
occuperaient la ni3nic surface. 

ie lia mn~ne surface occuip(e 
que I'ETP des brise-vent cst dc l'ordre de 2 ai3 fois ccllc 

par Uinc culture basse. S'isrn.de large cspacts dc 200 
Consid rons des brisc-vent de 10 m de haut ci 5 rn 

de 101% ct s'ils consommlcnt 2 foisprotcg&cr6duisent cn rnoyenne I'ETP stir lia zone 
nie cst alors de 

pit', d'eau que la culture, la r6duction de I'ETP par I'cnscmhlc du svst 
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Figure 	26 Evolution de ia quantit6 d'eau reque au sol entre 2 brise-vent permdablesde 2 m dc haut espac6s dc 30 m ct install6s sur un plateau ddgag6 prs deVersailles (La Minire) pour diff6rentes vitesses de vent. Les pluviom ,ressont enterrds de telle sorte que leur anneau soit au niveau de la surface dusol (Guyot, 1983). 

Pluie B.V 
B.V. 

120 Y. du 	 temoin __V. 

110 

100 
90-, 

80. 
Moyenne _ 

70.-------- U, --7' .S 	 - 1~ 

60 -

50 

40 

30 
Distance au B.Ven multIrPle de h.0 1 2 3 Z 5 6 7 8 9 /0 11 12 13 14 15 

7% (I'ETP scrait rtduilc de 5% si 1'(,.i supposait que Ics brise-vent avaient une ETP
 

triple de cclle dc la zone ddgag6c).
 

Les effets des brise-vent 
sur les pr~cipitations
 
Commc Ics prccipitations (pluic 
ou neige) sont accompagndes de vent, les brise-vent

modifient Icur distribution.
 

Les effets de brise-vent sur la pluie 
Avcc lc vent, lia rajectoirc des gouttcs cst inclindc. Aussi, la face au vent du brism-ventintcrccpre uric partic de lIa pluic dcstinc i Ia zone prot6gde ct la quantit6 d'cau icuimmcdiatenlcnti du c6t6 sous Ic vent est plus faiblc clue danscontrc, Ic ralenlissemnent d 	

une zone ouvcrte. Parvent dans la zone prot6g6c augment le volume des pr6cipitation rc,'ucs. C'est cc qie montrc la figure 26 qui rcpre.cnlce r6sultat des mesurcseffectudcs datns lia lone protegtie par un brisc-vcnt iniplant6 sur un patcau dfgag6 dansla region parisicnne. Scion la vitessc du vent, la distribulion des pr 6 cipitations reques 
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vitcsse
6carts sont d'autant plus grands que lia 
au sol peut varier de fat;on sensible. L :s 

du vent est plus forte. 

Les elfets des brise-vent sur Ia neige 

ncige sont du inltc type cue lc;,r., cffcts stir a pluie, 
1Lcs Cffcts des brlsc-veni stir lit 

jouent tin rolc extrnciflmcnt important 
sont beaucotip plus spec!laculaircs c ils

mais ils des 
i hirer froid (plikines du sud dc I'URSS, grandes pla. cs 

dans Is rt.gious s,;chcs 

[.ats-t IInis ct dt (',iad:t).
 

InOffet, aprc, Ils chutes dc ncige, Ics brisc-vent vont 3g. lemcnt s'opposcr aux trans
inationLde congeres qui, cn 

ycot ninmc favoriser la fo 
ports horiionl so': par Ic vent, ils 


fondant al p,intcmps. v'ont ralimcntcr Ic sol en catl.
 
ein ct icformation dc congcrcs sont 

Les rnc~kanisics dc tranisport dc la ncige par Ic 
Coniic cc problme cst Ir s important, ii fait 

olic nnc.1'Lrosionidc ni'lucs 'Icux LI, 
nomre usCs etlides not aminctt cniiRSS,aux L-iits-Unis, en Europe ccnt rale, 

I'objct ic 

:uropc dt Nord, ati (%atada...cn 


I.Cs effets Lies brise-vent stir les prcipitations occuiheS 

(roste 1,,brouillrd) 

su rtout atu Coors dc nuils claircs clcalics au conrs dcsquelles les 
La IosC se dIpose 

stir lc., factcurs cli mat iltics. Pour que Ies brisc-vcnt aient 
bri.c-vent ont tin cffet limit 

tine action sensible sur Ic IpOk't dc rosi'c, it faut qu'iil v ait tin 1Iigcr vent. tas lizone 

otliVCrtc. 
dmis la ,ocproi .6c, coiihin, avec I'htinitit tie I'air plus 

Son ralcntisscImcnt se traduit par un accroisse
nicnlairc tie la tVint)cattirc,

,lcvc ct I'tbaisscmcn stippl 
udanl, cc phcnom.ncc cst diffIcilcnilcnt nicsirble ct 

menCti dI &pt dic ro-sic. ('cpc 

prusentc tin intiCrtt liritc. PIar conrc. I'clfet des brisc-vent stir a dtiroc d'hum ectation 

mti'mc si Ics brisc-vcnI n'ac
des feillcs jouc tin rC'lc biologiquc important. Eln ct, Ic matin ct Is plaiutcs

Cis ralcntirscnt son iCvaporiiocroisscit pas Ic tipot tie ros'c, 

rodc plus grandc,cc qui prit favoriscr Ic dveloppe
rcstclt motiillcc, pcidat titne PC 


inCnt des maladies cryptogainiqucs (oidlium cn p;irticulicr).
 

ptCivclt Lgaicn nt avoir tnc action stir Is brumcs ct brouillards. Its 
Les brisc-c nIt tre inItircs

pcuvcnt cn particulicr capter ICs gouticlcttes cn suspension. Cet cfct peut 
s de 

notainiicnt daus Its ,onts di1scrtiqUcs c6ticrcs qui sont sotivcnt rccoUverit 
sant I liacrois
brouillards dcnscs. Ccix-ci petvcnt apportcr tine partic dc I'c:m n&cssaire 

ics v"igit atix wtilist s coiic brise-vent.santc 

Les effets des am nagments regionaux sur le microclimat 

vitesse du vent, Ies brisc-vwnt modifient Ies factcurs 
De limnme rnanicrc que pour lit 

rugion lorsqu'ils constil ucnt un 
parccllc ct i l' chellc dc lit 

climatitiucs i 1"ichllc dc lIa 


rscau utendu.
 

Les efets des amenagements ri-gionauix sur le bilan radiatif 

rtigion dans laquellc ilest 
Un riscau icbrisc-vent petit modifier lcbilan radiatif de lht 

implante en atigine ut ant notaimtllt h quantitC ticrayonneniet solaire qui est capt6e. 

En cffct, le rayonimncnt solaire rtflcchi par lc couvert vtgtal qui est habittiellcment 
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Figure 	27 Variation de I'albfdo rvgional a cn fonction de I'espaccment des brise-vcntsuccessifs. Le 150 jour de I'annde A12 heurcs A]a latitude de 44 Nord. Lesbrisc-vcnt son[ supposds 6ire oricnts esI-ouest, ils ont 10 m dc haut ct 2mdc large. 
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renvo%,2 vers I'espacc penit &cr capI6 par Ics haics voisines d'une part ct particllcmcntrenvoyti %ersIc sof d&auirc part. Uric parlic suppl6icn~airc du rayonncrncnt solaire incident Cst alinsi "puic'c 
tion dc I'alhi&do iegional. 

par Ic reseau dc brise-vent, cc (ji doil conduirc tinc diminu-
Un ca len! 11i~iriquucef'fct u6 par Chiapa Ic (19 75a 
- 1975 b)a perinis dc dIermincr hiIporlanc esISpllnomcncs mis en jeu.La Figurc 27 rcprL~scntc la variation dc I'aib~do d'une region protcgft par une s~ric
de hrisc-verir 

varier. 

paralklcs dc hauteur II orielIcs esi-oucst ct dont l'espaiccmcnt (1) p~UI
Oni sulppose qrt I'alf)do du sol al est egal i' 0,20) (prairie) ainsi quc celui deshics i'2.
 
Lors(qtic IL's haics soil! 
 tr~s cspac~cs (I'll grand), ]'aIbcdo r6gional est alors 6gal Aclui duisol. Par ailicuirs, lorsque Ics haies sont tr~s pinches, cllcs tendent afors AConstitucr 
un niassif forcstier (len !'alhdo Cst celui deCs haics. 	 Entrc ccsl'albudo regional passe pa:r 	 dcux cxtr~mes,un mnjirnurn voisin de 0,0) !orsque I/H =blc pi scit6 stir la igure 27. 

0,6 dans 'ensem-
Pour des valeurs carac! rishicjuetis d'un inaiilagc de brise-vent, ii est d'cnviron: 

0, 16 pour I/ If1 	 = 85et 0, 18 pour!I / Hf 
Pour utice belle journ~c (( = 7WXW nif 2 ), ccci corr~spond une absorption d'dncrgicsupplkmnitairc i' I'Mclic rcegionale (IC14 'tIS W m' , soit unc augmentation relative 
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Histogrammes des fr6quences d'Ccarts d'amplitudes therniques entre une 
Figure 28 -1073 dans 

zone cloisonn6e et une zone ouverte pour I'anndc agricole 1972 
(Les colonnes hachur6es correspon

3 sites exp6rimentaux de Bretagne. 

dant aux 6carts n6gatifs).
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du rayonnement net Rn, qui cst voisin dans ces conditions de 400 W m

6%. 

Les efTets des am~nagements r~gionaux sur les temperatures 

Les analyses dcs profils verticaux de tenipdrature ainsi que des simulations sur mod6les 

ont permis de montrer qu',s l'6chelle r6gionale, Ic.; brise-vent avaient pour effet, en gd

n6ral, d'accroitre les temp6ratures maximales et d'abaisser les temp6ratures minimales, 
Ainsi, un r6seau de brise-vcnt n'a 

si bicn quc les lamplitudes thcrmiques sont accrues. 

pas pour effet de tamponner le microclimat mais au contraire d'en accroitre la 'conti

nentalit6 '. C'est cc que montre par cxemple la figure 28. 

de i'air 
Les etTets des am~nagements r~gionaux sur l'humidit 

de chaleur ou de vapeur 
Un r6seau de brise-vent a pour effet de r6duire les dchangL. 

G6n ralcmcnt, les brise-vcnt pcrmettent ainsi un 
d'eau entre le sol et I'atmosph re. 


accroissement de I'humidit6 de I'air au voisinage du sol cn limitant le d6part de Iavapeur
 
une zone 

Mais Its brise-vcnt peuvent 6galemcnt, dans 
d'eau 6mise par Ics plantes. 

s che, empecher I'arriv6e d'air humide. C'cst cc que montre par exemple la figure 29.
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G. Guyot 
Figure 29 Histogrammes de frdquences d'6carts de d6ficit de saturation, 8 ( A F)d6termin6s au moment du maximum de tempdrature entre une zone cloisonn6e et une zonc ouverte dans 3sites exp 6rimentaux de Bretagne au coursdu mois d'aofzt 1973 (d'apr s Guyot et al., 1976). 

AOUr 197 , 
rb jouf% SARIC AU_ 
S tARMCI nit./urs 
 E I OE 

. AR.. AU I4AR...( 
10 -. ...... REGUIVV-HOREAC . .... 
.....
 

89
 

2 

.5 -9 1 0 3 ' $ 6 -5 -' -3 -2 .1 0 1 2 J 4 S 6 

MONIENEUI -REMINIAC ,
 

10 

9 

6 

2 
-:.. .
 

.tdmb
-3 -2 
 -1 0 1 2 3 4 5 
 m 

La figure 29 repr6sente les histogrammes de fr6quences d'6carts de d6ficit de saturation ( ) entre une zone cloisonn6e ct une zone ouverle darts trois sites exp 6rimentaux
de Bretagne au cours d'un mois particulir~ment sec
Sarzeau (aoft 1973). Le site de St Armel
se trouve en bordure de mer alors clue les deux autres sont Alint6rieur des
terres.
La figure 29 montre ncttcmcnt qu'cn bordure de mer, le d6ficit de saturation estbeaucoup plus important dans liazone ch)isonn~c que dans la zone ouverte, alors qu'Aintjeicur des tcrres ou Ics pluies sont plus tbondantes, un tel ph6nombne n'est pasobserv6. L'importancc des 6carts observds est due Adeux phinonines qui ont agi dans
le m~me sens: I evat ion de la temp~raturc dc l'air dans ]a zone cloisonn6e par rapport
Ala zone ouvcrte ct la r6duction de la pcn6tration de 
 'air humide d'origine marine. 
Les effets des am6nagements regionaux sur i'evapotranspiration 
potentielle 

I1n'existe pas, A l'heure actuelle, de mesures permettantam6nagement r6gional sur I'ETP. 
de connaitre I'effet d'un 

Seguin prmettent de montrr que 
Cepcndant, les dtudes th6oriques effectudes par'accroissement de la rugosit6 r6gionale permet de

Le d6ficil de saturation A F cstun rnoycn de caractdriser 1'diat de sdchcrcssc de V'air. 11est dgal , ladiffdrcnce enlre latension de vapcur salurante, i la tempraturc de I'air, ellatension (e vapeurd'eau dans lair. 
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poui
terme advectif (b Ea) dc IETP. Ainsi, si on prend conmC rfrence I 

diminuer I 
voir 6vaporant dc I'air pour une rugosit6 de sol .6quivalente hicelic d'une prairie, it pcul 

etre ri~duit de 50% lorsqu'on passe i lia rugosit6 cr6e par un r6seau dense de brise

vcnt. L'importanlcc dc li rtduction de I'ETP d6pendra alors du poids du tcrmc b Ea 

dans I'ETP. 

Les el'ets des anagements r~gionaux sur les precipitations 

Un ccrtain nombrc d'Ltudcs ont &t6 cntrcprises dans Ic monde pour essayer de d6ter

miner les offets possibles dcs rtscaux dc brise-vent stir Ics pr6cipitations, mais aucun 

r~sult at d6cisif n'a jamais 6t6 obtcnta. 

Lcs brise-vent pcuvent ccpendant favoriser la formation de ccllulcs convcctivcs dans 
Ainsi Ies 

decoupagc du tcrriloirc qui permct Icur isolcment. 
re grice aui'atmospl 

nuagcs se formeront plus vitc au-dcssus d'une zone cloisonn6c que d'une 7one d6gag&c 

dans lcs r6gions oil I'humidit6 tiC Viair cst suffisantc. 

du sol 
Les efTets des amrnagements regionaux sur I'humidit 

sur le volume des prccipitdtions 
Si Ies r~scaux de brisc-vcnt n'ont pas d'cffct scnsible 

Figure 31 Comparaison des dbits 
Comparison des coefficientsFigure 30 maxinini ruisscks de crue
 
dc ruissellcmicnt Cr d'unc has-

max - o dLns tn bassin
sin vcrsant avI'cL Drisc-vcnt 
Vcrslnt avcc brise-vct 

(Pcnety) cl d'un bassin vcr-
u (Pcncty) ct un bassin ver

sant ouvert ouvert (Kcrmaninon) 
sKian our (sant (d'apr s Mcrot 1976). 
Merot, 19)76).(Kermaninon) (d'aprs 

0 .- 00 (Penery) 

C, f'enety 30 
Z0 


20 

10 
Cr Kernamm 0r ZUrErron* Q - oKtrmomnon) 

Is-,0 
0 2 5060.2030 

20 1/)5 )0 150 

recucillies, par contre, ils peuvcnts limitcr Ic ruissellemcnt ct f.,voriscr la p6n6tration 

Ic nappcs profondes. 
de l'eau dans Ic sol qui pourra ainsi alircntrt 

pour chaque prcipitation Ic rapport du 
dc ruisscllcnit qui cst

Lc coefficient dans tne zone cloisonncplus fail'-I 
volume d'cau ruisscl6 au volume dt'cau rcu cst 

c lhifigure 30 qui correspond 
ouvcrtc homologuc. C'cst cc queImont 

cIuc dans one zone bassins versants1976 ) sur dcux 
a des nsurcs cffctucIIs en Bretagne ( Merot, 

tant ("
616mentaires, Iun 6tant recouvcrt d'un r~scau dc brise-vent (Pcnctv) ct I'autre 

ouvert, Ic coefficient de ruisselicment cst 
Dans Ic bassin versant 

gag6 (Kcrnaninon). 
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1,7 fois plus 6lcv6 quo dans le hassin cloisonn6. Lc volume des crucs cst done 1,7 foisplus 61cv6 dans le bassin (lWgag6
ni quc dans Ic bassin cloisonn6. Si I'on compare sur Icsmes bassins 616cnitaires los d~hirs maximums ruisscl6s des crucs (), on constatcque dans lc hassin ouvcrt , ils sont praliqucflcnt doubles dc ccux jui soit nicsur6s (JlnsIc bassin avec briso-vcnt (figure 31).Ccpcndan1, Is travaux (les cherchcurs sovitfiquicsmontrent qu I'cffct bntfiquc de 

dans los rdgi,,ns vallonn6csd briso-vcnsonl planlt~s stir ds talus (commo 
stir Ic ruisscllcnicnt n'csl scnsinhc ie s'ilson Brulagnu') oi s'ils sonl hord6s par tin foss6. DansIls r6gions ,uhivr froid, la formalin dc congercs ,t ]a limitation di ruissolloient griceaux briso-vont pormot I amioluorcr Ia recharge des nappos phr6atiques. C'cst ainsi (lifedans los slppes de l'URRS, (dc nombrcuix aulcurs (cil6s par van Eimern cl al., 1964;GuyotI, 1963) ond'arbrcs. constatt3 lc rclovcnicnt ds nappcs dcpuis la plantation d ridcaux 

Ainsi, i Ichclle ('unc rgion,, les brise-vcnt auront pour cffc do r6gulariscr Ic d6bitdes cours d'oau on ftcrdlant Is crucs c1 cn limitant Ios tliagos. 

Conclusion 
Cot expos6 prcscnle los principauxcffcts physiques des briso-vont ct des anm6nagcmcntsregionaux cl monlrc Ia complcxil6 des phl6nornics (iu cntrcnt cn jell.A l'hcure actucllc, Is diff6rents m canismcs d'action ties brise-vont comcincont A3trc bien connus, mais, par conre, l'amplitudc des modifications microclniatliqucs quisont produires cst difficilcncit previsiblo, car clic d6pend dc norbreux factours Iocaux.Aussi, dans bicn des cas, il cst nccssairc d'cffoct tier dos niosurcs dc calagc qui pcrmettent dc prfciscr lo sen1s ct liniportancc des offels des briso-vont.
nomlbre limilt, Ces mcsures,
permellont alors de relior los donncs i un cas connu, cc qui facilite 

en 
alors Icur cxlrapolation. 
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Abstract 
Introthction of irrigated agricuPture in GuanacasteRegion (Costa Rica) during the dIyseasont en cotttersa majorprobhl int the occturreilce of ver),strotg winds. The literattreWas scanntedfor possillerecomin/flendations with respect togrowing croptri)S oj trees under.such condition. ,betweenrows orReconnmaadc for I etzlatjonis were Jonnulatedinthis case studvfO with rcjpect to shale and colnpositto:, height, length, width, directioni,numtt~ber attdl,,.rnrabili, of rowt's orstis of trees and the distancebetween them alnd Oigenemral r,'eomnnemzlationsare fomnuaitedfo~r ntmtintg such trials with trees, in rows or strips 

ne'asutr( 'in.,ntsand obser ations to 1'c taken inl trials with this agroforesty s)stcnl. FinalA; 
or in wider INts or scattlered throughout the landtscale, for crop protection from strongwinds'. 

introduction 
WindJ protection is a long-standing inligenous practice in traditional agriculture of
many rcgions (Stigter 1985). 
 in attempts to improveschemes with trces, it makes or establish wind protcctionscnse to study the link which can be obscrvcd betweentraditional and relatively 'ecent but promising agroforcstry practices (Budowski 1983).And it makes scnse as well to try to quanify phcnomcna taking place in such traditionaland such promising practiccs alike (Stigtcr 1980).In the case sLudy in Costa Rica reported here, the National Mctcorological Instituterequested WMO,'UNDP to assist in providing the agromctcorologikil input into theset-up of experiments under conditions in farmers' fields, with a s ,sr ;m of wind barricrs with trccs, in irrigated crops in Guanacaste Rcgion.in ahis No crep- arc usually grownrca in the dry season duc to lack of water. Irrigation would solve that problem, 
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case the limiting factor to agricultural production becomes the occurrence 
but in that 
of extremely strong winds (hourly average wind speeds over 70 km/hr, measured at 4 m 

above thle ground). Protection with wind barricr systems appears most appropriate in 

the moderately high external input food and cash crop agricultural production system 

of the fact that a shelterbelt system of 
aware 

to be developed. Those in charge were 
isidcrcd as an agrofoi estry land-use sys

trees, by its components and aims, has to bc c 

ten (e.g., Darnhofer 1983). Indeed, the attempt to design a shelterbelt should only be 

the result of a problem-oricntcd diagnostic approach to the specific land-use systems, 

linary team of specialists including agromete 
which requires inputs from a tultit-disci thorough site-specificno substitute for a

1083). And there is 
orologists (Darnhofcr 
design effort, including a local cost/benefit analysis as an obligatory component (Rijks
 

made as the agrome
have sunimarizcd site-specific recommendations,

Below we They 

tcorological input for the design effort for the Guanacaste region experiments. 
-one of the 

local chief agrometcorologist 
co

were thoroughly discussed with the 
because they were meant to strengthen his input to the multi

authors of this paper-
disciplinary team established locally to design the system and the experiments. 

made preclude the use of wind tunnels 
The materials of which natural shelters are 

for the direct design of an optimum shelter (Plate 1971).The effect of shelter shape and 

permeability on the degree of sheltering is incompletely understood. The same is true 

for such effects as ground roughness in front of the shelter and the effect of areal rough

ness that multiple shelters add to individual shelter effects. The physical forces required 

to catso a certain danage in a specific tree or plant are virtually unknown. Neverthe

less, wind tunnel and field research have provided enough information over the past 50 
akcs. H-towever, ,. serious lrtis 

years Ioformulate general guidelines and to prevent sv 

local site-specific research will certainly expand those guidelines. 
reviews of theof establishedwe made use 

our recommendations,To formu!ate 
extensive agronoimical and (agro)mctcorological research on the improvement of crops 

1._:oa,,adxednnwnlhnm
and soils by wind protection (van Eimern ct al. 1904; van Eimern 1968a, 1968b; Plate
 

1971;1971; R~osenberg 19 Stu r " 


1979). But we also used more recent reviews, including and extending new and changing
Rsenberg.1975;-'turrock 1975; Radke and 1tagstrom 1976; Grace 1977; Fuchs 

al. 1981; 
emphases and insights in these fields of study (Rosenberg 1979; H-agen et 

ILACO 1981; Wenner 1983; Jensen 1985; MacKerron and Waister 1985; Pitcairn and 

Grace 1985; Grace 1986; McNaughton 1986). 

Choices made 
in the region, using established 

local wind measurementsrecentWe conclude fron 

measuring systems (van Eimcrn 1968c; WMO 1981), that by far the foremost problem 

to be expected is tle mechanical impact of extremely strong winds. All other agromcteo

even those related to water use and shading, are secondary. 
rological considerations, 

in only in cost/benefit ratio calculations once this main problem has 

These will come our case study to one in which only wind 
This reducesto be solvable. So webeen shown 

under neutral atmospheric conditions should be considered. 
reduction effect, area occupied by the belts, shading of 

excluded considerations of water use efficiency, 

crops nearest the trees and damage other than from mechanical impact of air move-

It should be noted that on the subject of mechanical damage to crops, new insights 

appeared about a decade ago (Grace 1977). Mechanical effects arc now considered to 
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C.J.Stigter, et al. 
be of more importance under many conditions (MacKerron and Waister 1985; Pitcairnand Grace 1985; McNaughton 1986).The choice to use multiple tree breaks appears justified by the increase in roughnessovcr a larger area in addition to separate wind break effects (Jensen 1985), and by themultipurpose use of trees and their products which is economically possible (Venner1983). In larger scale agriculture, whcre irrigated cash and food crops have to be protectcd against very strong winds, rolatively narrow rows of trees arc to be prcfcrrcdiabovc wider belts as an intcrcrop or scattered trees/bushes (see the table). The firstmentioned kind of wind protection is traditionally well known in Europe and Japan, thelatter two better known in Africa (Stigter 1985) but also in Costa Rica (Budowski 1983).However, strip cropping experiments (Radkc and Hagstrom 1976) are worth trying ona somewhat smaller scale or in combination with tree systems. This r.ay even inciudeartificial fences whosc permcal-lility can be more easily manipulated. More experiencewill be gained in this way on actual agrcnomical wind damage risk in the area. At present this i, lacking completely and relatively little can be learned from the literature forthe extrcnc conditions concerned. Below we will mainly discuss the use of tree rowsand com ! back to strip cropping at the end of this paper.Factoi s to be considered in the design of a multiple shelterbelt system arc: shape,compositi,:1, height, length, width and direction of a belt, and distance, numbers andpermeability in the composite systcpi. Subsequently one has to decide on measurements and observations to be made in the field trials. Also some other more generalrecommendations can be made (see the review table at the end). 

Physical features 
We will no vconsider bricly the physics ofair movement in sheltcrbelts. Gustiness andturbulence complicate the determination of the threshold wind speeds that cause damage. In the adiabatic atmosphere, turbulent energy is derived from the kinetic energyof the mean wind; and in the atmospheric boundary layer, turbulence (eddy formation)is due to mechanical interference with the steady flow of air. The gustiness of the windis thercfo rc largely determined by upwind obstructions and their geometrical characteristics. The smaller scale turbulencc is determined by the roughness of the upwind
surface in general. The larger the eddy size and the more vigorous the eddy movement,
the more 
kinetic energy eddies contain and the more horizontal momentum they exchange vertically. This is mnorc danmaging to objects meeting such eddies.
Windbreaks not only change the average wind speed by the friction (drag force) due
to their obstruction, but they contribute to eddy formation an(d to breakiag up eddies
(andlowing down their motion) in theapproach flow by the friction in their pores. Thefirst can be harmful (van Eirnern ctal. 1964; NtcNauClton 1986) and the second will bebeneficial in several respects (Rosenbcrg 1979). When permeability increases, the eddyformation contribution of a windbreak decreases in importance, until no flowseparationoccurs in front of the breal 


damaging factor for tIhosec, 
"ut then jetting through the windbreak takes over as thc
 

have become insufficient. 
.i in which eddy break up and air movement slow downThis simplified picture may assist in understanding designrecommnendations, including empirical ones.In what is called primary wind injury in plant stress typology, darnage to whole plantsand trees (sw;ying, shaking, bending, lodging, breaking), and plant and tree parts (pre

to 
mature fruit and flower shedding, brcakage, bruises, lesions, abrasion), isbasically duemechanical stress caused by asymmetrical air pressures actingHowever, secondary injuries to leaves and roots, by repeated flexing of leaves, or by 

on plant parts. 
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Such 

rubbing of adjacent leaves or bv soil particles, arc involved as well (Stigtcr 1985). 

photosynthetic capacities, evaporation and disease susceptit)ility. 
damages influence 
As to the kind of damage to be cxpcctcd in the (;uanacaste region, lodging (brcaking) 

are of primc importance. 
of the stems of unprotected crops and leaf surface damage 

I lowcver, there is now sufficient proof that mechanical excitation of plants is likely to 

causc rCductiorns in growth rate, coupled with a whole suite of anatomical responses, 

yield quality ((;race 1986). 
some of which will adversely influencc 

This stresses the absolute necessity of observat'ions of phonological charactcristics 

c r
and yield paramc s in wind protection trials, to which we will come back later on. 

Shape, composition and height 

Therc arc many reasons for the selection of shelterbelt tree species (Rahcja 1963). We 

limit ourselves here to agtmietcorological aspects of rows of protecting trees. Then
 

height II is atmajor factor, because protection length of the area behind a narrow tree
 

with -i, a factor quantifying romohness of the surface under
 

bclt is a function of Il/vi 


te approarch flow (I lage iiet al. 1981). From this point of view, tile optimum height has
 

to be a compromise between mnaxinium possible height and rcsistance against mechani

species. Wind damage of the highcst trees, as well as jetting 

cal wind dama',ge of the te 
two to three storeys of trees, diminishing 

through the trunks area, may be reduced b 
This influenices the choice of composition and shape 

in heildit on the windward side. 
It has the advantage Of lcading 

of the bclt, and determines partly its permeability as well. 
This 

to a iriangle shape with an almost vertical ICe edge and an angled windward edge. 

193; Gandcmier 1981;contributes to reducing the generation of damaging eddies at t1e windbreak top by de

to llanllwellt f piermeability (R ahcja 
flecting the air- and 

()nvewuto 1983). At extremely high wind st'cds, one 
The laIttcr factor is more important in our case. 

one shouldAt the same timic can afford. 
use the mini mumnipiernieability one 

should 
allow for enough throughflow (assisted bV underwood manipulation) at the bottom to 

to reducing the formation of 
This contributes 

prevent overtopping of too much air. 

dangerous eddies. 

Length, width and direction 

Too large a width complicates pcrmcalility problems, uses too much land and does not 

contribute to mitigation of eddy effects, which occur primarily when height is greater 

As to the configuration of belts, protection of crops at 

than width ((;anderner 1981). from differentoccur 
in circles mightihe prefcrable when strong winds 

four sides or The choice is thus for 
drawbacks in mechaniicd agriculture. 

to thedirections, but this hasl 
as much as possible perpenudicular 

m to 1km long,
long belts, preterably 100 

strongest winds. In our case of ncrsistent trade winds, this is a vcry acceptable solution. 

In trials where shorter windlreaks have to be uSCd, latcral flow should be prevented. 

iorous checks at both ends and both siels, of the same composition 
Establishment of 

its the main belt and each about the same length as the height of the highest trees in the 

belt, may solve the eid effect prolblein and coritribute to the prevention of lateral flow 

betv'cn the belts in a multiple system ((;iandcmcr 1981). 

Distance, number and permeability 

Pcrmcability of one narrow bielt of trees should bc considcrcd separately from permca

of such belts at distances between 10 and 20 H. 

bility of a system consisting of a numbe 
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The resulting protection at and below Ihe height of the proicctcd crops is no! identicalor nearly so when the number of bells is very small orrecommcndabllc minimuni permcabilily, even 

e'ry large. For single bells,
for extremely strong winds, is likely to beSomcwhal lower than hitherto acceptCd. it isHIagen ct al. 
on the order of 207 (Gandenicr 1981;1981: .elrisci 1985) at the lop half or two-thirds oIf tie break (depeidingon crop height) wit h preferabl van increase of pcrmeabhili Iowards the botltom half orthird ((andnier 1981: ( )nvewolu 1I83).It is evident from the nicasurcments intcrpreld by I lagen el al. (198 I), that in caseof an overall 20"; porosity, tile quLiet triangular stianding eddy /one (latlerccirculation /one (Ilagcn 1971) orc al. 1,81), which can be detcted al lower pcrncabiliicsbehind belts, will start closer to tlie belt 

i.,. And the wak, 
and much closer again below tl:,t perniabilzone beyond it, which may becomeoriginal approach flow (van 

more harniful to crops than theEinicrn ct al. 19-1; McNaugllon i986), will start closer tothe belt as well. I)ccreasing permeability with height permits some mnoreat tija. lower wind spccds near throughflowthe b tlhm, and therefore simultaneously conlributes tohigher safety in the wakc flow closest to the bell (Gandcucr 1981). Tie outer boundoftlhc wake flow is dictalcd by theimore energetic processes iu [icthake, and so its extentdos not vary very much With prnicabili y ipl) to 5)Thie 1md that hie ;e(M NacightonI 980).qlici zone is triangular ard thereforeaccelera' ed bythe flw above break height, is situaled above that zone, shows the advanlage of* 

the wake fow, which is 
large heigh differnce belwccri protccling bo.ot and proectcd crops.It has bccn shown with much Levidenc carlier (van liicrniwell summarized by Jensen 

cl al. 1960), and rCcently(198"5). that a siiall riur1ber of idcntical windbreaks slightlydiminishes shcler e.'ffcct bchind the rearmst hreak olfsuch systers, in the whole rangeol'distances front less than It) II Lip to 20t II.
composile sysi cmihas bccomc higlier. 

So the resulting permeability of the whole
ilctwcct n tle tree rows tle sit uat ion will dependoin perniabillyo fsir :c rows and diqtanccs as well. It will at smaller distances be moreprotective for thC pcirmcabiliy distribuLtons advocaled abo'e.to lit This applies especiallywake 11,w /zmc, which is likely to hc flhe more problcriialic (Gandcricr 1981).This points to a choicc ofldistances lotmuch higher th,,n It) 1I 'ncertainly be added an our case. To this willincreasing (lccoupling of all prolecld areas fromnso an cvcr inc'rcas:.g olverall protection, when tie number of row..' bec 

tie main flow, 
thal is when it cocrs frol olcs subslanlial,one to many kiloriclers. 7been cslablished from 

n arcal roughness has in this waythis cmposile systcn of narrow tree rows (Jorisen 1985).same effect (f'decoupling Thewould be olbained with inlcrsp.issd trees, bushes etc. higlher
than tle crops to be protected and over a considcrable area (I ,ageri and Skidmorc 1974;
ILA) 
 1981; Jensen 1985). 

Measurements and observations 
As mentioncd earlier, whcro mechaiical dariage froi
iting factor, the agrono(mi',t niicer (It the 

strong winds is the primary lim
phcnoh gy, g 

team should pay primary attenition to
owth and yicld paramcers and visualoifactiali or evcn microscopic obiservat ionsmecha i ical damaggc This will makc it possible ()oobserve differenricesunprolclcd crps and prolcctcd (nes at different dkt ances from bhels. 
clwcen 

()n the iit(rrlhgical side, cup artiecniinlcr ricastUrcrcnis shiould bc madc as an indication of whatis going on, altho)ugh crrors exist (Nfac(Ireadv 1)(4): Busch and Krislcnscnr 1970).should he notcd. hlwcvc'r Ittha: turLbulenc art i 1,,uslincss arc not quanlifiable with cupanricioniclrs. Dclctrminal iIns of average wind Speeds, prcfcrahly as l()-minutle 1o halfhourly aver,(cs at 20 cur abov\c the crops, are Ihicrcltrc not more than indicative in 
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simultaneous comparisons of protection at different places. Wind profile measurements 

will normally be useless because of the existing streamline deflections. 

In fact the non-meteorological obscrvations mentioned will be much more indicative 

of integrated conseu(luciccs of mechanical stress than wind measurements can be at the 

more basic knowledge hat hrd to increased
 
moment. This situation will remain until 

more rcle,..,nt meauring
 
which should make it possible to develop

understanding, 
methods. Indications of maximum speeds in gusts, with pressure anemometers, could 

ic very helpful in risk assessments prior to introduction of agriculture and
 

already now 

.s
necaie..a.lstress-in(duced yield (quality) reductions ap

pear to remain under acceptable thresholds, water use efficiency determinations will
 

become of the highest importance in irrigated agriculture or under advcctive conditions.
 
during the ti ials. As soon 

as the most import ant single paramctcr describ-
Permeability should be recognized 

ing narrow shclterblts. A quantification of differences in permeability can be made by 

comparing relative minimum wind speeds just above crop height at the same distance
 

from the same or different belts (Bean, Alperi and Fcdcrcr 1975). In our low permea

of the order of 2 i LThis might well I,c the most fruit

bility cases this distance should I'~ 

fil use one can make of cup anemometers in our case. Determinations of absolutevalues 

for permcability are much more difficult and Call physicallyonly tbc Made by measuring 

Visual obsetvations arc only of limited value and photo

graphs may assist but cannot indicate differences (fe to foliage flow characteristics,pressure drops across belts. 

which are of hign importhanc.. 

Final remarks 
The main rccomcndaitions made above have been summarized and compared with 

wider belts and scattered trees and bushes in Table I. We believe we have shown that 

the existing literature yields information and results from which scnsible recommienda

be derived. This strengthens the agronctcorological input into the trials 

tions can .vwindy dry season in the 

needed to deter mine the agricultural potential of the cxtren 

Guanacaste region. 
Experine tts with strip cropping should be included from the beginning in order to 

distances areRecommended 
insight into the consequenlces of wind stress. 

gain more 
here again 10 11and rccomncndidtions on mcasurc mc nts and obscrvations made above 

had 

apply to such experimentsas well. The difficulties that Radke and Ilagstrom (197(0) 

in interpreting some oftlhc results they review on strip cropping arise from their lack of 

consideration of thle influence of porosity of the strips as a function of hcight. Whether 

cropping, inl using narrow tree rows or in mixed experiments, cost/benefit ratio 
in strid 
determinations are absolutely necessary to understand the proper gain from tie multi

purpose role of trees and from yield (quality) increases due to the trees/crops applied 

for protection from wind. 
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Table 1 Recommendations on windbreaks for crop protection. 

Windbreak Rows / strips
charac- Wider belts 	 Scattercd trees 

and bushes
teristic 

Shape and High slope triangle with Opencomposition straight lee (trees with under-	
Creates fewest 
eddcs ofwood); double or triple rows; damaging shapeleast damage-prone trees and
 

crops
 
Height 
 Not adding to trce damage;

Large distance between tops
of protecting and protected 
crops
 

Length 
 As long as possible from farm Depending on Wide areamanagemcnt point of view kind of protec
tion wantedWidth Narrow, with few rows of Smaller than Wide area

trees/crops length
Direction Perpcndiculatr to prevailing With angle to Wind directiondamaging wind or in network damaging winds indcpcnccntarrangenient but more 

direction
 
independent
Distance 10 H (very strong winds/strip Large between Large enoughcropping); 20 If slrip (strong coniponents for crop growthwinds and advection in between andcondilions); porous checks under trees

against end effects
 
Number Many 
 )cCaiSC multiple win,]- One Many tobreaks dccouplc procoted decouple thearea from main flow protected area
Permeability Somewhat higher at i:e hot- Open, without 

tom fut without tunnelling ef- jets occuring
feels, decreasing with hcight

to a minimum of about 21
 
for strongest winds
 

Measure Windspecd (20 cm above protected crops) with very strong andments other daniaging winds; evaporation/soil moisture under strongand 
 winds and advcct ion: other danaging factors (suchobservations 	 as transportedsand) under spc- cific coidilions of windbreak use.In all cases: crop phenoh gv, visual or microscopic damige to cropparts, ccononic yields incomparison with unprotec d cropsOther Dctermination of cost/hnefit ratios; qluantification of pcrnic:bility,Recommen- relatively (at dislancc of 2 1!) and absolutely (e.g. photographicdations approximation, plant nia crial density mapping); dcterminalion ofnmilti-purpose use of trees and their products 
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Wind reduction and soil water availability 
near a 'Caatinga shelterbelt' 

P.C.E. Frota, A.D. Ramos and E. Carrari 
AgriculturalResearchAgency of Ceara(EPA CE)A v. Rui Barbosa, 1246 Forraleza,Ceara,Brazil 

Abstract 
This research was done in the EaperitnentalFann of Research Unity of CentralCountry- Ceara(EPACE), in the semi-aridregionNorheastenitBrazil,at 200in altitudeandgeographiccoordinates4'50'S and.190 IV.It useda belt ofnaturalcaattinga,withimean heightof 4 in and 20 in width, remainingafter clearingof the area to get unprovedpastureforgoats. Measureinclitsof wind speed, evaporationandsoil watercontent were done usingtheproperequipimcnt setat thefollowingdistancesafterthe windbreak:4,8 and16 In. Whindvpeed decrease was neasuredin the range of 77 to 94% andevaporationreduction hadavariationfrom 0,5 to 2, 4 i. 

Introduction 
The state of Ccara, in the semi-arid region of Brazil, presents strong water deficitcharactcristics in most of its territory and during considerable time periods (Hargreaves1974; Golfari 1977). The vegctation is mostly poor in wood-producing species. Thesmall water volume held ir the soil is subjcct to high losses due to evapotranspiration.On the other hand, evapotranspiration depends greatly on solar radiation intensity,temperature, photopcriod, atmospheric moisture and winds (Mota 1975), which arerelated to cdaphic factors and vcgetativ(- cover.Control of wind speed by shclterbelts creates a microclimate that may reduce thewater deficit, increasing the duration of water availability in the soil, and thus protectthe soil against crosiun and removal of litter from the rows between the trees. Shelterbelts have played an important role in temperate and tropical countries giving protection to the crops and increasing productivity (FAO 1981).
Intensive invcstigations of shelterbelt influence on productivity have been made inregions where colic action causes damage to crops. In Bulgaria, protection bya shelterbell of Robiniaplset.docacia2 mccrs broad and 9 meters high increased volumetric production of sugar canc 32% and sugar content 
1%(Dzhodzhov and Georgiev 1980).A pasture system with a central bosquet and shcltcrbclts of trees on the borders gavean increase of 20% in goat productivity (Wilson 1980).416,0() The Ukraine had in 1980 overhectares of shcllcrbclt, giving protection to 4 million hectares of crops, resultingin increased agricultural productivity on the collective farms, as well as producing forestproducts (Dmitrenko i')81). Tribunskaia and Shcherbakova (1978) concluded thatshcltcrbclts in semi-desert regions of north Caucaso-Russia saved 100 million rublesperycar in agricultural product. Bcdrov (1978) stated that those systems can offer extra 

lly' 
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in arid zones by causing higher water retention in the soil, and so increasing 
incomc 
agricultural productivity. 

In Brazil, there have been few studies that evaluated the potential of these techniques. 

Most species recommended in the literature for creating sheltetbelts in arid and semi

arid regions have no, been tested in Brazil. Recent results have shown that some experi

tus ,a'cerla,E. afha, E. canaldidensisand E. crebraare promising for 
ments with Eucalf
 
use in arid climates (Pires and Ferreira 1982).
 

Methods 
We present here partial data of a research project that aims to determine the efficiency 

of natural capatinga vegetation used as a shelterbelt. The experimental site is in Quixad,
 

Ceara, (050S; 39 WX; 2(X) m asl), a semi-arid region of north-eastern Brazil. Mean annual
 

mm with rains during summer and autumn and a distinct dry season of 7
 
rainfall is 7(X) 

classified as non-calcic brown soils, with an ochric A horizon, 
to 8 months. Soils were 
clay texture, and rolling topography with 3 to 6% slopes. 

height (1-1)of 4 m and width of 20 m remained 
A caatinga natural belt with mean 

improved goat pasture. Three sets of instruments were 
for anafter clearing an area 

21-t and 41-1) from the windward and leeward sides of the 
(11-i,placed at 4, 8 and 16 m 

belt. Wind speed was measured at 1.5 m height; evaporation was measured by a USWB 

was found by gravimetric sampling from three 
Class A pan; and soil moisture co(Y'ent 

depths: 0.10, 0.30 and 0.50 i. 

Results and discussion 

Table I shows wind speed and Class A pan evaporation during the period from July 

1Q84 to July 1985. (Measurements of evaporation in the period from January to May 

1985 are not shown because of the frequent occurrence of rainfall.) When the data from 

are compared with data from 16 m (411) 
the nearest leeward observations (4 m, 11l) 

windward (considered to be uninfluenced by the shelterbelt), reduction in wind speed 
5% to 39%,

and reduction in evaporation varied from 
77% to 94%; m andvaried from 


corresponding to values of 0.5 to 2.4 mam/day (Table 2, page 536). Data from 8 


16 m (2H and 411) indicate effective influence in the lee of the shelterbelt as far as 41-1 

consistent with the data of Pavari (19)1) for a shcltcrbclt of medium density. 
or 51-1, 

nearest the windward edge of the sheltcrbclt showed a considerable 
Measurements 

increase in wind speed. This is probably due to the formation of a vortex at the leading 

edge of the dense shelterbelt, causing an increase in evaporation from the Class A pan 

(Table I). Reduction of evaporation follows the trend of the wind speed, indicating an 

and higher relative
months of mild temperatures

colic influence, mainly during the 

moisture vaiues. 
Moisture content of the soil from March through July 1985 is shown in Table 3 (wind

and S m leeward 
ward) and Table 4 (leeward). Comparison of the mean values at 4 m 

with corresponding values to the windward shows that soil moisture content is always 

higher on the leeward side. Comparing the data from the nearest leeward point (4 m, 
m was 5.9 

mean soil moisture in the upper 0.5 
with those from 16 in windward,IlH) 


percentage points higher in the lccward location.
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Table I 
 Mean values of wind speed (V) in km/h at 1.5 m height and evaporation of Class A Pan (E) in mm, at different distances
from sheltcrhelt
 

local 

windward 


Months leeward(16m) E V (Sm) E V (4m)Mo t sVEV E4m) ESn (16m)E V E V E 

07/84 1.63 5.9 1.45 5.408/84 2.93 6.22.86 6.7 0.10 3.609/84 2.67 6.6 4.97 7.7 1.13 4.4 1.43 5.03.45 8.2 0.2010/84 4.27 
3.22 8.4 6.50 8.9 

4.3 1.58 5.5 2.15 6.29.0 0.404.21 7.011/84 8.9 8.04 9.4 2.50 7.5 2.814.62 0.74 8.0
12/84 9.1 4.51 9.1 8.2 2.89 8.74.18 9.4 8.71 9.4 3.59 9.04.16 1.04 8.30-1/85 9.2 8.69 3.07 8.69.7 3.933.02 0.85 8.9- 2.90 - 8.9 2.96 9.102/85 Irainy 5.57 4.071.92 - - 0.52 - 9.3 
03/85 1.88 - 3.11 - 2.23 - 2.76 1.68 - 0.151.62 - 1.3004/85 jperiod - 3.21 - - 1.75 1.62 - 0.1105/85 ] 1.60 - 2.91 - 1.25 - 1.671.54 - 0.11 
06/85 1.93 

1.51 - 2.13 - 0.10 
1.24 1.52 _1.80 07/85 4.9 3.00 1.20 2.50 6.3 5.0 0.13 3.9 1.46 2.02 5.6 1.283.40 4.2 1.716.0 0.15 4.2 4.8 q1.37 5.1 1.91 5.4 . 
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Table 3 Soil moisture content windward of the shelterbelt 

Distance 
from 
shelter-

Depth 
(cm) 1/ 2n225° 

Soil Moisture, percent 

30/5 4/6 4/7 11/7 25/10 meant mean2 

mea/4 
b-l 

4 

8 

16 

10 
30 
50 

10 
3050 

10 
30 
50 

16.7 
19.8 
21.1 

15.7 
17.317.2 

13.8 
14.3 
15.1 

15.2 
16.7 
18.4 

14.3 
17.820.5 

15.8 
17.6 
16.3 

16.1 
16.9 
20.9 

16.9 
15.5
18.2 

15.0 
18.6 
15.1 

17.9 
20.4 
21.4 

19.6 
18.5
20.4 

19.7 
21.4 
21.7 

15.4 
17.5 
20.1 

18.0 
17.9 
21.8 

15.2 
17.3 
17.9 

11.8 
13.6 
15.3 

15.0 
13.2 
15.3 

12.9 
15.1 
17.5 

12.1 
11.9 
13.5 

11.1 
12.6 
14.0 

13.4 
13.6 
15.0 

11.1 
14.3 
14.6 

13.0 
15.1 
14.4 

10.5 
11.9 
12.1 

11.6 
15.0 
16.4 

12.6 
14.1 
16.1 

10.8 
11.1 
13.1 

14.2 
14.3 
14.0 

15.5 
14.5 
16.8 

14.0 
14.1 
15.9 

14.2 
16.0 
17.6 

15.2 
15.7 
17.5 

14.1 
15.5 
16.0 

16.0 

16.1 

15.2 

meant 
mean 2 

= 
= 

for 10 samples 
for three depths 



Table 4 Soil moisture content leeward of the Shelterbelt 

f Di epth
shelter- (cm)belt 

10 
4 30 

50 

10 
8 30 

50 

10
16 30 

50 

----

7/3 

18.8 
23.1 

33.0 

16.3 
18.6 
24.7 

13.8 
15.3 
16.9 

2/4 

19.2 
26.5 
25.44 

21.1 
22.6 
22.0 

18.6 
18.4 
22.9 

16/4 25/4 

rainy period 

18.5 24.6 
18.2 32.7 
22.2 33.9 

17.6 18.5 
22.4 24.5 
25.2 29.7 

14.7 19.0
16.8 24.9 
18.3 24.6 

Soil 'M4oisture,percent 

2/5 30/5 4/6 

16.6 13.2 13.317.4 14.9 15.2 
21.0 27.2 18.3 

15.8 12.9 12.516.7 19.4 18.0 
20.1 18.4 16.9 

14.1 11.8 12.115.5 12.0 12.4 
18.1 13.9 12.9 

-V/7 

17.9 
18.9 

23.2 

13.6 
17.3 
18.1 

11.4 
10.6 
11.6 

11/7 

16.6 
18.8 

20.0 

15.0 
17.9 
17.0 

11.6 
13.4 
13.8 

25/7 

19.4 
21.9 

22.2 

19.7 
20.2 
20.6 

16.8 
'. 
19.9 

meani 

17.8 
20.8 

24.6 

16.3 
19.8 
21.3 

14.4 
15.8 
17.3 

mean2 

21.1 

19.1 

15.8 

mean1 
mean2 = 

for 10 samples 
for three depths 
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and Class A pan evaporation (E) in lee of 
Table 2 Reduction of wind spced (V) 

Inwindward. shelterbelt aS compared with 16 
Reduction, percent 

The shelterbelt of caatinga vegetation reduced wind speed mainly in the areas close to 

Month' 4 m leeward 8 rn lccvard 16 m leeward 

V E V 3 V E 

7,'84 

8/849184 

04 

9388 

39 

3515 

31 

4528 

25 

18
9 

12 

25 
19 

15 

8 
2 

011/84
11/841 /842/84 

83 
77
80 

8 
9 
5 

32 
34 
2926-9 

3 
5 
3 

16 
15 

3 

0 
2 
-1 

1/85 
2/85
3/85 

4/8) 
5/85 
6/85 
7/85 

1 
jrainy 

ptcriod 
) 

83 
92 
93 

93 
93 
93 
94 

-

-
-

-
-
24 
33 

26 
32 
26 

33 
22 
34 
45 

-

-
-

-
-

18 
19 

9 
9 
1 

6 
5 

34 
34 

-
-
-

-
-

6 
14 

Conicliisi ons 

anthe shelterbelt. As a consequence, lcew{ rd evapolition was di'minishcd, causing 

increase of soil moisture. 
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'Theclimatic aspects

of the i982/83 wildfires in Nigeria
 

A.B. Oguntala 
School of Forcs-'Y, Forestri Research hIstituileof NigeriaPrivateMailBag 5054,Ihadan,Nigeria 

Abstract 
7 ie forest-fire clinate of arts of Nigeria was studied ill relation to a fire incidence whichdestroyed thou.s'ands of hectares of forest and fanm plintations in different parts of theCountrY during 1982/(.? dry season.Over 70%oftie land areaofNigeria :r1eriene1s as a resuitofthe. , annualhushfires and economic losses982 ,183fir.e niholeahmiCobllsed as iyore than NO inil/jon (S30.00iillion)rved that a decli.inc 

ncea flrf h, ,,,r,'coup led.with das inl differeitpartsof tlte coulltintzrxi,,,i airail soil ten/(ratulreanddecreasingreltiilie Ividitv (a favourahhl fire-cliniatieor high fire - dan;crrating) prediynosed the cro (fire'rSand agriculture) tofire ri ks. After thefire regeneratlio, in ev'otic trees like Pinus caribacaand Gmelina arborca was higher thai of indi'ejnous species likeTriplochiton sclcroxvl on and Tcrnlin iaIi ivorcsis. K I 
77w rtsIlts of the s 1tud' 

"i aa ivorcrnsis,
indicate that fire incideice coldhmiieteorologicalaata. Adfre -lpr,(iwti('n/i he,itrol 5 t', , isiu ,it , availableeded fror j t c t rbto prevenit anniualll ecollonic losses, and e."viron .ntaldisasters.' 

Introduction 
In Nigeria fire has been part of the environment for centuries. The savannah covering835 of the laid is still being subjected tIannual bush fires, wh;lc the rain forest is beingcut down in larige areas and burned during land prcparaltion for agricultural and otherplantation purposcs. Apart from the human factor, frequent drought occurrencesNigeria have been picdisposing the vegetation to annual fires. 

in 
Climatic studies in southern Nigeria (Oguntala 1975;1982) illiCate thai ()guntla and )gunlloinhothere has been a siignificant chamfe in fhe nuaer of rinyv in(i
parts of the country and that this has contribuled to tile spread of bush fires.
It has been suggcsted that bush fires can be predicted, by making use of c imalticinformiation (Rcifl1,'cr lQ78; Oguni:lai 1982).becoming increasingiy important in the tropics in view (oftihe increasing cost ofldamages 

The need to control bush fires isdone by fire to agricultural and forest planlalion projects.This paper diagnoses the clinatic faictors thai predisposed farms and forests to firein the 1982/8.3 dry season. The extent of damage to crops in parts of the country isexamined from both economic and ecological view points. 

IRWIN 
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The extent of bush fires in Nigeria 

Table Igives the summary of variols vcgati(lin types in Nigeria. These vegetation types 

have varied bioclimatcs Which are related to their structure and species composition. 

of the land consisting of all vegetation types has 
area, 73

Out of Nigeria's 983,213 kn Before the 1982/83 drought 

medium to high fire danger rating during the dry season. 

occurrence, the hig1h forest had a very low fire danger rating; however, with increasing 

human activities in the area, and increasing drought susceptibility, the area consisting
 

of about l0%'; of the land area oflhc country expelicnced serious fi e occurrences during
 
con1982/83. Traditionally, major paris of thc savannah (sudan, guinea and derived) 


sisintg of 83% of the total land area of 818,633 kn" are burned annually. Areas which
 

totally ecape annual fircs include the Sahel, fresh water swanp forest, and the coasta 

,oof the land area or 609,838 krni. The Sahel 

manigrove vcgetation contituting only 7(-;n 

has no vcgctation to bc burned while the Swa,'toAastalve get ation is water-logged most
 

of the year. Increasing human activities particu'larly shifting cultivation, grazing, and
 

of the country (forest and
areain over 70%) of the land 
timber cxpioitation occur 

is commonly used in shifting cultivation 
are burned annually. Fire 

savanna) which 
to clear old grasses to provide green flushes 

use fire 
practices, while cattle herdsmen 
during the dry season. 

sav ?nnal, usually get burned first, while the most 

The sudan and northern guinea 

severe bush fires occur in the southern Guinea savannah which later spread to the high 

forest zone. 

Area of vegtation types in Nigeria
Table I 

I Total land area
Area (knm)

TpesVegetation 3
31,463 

35Sahel 342,158 
40Sudan savanna 400,768 
8Guinea savanna 75,707 

Deric savanna 10395,375Loln anoct25,563Lowland rainforest 

vater swamp


Fresh 
Mangrove forest 12,782 

1 
1 

12,72and coastal vegetation 

Total 

The economic importance of the 1982/83 bush fires in
 

Nigeria
 
Indis-

Annual bush fires have been a part of the Nigerian land-use problems for years. 

criminate and malicious bush burninghas resulted in colossal economic losses to Nigcri;, 

for many years, I luge losses are recorded annually of forest plantations and food crops. 

Wildlife is destroyed resulting in the dcpreciation of tourism potentials. 

ha of forc.A pl'antation including those of two Agriculture l)evclopnment 
Over 17,() 

Projects were burned in the 1N82,83 dry scason alone (Federal Department of Forestry
N

1984). Assuming there is a 50 per cent recovery, this is equivalent to a loss of about 
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A.B. Oguntvla 
90 million in one fire year alone. This does not include losses in forest resources cutside plantations and also wildlife resources. Table 2 gives the details of losses in one ofNigeria's 19 states. The total loss was equivalent to about N-19 million based on existingcompensation rate in the state. The losses in the drier northern states of Nigeria aremost likely to be higher.The practice of bush burning in Nigeria is very comm(if and is reducing the forestestate annually. It is causing rapid vegetation changeswhich ultimatelycencourage desert

encroachment. 

Table 2 Effects of drought/fire in Bi. ndcl State, Nigeria 1982/83 

Crops destroyed Area No. of Trees Estimatcd value 
ha 

Cocoa N8,500 141,450,000Oil palm 11,560,0(X)2,500 375,000
Rubber 248,000

1,500 675,000
Cola nut 540,000

100 15,()African pear 45,0W010 1,500Coffee 7,(X)10,000 10,(XX),00
Citrus 3,000,0(X)

250 37,50Duiket nut 123,0001() 15,0) 162,M)Total 22,960 152,569,0X)0 19,580,00 

Source: Federal Department of Forestry (1984). 1 US$ = 3.5 N ) 

The biological impact

of the 1982/83 fire incidence in Nigeria
 
The effects of fire on tree species in different plantations were studied in April 1983 insome forest reserves of southern Nigeria. The results arc presented in Table 3.the reserves the percentage In allof trees in the plantations that wre completely burnedvaried from 5,,. in Eucaliptusgrandisat Enugu Ngwo to871,sccro.iyilo in a 3-ycar-old Tnplochionplot at Sapoba Forest Reserve. The highest values of trees thatcompletely burned werc wereat Sapoba Forest Reserve, (26% in Pinus caribaca to 87',Triplochiton sclcroxylon). Sopoba plantulions were burned more than the other plantations because the trees there were 
youngcr than in the other reserves and because of
the relatively higher ground flora production (seeds) which had remained unclearedprior to tie firc incidence. Sapoba also has higher rainfall generally Ihan the ot her sites;this factor also conlributes to tie development of a higher fuel load at Sapoba than inthe other sites.There wcre also differences in the responses of individual free species to fire. Thespecies with the highest resistance to fire was the 9 -ycar-old Pinus caribtacawith valuesas high as 84% at Enugu - Ngo and 74, 

- Bendc also had 77% 
survival at Sapoba. Tcctonagrantisat Uniuahiasurvival. In both species the bark of the trees gaveresistance to the fire, burned harks peeled off, while 

a great 
new ones were developed. Bothspecies arc exotic trees being introduced into most parts of the country. 

541 



Mteorology and Agroforestry 

The trees with the least resistance to fire were the indigenous high forest tree species 
of the 

also being dcveopcd as plantation species, following large scale 

rainforcst, the natural habitat of the species (Table 3). The species include Triplochiton 
clearance 

no naturalThese species have 
sclero.x'lon, Kava ivorensis and Terminalia superba. 

resistance to fire, as fire has never been part of thc.r environment, unlike the savanna 

species. was from thc base (i.e., the root stock) if the 
In most of the species, regeneration 

Fire, therefore, has to be kept away completely 
whole stem had been lost to the fire. 

from such plantations. 

species in some Nigerian forest planta-
The effects of fire on different trce

Table 3 
tions during March 1983. 

Forest plantation No. of 
trees 

Age Mean 
Girth 

Total 
burned 

Rcgcn. Whole 
from stem 
base surviving 

(years) (cm) % % % 

Sal)oba 
TDiplochitoil 

scleroAylo n 

T. .clcro.xlon 
Khaya ivorelsis 

Pinuscaribaea 
Guiclinaarborea 

412 
90 

201 

156 
152 

6 
3 
2 

5 
5 

22.7 
14.8 
7.8 

18.0 
41.9 

56 
87 
77 
26 

0 

22 
13 

-

34 

74 
66 

Tenninalia 
ivorL'nsis 232 4 18.1 74 22 -

Enugu-Ngwo 84
9 38.6 10 

193Pinus caribaca 
34 

Eucalyptus 9 5 6134.2 

grandis 196 

0 56 44
9 25.6 

G,,clinaarborea 194 
0 51 49

9 18.370Azadirachla indica 

4Urnuahia-Bende7riplochiton 49136 20.3 38185 64-n 26.3sclero.x),Io 204 6 36 
Pimus caribaea 


Fire climate in Nigeria 

Precipitation 

Precipitation is one of the elements of weather used to predict fire occurrences because 

of its direct relationship with fuel moisture content within plant ecosystems. In Nigeria, 

there is a well-defined dry season, that is a period of low or no precipitation. The length 

542 



A.B. OgLintala 
of the dry season varies with different vegetation types in the country.periods extends from 7 - The dry season8 month5, in arid northern part of the country to only about onemonth in the wet coastal areas of the country. The length of the growing season (rainyseason) is usLually short in rhe savanna region of fhe country. The number of rainless period is long and is increasing (Table 4). The decrease in number rainyof ayss beenincasing the susceptbilitV of the country to drought and slorns (floods-;because of the reduction of -he growing droughtseason of plants due to lack of rLinfall andstorms because of Ihe spread of the total annual rainfall has been shortened resultingin higher rainfall per day ((Ogunhlaand oguntovinb(o 1982). The drysea SotartsAugust in soic parts of the Sahel /one rombcfore spreading to the rain forest zone inNovember. 

Temperature 
The study oftempcrat tire characteristics in soullern Nigeria during the dry season (Tables .4& 5) indicatleihl tlemperaturcs as high as 35- 37 uwreobtinedthedi rsoutlperiod of 1982/83 in southern Nigeria. Northern parts of Iie country recorded hit erfigures. The mc.an dry season temperature in parts ofsouthern Nigeria is normallyabout32 0C. At Sapo~a (rainforect reserve) ia Iiean nIaximum teniperature of 35.1 Oa(' wasobtained in 1982/83 dry season which was (l1e highest since 1978. Tenlpertunre affectsthe drying lactorof platts, stols aid ,niials.it also speeds up the rate at ,ich it affects tlhe evapo-transpiralionignition (Van Wagncr 1974). 

dmry combUslibl, plan process,matter is made available for 

Table 4 
 Summary of the climate of two forest SheS in southern Nigeria between
144) and 1979. (Mean values)
 

Period 

Total No. of Temperature Relative

Rainfall Rainy Max. Min. Humidity 
mn days 0C °Cbadan (Forestry Research Institute headquarters)1960-64 
1452 128 2(.2 21.31965-69 751340 123 25.8 21.4 74


1975-74 12111975-79 93 26.9 21.3 741677 91 26.9 21.8 75 

Sapoba Forest Reserve1960-64 
2332 153 26.5 21.6 76125-691970-74 2056
2 9 150 25.6 22.5142 8223.31975-79 21.6 782028 132 31.1 21.1 82 
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The dry seasons climate o,Enugo (Ngwo) Uniuahia (Bcndc) and Calabar 
Table 5 

1982 - March 1983).
(Awi) FRIN Forest Expc,imcntal Stations (November 

Site Month Climatic parameters
Tempcraturc Relative Rainfall 

Max. 
'C 

Min. 
°C 

humidity Amount 
(ram) 

No. of 
days 

Enugu 
Nov. 1982 
Dec. 1Q82 

31 
32 

21 
22 

61 
59 

25 
1 

3 
1 

(Ngwo) Jan. 1983 
Feb. 1983 
Mar. 1983* 

32 
35 
32 

19 
23 
19 

24 
48 
24 

0 
5 
0 

0 
1 
0 

Umuahia 
(Bende) 

Nov. 1982 
Dec. 1982 
Jan. 1)83 
Feb. 1983 
Mar. 1983 

32 
31 
31 
33 
37 

23 
21 
17 
25 
25 

91 
77 
32 
53 
54 

41 
5 
0 
0 
2 

3 
1 
0 
0 
1 

Calabar 

Nov. 10)82 
Dec. 1982'" 

31 
3232 

23 
2419 

83 
8271 

205 
420 

6 
20 

(Awi) Jan. 1983 
Feb. 183 
Mar. 1983 

2 
35 
36 

19 
24 
26 

64 
64 

23 
1 

1 
1 

• Fire at Engu-Ngwo 
* Fire at Umuahia-Bcnde 

Relative humidity 

tmidity generally follows the rainfall pattern: it is usually higi duringthe rainy 
Relative 
season and low during the dry period. 	Humidities as low as 24'; were obtained in the 

- Umuahia 
ionc of Enugu Ngwo; and the high forest Yone of Bendc 

derived savanna low as 32" (Table 5). in the coast-line area of Av. - Calabar, the 
had humidities as 

relative humidity for the same period was 04;.	 a quick 
Relative humiditv has (' mmonly been 	used in ICmpCratC countries to give 

Air relative hu midity influcnccs the state of 

assessment of the dctrce of fire danger. 

dryness oi combustible plant mattcr.	 - particularly 
Increased human activity in the high forest /one in the past few years 

has ilcrcased the albed
and other activitics) 

massive force.t clearance (for farmin, 
of the area ( )gunthyinbo and Oguntala 

and has adversely affected the microclimate 
has a fire climate favourablc to fire and has been seriously 

The :,onc now(1978). 

predisposed to bush fires.
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Predicting forest fires 
In order to tc able to predict forest fire weather, standard nlctcorological Slations wereset up in different fo rest reserves in parts of Nigeria. Dalta on rainfall, air and soiltenipcralurc, relative humidity, evaporation ard wind speed, are oblaincd daily fromthese stations. The sunm mary of the climatic (Lila for Ibadan and S;!poba are presentedin ral 4. A sinilficant dccrCasc in the numbcr of rainy, days in Ibadanperiod from 11)(k) during theto 197) was observed. 

non- si iifIcarrt decrease 
]badan is the northern tip of the rainfores. Ain the number of rainy daysdecrea was observcd at Sapoba. Thise in number ofrainy days which was common in most parts of Nigeria has beenpredisposing the vc.etation: to firc. The growing season has been shortened and the dryfalter prodution particulmurly in the dry scasonI1981). has beer: incrcasing (Oguntala l9,(7! 

The summary ( tOhe dr'-,cason IeliIatc in forcst pl:wtations of southcrn Nigeria ispresented in Tiblc S. ItV,.haraCtcri.Cd Ih abnormally high tcmperalurcs (for southernNigeria) particula Ilv durInIe Fi-r ;ind bycrv low humiditics associalcdwith low rainfall. 
-r 

An accidental lorcst lirc startcd at Sapo:i torestMarch Rescrv.c in the late af"ternoon ofN8)3. NljIroc jim;ttic dala from different plantalion plots in the reserve wcrcanal.vcd to dLcrminC firc weather conditions, Maxinmurm tcnperaturcforest plantation ,.v 37 
it N() in the34 ( comparcd vithh 

at I(WJ 
'Uin the open, while the relative hunlidhtvwas 47"; in the opcn compared With ('"; in the plantation.The fire danmer indcx was calculated using the modified Angstrom forest firepredicting cqualM ( Rcilsnvdcr 19,78): 

3 .1.3- s R VTI'm1 

where 13 - n-C danger index 
R =rclatic humidity expressed as a fraction from 0-T 'uar Icmpcra Lire in degree:, Celsius. 

I 

Sapoba Forest pla';tiMons, had a fire danger class of14.1 (high fire danger) when the firestarted in the lat atC rmnm.The rcsuls lof lis st ldv indicate that forcst fire prcdiction is feasible in Nigeria andthe tropic altr Igh at presCntIj it is almost noln-existClnt (Ogun l d18 ) E ffort, art!
being Ill d,' to Jcvchop 11rc synoptic 1U1tcorlogical stations.collab.oration ith tIhe I cL'cral "Dpartrn This is being done inI t If Meteorology which supplies the instrufleIs to thI stIni,..F" 
The dCvClopmenL 

Rcsearch InitslL[tC. The I[nstitIc collccts and processes Ihc data.of a national fire dargr forecastinp and rating system is still inadcqtnatc, but thcre are grctl prospects for improvement of facilities to cover tie entire 
c t'(l5rv. 
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