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dest patpopulation pe untarao 
lan)bt tereare many factors to conider,,~ 

whre e to assess an 4optimum s 
Tet eunderlying vasiables manipulateol ( lcangesinrranet. Thta (heing l i_are;

w a r nt population per unit -area of land 
(plant "denaity* ubr fpat


* hectAre-').
 

Crnoa apae . ar rfge en~ enes 0-6-ibe.,,Rectangularity (the ratio of betwen-to 
ewithin-row spacing), and 

0elan' arrangement. That is whether, 'within 
any stated rectangularity, the plants 'of 
adjacent rows are opposite one anotiher 
 ,;i 

l(e. a "squre" ) ioaoreLplant set 
("stggerd*)in some way. 

Rectangularity applies only to ro-croppingl
systmsbuttheconcepts ,fpln irgw t 

extend to clumping and other forms of hetero
geneous saigarrangements between species in 
mixed cropping patterns. Figures I to 4 give 

some row cropping examples. 

The highest yields are obtained when a 

offient+number of plants occupy an area sowaterntits maximally, but vithout plant

stature, the distribution of dry mAttar, or the jj4'flowering/fruiting processes -being adverselyas to u the environmental resources tlght,affected. or to a point whore pest organisms(I -i are encouraged. 
 1 

Because,,available environmental resources,
usually vary between-seasons there is'no set."optimum" plant density f~r seasonali species,although it s usually feasible to establisha
mean plant density at which yields arc maxim~alUfor the "average* meason. IrP places wmhethere are large seasonal differences in ?hLilalk,and/or in cloudiness, therefore. a larger numberof yoars o~f experimental work zire required to~establish a recommundation~ than in more constant,
A environments.' II~ AN 

___________________ 1411+_______. .... JA.... +:: II2 ,4{+:i+ 
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The resource sharing pacI ty of perennias 
chare markedly wi '=in age, and this factor 

has to be'consideredi:. dtrning original 
planting distances and iubsequent thinning rnd/ 
or pruning regimes. W.,th woody perennials 

require total biomass :: jyst a plant part 
but wbther, in the la.er case, we are to 
regul ly harvest a. renewable part., (e'gf 'o 
or vegetative parts SuC, as leafy shoota), or 
a non-renewable part in-.ermittently (e.9. woody 
main stem). 

:'t 

Environmental resources, both in spatial and 
temporal terms, and bo: above and bealow ground, 
can usually be better 5a ared between a mixture 
of speclea than by sole cropping, and this Is 
one of the cases for mlxed cropping,. Insole 
cropping evenly-spaced plants will be more likely 
to. be sharing environmental resources maximally 
(but not. fully) compare4 with Irregularly-spaced 
plants, and this is one of the cases for row
crcpping. Maximum yie-1s will thenapart from 
the effcts of' other -.anagement factors, be 
obtained with a rectar.larity of 0.866 (sin 604) 
with the plants stagge..d between rows (that is 
with all plants 4paced equi-distant from one t 

another as in a series' , equilateral triangles) .Figcl 

In plant mixtures exac-. species ratios and 
distances between plan-s will depend on the ... 

growth habits and p ,1s logical responses of theo' 

species concerned. Th* manipulation of rect'igU
larity, where tb,is car. ! ealy managed thrAgh 
row-cropping. can be a powerful tool to obtain 
effective species comtnations. Especially i it 
is combined with mani;2Iation of sowing or 
harvesting times (with seaa2onal cropej, or with 
pruning/lopping regimes (with woody porenzdfll). 
Then individual species can have better accesI 

to, parti+cularly, vate: and light At critical 
periods of their grow:t. and development., "Alla
cropping" for example, is one form of mixed 
planting that utili s -.heb nofits of high 

rectangularity ratios ind lends itself to a range 
of other management ra$,.!p;Aatons. 

* 

Apart !rom its-:major -_luenco on yield per unit 
area, ?lant density ta.+ y focts the size of 

Individual plant parts. ,This factor is: cormnl 
used to,manipulae cr:s so as to prov(d 
suitolle-sized products 0s to satisfy the 
partic-lar requiremenv.3 -)f the formr. tho 
fresh market, the sa-ll, or the cannery or 
other processing pIAhn:. For example with 

\ 
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F.urc, 2. 	 Some altornitive planting arrangements, Plants in 
the hexatjonal arrangement are all equidistant from 
one another (see page.3). The c;uincunx planting 
permits successive alternative row thinnings (either 
diagonally or vortically/horizonally) to leave 
vat~ious roequla'riy-spaced arrainqements. 
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ti:7ber or pQles; tubers or roots (e. 9. 
.c < CrQts) fruiLts,(maize cobs), or even 4nr 

ed;.b1e stsom-and intlor~sconce such as the 
pina.apple., 

. . . asseabled together (sole cropping) plant-to

pl - nterferece effects e;sult in a rnge,,-,0+~o plant sizes'. A relatively few specimeno . , 
: i~bezxie dominant and a' greater number. suppressedI." : 

tc some degree or anothtr. This reaSUs in a -
po3ttively skewed population distribution for 
plan't size which is more emph sized as plant 
denisity is increased and which is accentuated 
the age of the crop,j(iguto 3). 

The choice of plant density and arranqemen, is, 
o zourse, only one setof factors to consider< 
in manipulating yield, plant size, or ti size 
of z.ant parts. The need for access (for
exa7,ole lfor weeding, crop spraying and harvost
in.) can impose spacing restraints, particularly 
on :ectan~ularity, which may not be remedied by " 
c-n.omitant increasesn within-rom apvcing to 
cc::ect for overall plant pepulatoi per unit 

,'ha influence of plantlpopw6-ion per unit a.eaa 
o.! and on yield :or a seasonal crop is. 
1rstrated in Figue4a. When the output is. 

ea3ured as total b 'omass the.yiald/plant donsity 
:raationship is asymptotic- On a per plant 
basis this relationship is describad'by tho 
cz:-:only-usd "reciprocal yiel" equation 

a ' bx ' 

where: v * the mean weight of an 
individual plant, and 

x - plant populetion per' 
unit area 

- and a and b are a constant and 
a coefficient respectively. 

,, 
,s, 

the output is a plant part, such as the 
seeds, stems or tubers, tle relationsip 

'I fUn.LtO be fitted by o parabol c curve of 

: ; "j ' ~ , + 4 ' . . t , , . . ++ 'jY' " 
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4. (a) Basic yield per unit area (y) plarwt density ) 
relationships 

(b)(c)The effects (f increasing rectangularity on an 
asymptotic and parabolic relationship, respectively. 

(d) The general trend in a parabolic yield/density 
relationship brought, about by changing soil 
~ertJility and climatic stress. 
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The two relationshi.ps can both be expressed
 
by th-siipl-eqUattinr 

. . . -., + , i ,, 

3. 1 a
 

and when the yield response is 
asymptotic e % 1, and when parabolic

e s e n t s
 
9.l. Also the constant "a" repr
 
an influence of plant genotype and
 
"b' the coefficient, is related to 
environmental potential (see Willey 
and Heath, 1969,for the arguements).
 

Figures 4a and 4c indicate the changes in these 

basic rolationships when rectangularity is 
increased. Although the general principles 

will,
are well established individual species 

of course, respond to changes in rectangularity 
in somewhat different ways. For example, the
 

are of some indeter nuA -t
yields per unit 

species with wide ranging sm t systems (such as 

Solanum potatoes or spreadinq forms cf copa o) 

loss affected by higher rectangulacitieare 

most
than plants of more rigid form (such a 


trees and shrubs) which cannot exploit wide
 

between- to within-spacing so readily.
 

The overall effects of environmental improve
ment (vore fertile soils, less water stress, 
improved light conditions) is not only to raise 
yield levels per unit area of land but to 

at which this is
increase the plant popula ion 
acheived (Figure 4d. Thus, although the exact
 

extent of any particular environmental Juprove

ment has to be measured experimentally for anyii 
.,pecies (or species mixturel a knowledge of this 

trend permits at least some degree of conjecturali 
extrapolation based on known principles and 
responses.,
 

Appropriate orientation of crop rows, even In
 
tropical latitudes, can contribute to better ;Ight
 

inuerception and distribution over the canopy.
 

______________'_____________ 

http:relationshi.ps


Thus North-South oriented tows may be potenttally.
 
higher yielding than those aligned East-West.
 
However, this aspect maj not be considered as
 

. important a contributorto,sol crpyield as
 
others discussed above1 at leas-t in the early
 
phases of investigation, although its effects
 
on light distribution between upper storey
 
(trees) and lower storey (agricultural crops)
 
assoc'iatzions in agroforestiy systems can be
 
considerable,
 

DeaZing th woody peena 

The effects of changes in plant density *tc
 
described above for seasonal plants will be
 
modified in species with a woody perennial
 
structure by the various ways that a persistent
 
canopy can influence plant form and develop
ment, with consequent effects in the distribu
tion of dry matter within the individual plant.
 
Also by ageing effects. As discussed by
 
Cannell (1983) close-spaced trees foring
 
a dense canopy will be taller (and so possets a
 
higher proportion -o stemwood), have fewer lower
 
branches (due to self-pruning) and set less
 
fruit (due' -.o shading of' potential fruiting 
sites). Such factors Will influence the, shape 
of the parabolic yield/density relationships 
but not obviate them. Ageing of individuals 
will diminish,annual dry matter increment
 
in part because of an overall Increase In
 
the respiratory toad within the population, and
 
also because of an eventual loss of efficiency
 
in canopy photosynthesis through a number of 
causes. This too will alter the progressivea dhxanl 
asymptotic and parabolic relationships alike.
 

Because multipurpose trees species may be grown
 
so as to optimize provision of a range of 
products: total biomass (for soil restoration/ 
soil.conservation), total woody biomass (for 
tuelw,>od), leafy biomass (for fodder), fruits 
and/or needs, other plant products (bark,
 
gums, waxes etc), or a combination of these,.an
 
understanding of the relevant plant responses
 
to density stress are certainly necessary.
 
Furthermore, harvests may be as a single terminal
 
harvosi (but rarely), as irregular harvests
 
during the productive lifespan (e.g. timber or
 
fuelwood thinnings), as regular annual or.
 
seasonal harvests once the trees are mature
 
(fruits, seeds) or as intermittent within
season harvests (leafy fodder or browso, sap,
 
gums etc). Sequential or intermittent, harvesting
 
of vegetative materials, or thinning of whole
 
trees will change the level of density stress
 

http:these,.an


so 45 to set back the trends in plant
 
modification being established, either in
 
so far as these may be reversible on existing
 
parts (e.g. re-establishment of a higher
 

.--ate of-- stemwood -incremen t)-orimore -1-ikelyr 
for the plant parts that are forimed anew 
thereafter (e.g. re-establishment of fruiting 
points on new branches that can then emerge. 

For woody stems and branches foresters 
consider changes in both the "Current Annual 
Increment" (CAI) andithe average of this with 
time,the "Mean Annual Increment" (MAT). Figure 
5 shows the effecta of planting densityan HAI 
for total woody biomass and for merchantable
 
timber, respectively Figures 6 and 7'show
 
hypothetical time-trends for changes in total
 
biomass and a renewable plant part harvested
 
annually, respectively.
 

Exporimental appr'oaohae
 

The establishment of yield/plant density relation
ships for sole crops can be achieved either by 
using conventional (e.g. randomized block)'or 
systematic field layouts (for the ia e see epta 
W. Paper ) The forrer are more robust but, if 
aoequate internal guard rows are to be provided 
(at least double), which is essentiil for spacing 
experiments (see Figure 8), then the effective 
experimental area can be quite restricted 

Systematic donigns enable a wide 
range of spacing levels to be tested In a small 
amount of space without the use of Internal guard 
rows. But a rigorous statistical analysis of the 
results is usually difficult. 

Several authors have suggestod that only a limited 
number of spacing treatments (3 or 4) are needed 
to establish a mathematical yield/plant density 
curve a. long as certain assumptions are 
satisfied e_. that the reciprocal yield 
relationship (or plant weight plotted against 
plant population per unit land area) is linear. 
This relationship can hold good with all types of 
plants, including trees' and shrubs Lbut until any 
particular species has been studied under a range 
of environmental and management conditions some 
departure from a strictly linear relationship 
cannot just be assumed. it seems prudent, 
therefore, especially at the start of an experi
mental programme with a new species, to accept 
the need to encompass a reasonable range of plant 
density and rectangularity treatments in any 
experimental programme e.g. at least 5 plant 
densities and 3 rectangularitios).
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Figure 5. pFfects Of planting density on t e\mean annual 
(MAI) of trees grown for woody biomuass (a)
Incrbment 


(branches and steme,of any diameter) and morchaAtabl* 
timber (b) stems above a given diameter). Noto that 

there is an optimum density for woody biomass as 

wellneas timber production, and that thinning will
 

move the population in the direction A to rF. Remember
 
that closely spaced trees will be small. in diameter
 

but not necessarily height, and that, in unthinned 

stands, tho number of trees at harvest will be less 
than at planting owing'jto self-thinning. From 
CannellM.G.R. 1983. Plant popution and yield of 

trees and herbaceous crops, pp. 489-502 in P.A. Huxley 

(Ed) "Plant Research and Agroforestryl", ICRAF. Nairobi.
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Figure 6. 	 Chatiges (pith time t b mass accumulation per 

unit area of land for different plan -densities of a 
woody perennial species. Eventuall- the net annui . 
increment due tocarbon fixation and mineral uptake 
will be exceeded by losses (par.s shed, total respiration 
and this will happen sooner at high plant densities, 

,/7 i 
aN 

PiIM-,<>'"~o() . 20a000 a0 , . .. 

Figure 7. 	Changes in annual fruit yield with time for a woody perennial 
species planted at different densities. Small amounts of i 
fruit per plant can give substantial yields per unit area 

.. ,at very high plant populations early on, but increasing 
densities (and the development of posts and diseAsos) can 
make such unpruned stands rapidly unproductive. Mid-lev l 

populations will attain maximum yield, per unit area later
 

but possibly become unproductive less quickly. Low levels
 
of pliant population will give longer individuial tree yields
 
but too wide a spacing will limit yield per unit area (although,
 
it may make managemeni easier). Pruning at any time will
 
shift the response to the loft.
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SiY!SUMATIC DESIGN ,3 y 

04ts 
I " - I l 

NeedI@, .I7qI414)1 

Figure 8 Systematic designs require adequate external guard rows 
(especially *it the close-spaced part) but no internal 
guard rows. Conventional randomized block layouts
Involving spacing treatments also require internal 
(between-ploi) guard areas viich can often take up a 
considerable area, 



In~many mixed cropping situations it is seldom 
easy to predict the full effects of changes
 
in plant density and arrangement on either the
 
composite or individual yields of the
 
components, or on the size-regulating effects
 
on plant parts. It is, therefore, often
 
necessary-. toar-range- for this .to_. b.tes ted.
 
experimentally. This particularly applies to
 

,agroforestry plant associations where the specie 
combinations may not have been investigated in this
 
way previously. As the possible combinations
 
of variables and levelsof the,spacing variables
 
are numerous, and other management factors
 
have also to be included, the space and time taken 
to obt in reliable results can be considerable, 
Furthermorol, experiments need to be repeated 
over several seasons and to cover-the trans- . * A 

formations with age of the woody component(s). 
We have, therefore, to break the problem downi 
and find quick, cost-effective approaches.
This may beast be done by formulating aprogramme 
in the following manner. 

e 	Evaluate any existing information about the
 
known responses of the individual plant
 
components to changes in plant densl.ty "nd 
rectangularity.
 

* 	 Formulate a selected set of treatments 
that investigates the effects of plant 
density and rectangularity in an unconfounded 
way, and.also of different levels of intimacy 
of 	the components.
 

- So that the results can be made much
 
more extrapolatabla to further changes
 
in these v4riables and, to some extent
 
to the effect of changes in environzantal
 
conditions as far as these can be predicted
 
from the general body of knowledge.
 

e 	Select a basic minimum of other critical 
management variables (pruning/lopping of 
woody component(s), time-of-sowing of the 
seasonal component(s), from what is kno.n or 
can be postulated as lihely to minimize 
detrimental between-species interface effects. 

* 	Split the investigation into several snall, 
easily-managed experiments if the number of 
variables and levels tihat must be studied 
is still unavoidably large. 

Working in the above way is likely to provide a 
much better understanding of what is happening 
than by setting up experiments that merely 

http:densl.ty
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test "packages" of teatmen~ts (for example, 
a set of "practical" hedge-row comparisons). 
Such treatments almost invariably confound the 4" 
effectsof plant density and rectangularity 
and 'so give, results that cannot be extrapolated, 
or provide any fundamental understanding of 
plant 'responses to these overriding variables. M_.~The mainexcuse for undertaking .such pckage .1.._1__ 
experiments is when either the problems of 
species selection and/or management options 
are so little understood that the main purpose 

7 

of the experiment is to help define these, or'
 
when they are so well known for a particular
 
site or area that simple on-farm trials are all
 
that are needed to test the best of a'small aet
 

* of establishment options. 

There is now a large body of literatuo. concern-
Ing the evaluation of species mixtures in field 
trials (see selected references).., Comparatively 
little refers to mixtures of woody perennials and 
herbaceous species, however. 

RootanguZarit aa an ,in ni:v.iaortant apoiln t.ool 
Oopping aituaton. 

Manipulating the rectangularity of the tree/

bush species in a mixed tree/rop association
 
can be a convenient way to obviate adverse
 
effects of interapecific interference and
 
this is the basis of "allaey-cropping', But
Figure 9 Illustrates some simple poinis to 
remember. First, that changes in rectangularity 
above 5.or 6 have a greatly diminishing effect. 
Second, that at low rectangularities even a s=all 
change will greatly reduced the plant population 
per unit area and, as Figure 4 shows this is 
the more influential of the two variables on yield 1, 
many situations. Figure 10 illustrates the 
advantage often to be gained by 'revising the 
In-row spacing of the trees when increasing the 
rectangularity, giving several examples. 

In experimental field layd'uts it may be
 
desirable to keep rectangularity and plant density
 
unconfounded and this can be achieved only If
 
between-row spacing changes (rectangularity
 
changes) are simultaneously accompanied by the
 
necessary in-row spacing changes (see legend
 
Figure 9).
 

if plants in a 2-component mixture were of
 
approximately the same stature, and each is 
assumed to occupy an approximately equivalent
 
area of alloted space, t 4 n row-cropping with 
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Figure 10. 

________ 

500 1000' 1500 2000 Z500 

The sets of curves show some postulated yield 
responses.o changes in plant density at differentrectangularitios (1,2 and 5). In (a) the effects
of increasing rectangulhrity are l ss than .n (b)
but, in both cases D and C indicate the yieldsobtainable when the plant population is reduced to 
a half or a fifth, respectively when the 'in-row 
spacing is not changed to compensate for the increas 

rootangularity (continiue over). 
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Figure 10. (continuod)
 

B' and C' Indicate on the appropriate curves what
 
scope there is, in this hypothetical situation, for
 
such compensation.
 

in (c) the same situation is demonstrated for an
 

asymptotic (total biomass) response curve, with less
 

opportunity for compensation 4n this case. Unless the
 

.relationships such as these shown here are kno"n the
 
effects of manipulation of rectangularity and plAnt
 

density can only be conjectured.
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the tvio species (as in situations shown later 
in Figure 12) between-row space as shown on the 
right-hand axis in Figure 9. it species A is 
a tree or bush it will clearly soon occupy a 
greater proportion of the available space at 
the expense of a smaller-statured agricultural 
crop ispecies~and.-continue-o,,increase, its share. 
as the canopy develops, unless this is rostricted 
by mariagement. In practice, therefore the space 
allocation will always be less than shown (i.e. 
in the direction of the right-hand arrow). It 
may be useful to consider the "extWra" space needed,
 
if this can be approyimated, in terms of-.the
 
number of rectangularity units (in-row spacing)
 
it represents1 and. tds should then be added to
 
-the initial.rectangularity choice (remembering
 
that after R5 or 6 there is little effect or
 
either plant density or allocated space). This
 
may make a useful "rule-of-the-thumb* approach
 
to alley-cropping dimensions, especially if a
 
further correction is also made for any winter
face" effects on the yield of the two components
 
(i.e. any likely successful "encroachment on tree
 
space by the agriculteral crop, a positive
 
effectj or conversely, any extended interference
 
by the tree beyond its canopy spread),, flowever,
 
to discover what those OCfocto nctiully are in 
practlce it is really necessary to €xamine 
specific tree/crop interfaces in the field. This 
can be done.either by selecting part of a spacing
 
experiment to work on, or by a prior (and
 
relatively simple) separate field exporiment
 
using f~st a simple geometric design (see Section 
on "The Tree/Crop Interface*. 

In an "alley-cropping" situation the rectangularity
 
will usually be such that the tree/bush species
 
exerts virtually no intraspecific interference
 
from row, to row other than,perhaps, from a small.
 
amo nt oftnutual shelter. Thus the three factors 
to consider in Influencing yield are the within
row effects of the tree/bush species on its own
 
growth and development, the interface effects
 
between the tree and the agricultural crop and the
 
within-crop conditions of the latter. The.
 
comments made previously highlight the need to
 
conrider carefully the within-row spacings of the
 
tree so as to maintain an effective plant
 
population per unit area. This is particularly 
important in the early years of establishing 
hedegrows when-within-row tree/bush spacing
 
will have an effect on Its growth, form and
 
productivity. Later within-row spacing of the
 
hedgerow species will become less influential
 
(Figure 11), It is 'also important to have a
 
clear understanding of the interface effects, both 
for chosing compatible species and in order to 

i<, : !>ct >!: ,, , , ;' 4" :'~i ]; %C,,; iC"/: - ' .:Y%,Aq ¢ 
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* 1* 

Figure Ii. Changes with age in the yiold of leafy shootsin hedqorows with different within-row spacing.
Assuming no over-browsing or exressive lopping and
that hedge heiqht is restricted to that acilevodafftur 4-5 yqa-s. A decline in the numbers of activevtgotative buds availablo may sOmetimes occur with
some species te.g. tea) after continued pruning of
Ittafy shoots. 
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manipulate the rectangularity to the best
 
effect. The crop growing in the "alley"
 
will, unless the tree/bush rectangularity
 
is unusually small, be partly growing under
 
"sole crop", conditions and its yield in this
 
central region of the strip can, therefore, be
 
est matea rom ocalkowId - tfrom 
previous sole crop spacing experiments. 
Effective alley cropping design and management
will be brought about by using existing 
information to estijate the overall outcome 
of selected species/spacing combinations, and 
by designing field experiments that provide
actual data relating to the underlying issues 
discussed here. 

Design ohoioue 

In both mixed and zonal cropping situations the
 
proportions of plant components needed in order
 
to satisfy the particular levels of product
 
required may need to be the modified depending
 
on both the biological requirements to optimize
 
the effect of interactions between components,
 
as well as environmental demands to maintain
 
land sustainability (and thus to keep a high
 
proportion of treas/&nruba in the cropping .ystem).
 
Not only will the individual plant densities for
 
each component require looking into but also the
 
rectangularity options both within a"'d between
 
component species. Figure 12 shows that there
 
are a number of alternative ways of arranging the
 
spacing of the tree component in a mixad tre/
 
crop system depending on what outputs we required
 
and whether the nature of the tree/crop interface
 
indicates bettor possibilities for either an
 
intimate or separate arrangement. A reduction
 
in adverse interface effects can be achieved by
 
decreasing the size of the individual zonal
 
areas (towards sole cropping) and/or by altering
 
the rectangularity (and in offect, increasing
 
the actual plant den3ity but not the plant popula
tion per unit allocated area) of both components 
so as to leave a bigger,gap between them at the 
interfaces. An example is shown in Figure 13. 
The effect on within-species yielde of increasing 
the actual plant density has to be compared
 
with any improvement shown by the mixture.
 

Where we are dealing with seasonal plants of
 
somewhat similar stature (i.e. herbaceous crop
 
plants in general), and if we are concerned only
 
with maximizing the overall yield per unit area
 
of land, then'the choice of total plant population
 
of a two-component mixture will depend on the
 
shape of the individual yield/density response
 
curves and the extent to which these are 

or the 'intimacy' of other mixed cropping
 
arrangements.
 



0
.
 

0
 

\
0 

0 0 
•....... 

*. 
0
0

0 
.
.
.
.
.
.
.
.
.
..
.
 
"
0
 

'
-

aa 
U

 -'4 

0... 

0 
0 

00 

00 

0 

0 
............ * 

0 

....••..... 
0 

0 
0 

,,.......... 

............ 
0 ............ 

0. 
+0-"00.

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

....... 
0 

0 
0 

.-
-*0 

4
'
6
 

o~ 
0

) 

u 

I , 
o

Vc
 6.4

Q
 

00 

0 
0 

0 

00 
C

)U
t 

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

0 
0 

,...** 
*,0 

0 
0 

0
S
 

0
.
.
.
.
.
 .14.0 

.
.
.
.
.
 

............ 
0
0
 

.
 
.
.
.
.
 

....... 

, 

.•. 

-. 

,, 

ue 
4 

43 
'


4
 

c 
4
 ,
.
4
4
 

, 
.' 

0 
0
0
 

0 
0 

0
.
 

U
 

+(J4++ 
• 

•~0 
*•, 

43
',4

 
0 

0 
.. 

0 



7 

..	 modified in the actual spatial/temporal
 
arrangement in the mixture by between-species
 
interactions.
 

Figure 14 illustrates some examples of making
 
this choice for 2-component pairs of species that
 
represent a range of different yield/density
 

.responses 	 --but-without taking -any-interactiona- -----
'within the mixtures into account (ways of doing 
this are discussed by Willey and Rao, 1980). -. 

Where one of the components is a tree or shrub
 
then both plant size an4 the numbers per unit area
 
will be markedly different from those of any
 
herbaceous components (Figure 15). In this case
 
the selection ofr any appropriate plant density
 
in mixtures malt better be made along soawhat 
different lines '(see Huxley, P.A. 1983 The role 
of trees in agroforestry - some comments), or the 
space - exploiting poseibilities of row-cropping 
trees at relatively high rectanqularities can be 
utilized. (Figure lOa-c showed the possible 
advantages that are often still to be gained in 
compensating the in-row spacing when Increasing 
that between-rows). 

In planning spacing experiments it can be useful
 
to know the way in-row and between-row spacings 
must change in order to maintain A particular 
plant population per unit area, or some stated 
fraction of this, and vi0e vuroa. This is shown 
in Table 1-as a matrix of factors by which to 
multiply the plant density chosen as the maximum 
tinder constderation (and at a rectang~ularity of 
1.0, initially). 

Finally, Figure 16 is an implementation flowchart
 
that indicates the successive stages to be taken
 
when deciding on plant densities and rectangu
laritios. At the same time It indicates some
 
of the more practical questions that need to be
 
answered related to .the characteristics of the
 
land use system, as well as showing what type of
 
experimental approach is useful if data still
 
needed for decision-making ar not yet available.
 
Appendix I displays some suggestions for field
 
layouts involving changes of spacing.
 

r----------------------------------------------------
* A micro-computer programme is available to
 
expand this table and to scan the information
 
contained therein for common (or closely
 
similar) between-row or in-row distances.
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Plnt put uni qpall 	 : . . 

(d) 

Totol plant populotion per unit oreo Ootonum poputotna frtk i ;e ted4pa: 
for modmixinq combined yield ' mit1R or a onat IOr p4MOA1, '. 

AN 

or 

Plant PovivitiJOn ror un t aria.. 

Fiqure .4, 	Various yield/plant density relationships of seasonal. 
plant mixtures. The curves show the suggested optimum 
population of the mixture (o,b & c from Canneil, 1983).
(a) two crop species grown for biomass (b)cone specez 
grown for biomass and the other for a plant .part (ci 
two specics grown for prant parts (and of simlar yield 
potontials) (d) as for (c) but of dif forent yield potentials,
(e) a, for (d) but to be grown in a zonal system. 
Such simplifications do not take into account the farmers 

- requirement to snlect appropriate yield proportions to 
s~uit his needs (see Mead, R. 4ind Willey, R.W. 1980). 
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There is & very large Literature% On the resuits of s:n 9
 
experiments involving various crop and tree .3p-cies (sue
 
'Carinell, 1983 for some of these). A" for Lestiqmixed
 
prop associatioans at different pFnt densitles, rectangt-.
lrities 	and intimacies whore ronte of the papers ork 

Bartlett,M.S. 1978. Near zst neijbour models in the ana lysis

of iLoeld experiments. J./ Statist. So. B. 40, 147-174.
 

Beets, W.C. 1982. Multiple tropping and tropical farming
 
systrems, up. 156. Govaer Aldorvhot and Weatview Press,
 
Boulder, Colorado.
 

- a good account covering both theory and practice and 
IncludinJ some economic aspect . 

B[easdlel, J.K.A. 1967. Systematic dosgiq ,s for spacing
 
experimonts. Expl. Agric. 3, 73-85.
 

Cannell, M.G.R. and Smith, R.I. 1980. Yields of minirotaton
 
closely-spaced hardwoodo in temperate regions: a revie'i
 
and appraisal 1 For. Sci. 26, 415-428.
 

Cannull, M.G.R. 190i). Plant population and yield of tree and
 
herbacceous crops. pp. ,189-502 in "Plant Research and
 
Agroforestry" (P.A. Huxley, Ed). ICRAF, Nairobi.
 

- an op-to-date account synthesising a groat deal of inform'
tion about various crop types. 

Dear, K.B.G, and Miad, R. 1983. The use of bivariate antlysis
 
to.chniuos for the presentation, analysis -andinte(jration
 
oI d.ta. "Statstics in Inter-ropping'. Tech. Rop.
 
No. 1 (Mimeod, 19 pajus plus 20 pages of oxamplae) Dept.
 
Applied Statistics, University of Reading, U.K,
 

Donald, 	 C.M. L963. Cartpition among crops and pasture plants. 

Adv. Acjron. .15, I-lI8. 

flarp~r, 	 J.L. 1977. Population biology of plants pp. 892. 
Academic Press, London.
 

-A 
 very comprehensive and up-to-date account of the wAys in 
which a range of biological factors (disperaal mechanimcs, 
the effects of neighbours, the effects of predators) effect 
population changes. Togethav"with an account of the natural i 
dynamic of plant popualtion and the evolutionary implica
tions of all those. 

Harper, J.L. 1961. Approaches to the study of plant compeation 
In "Mechanisms in Biological Competition" (I .L. Mithorp, 
Ed) Symp. Sco. expl. Biol. 15, 1-39. 

Holliday, R. 1960. Plant population and crop yield.
 

Part 1. Field Crop Abstracts 13, 159-167.
 

Part It. Field Crop Abstracts 13, 247-254.
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*Huxley, 	 P.A. and Maingu, Z. 197e,. Use of a systematic spacing

design as an aid to the study of intercropping: some
 
general considerations. Expl. Agric. 14, 49-56.
 

Mead, R. 1970. Models for interpl4nt competition in irregularly
 
distributed populations. (Mimeod) 12 pages. Dept.

Applied Statistics,.University of..aeading, U.K.
 

Mead, R. 1979. 	Competition experiments. Biometric, 35, 41-54.
 

Mead, R. and Riley, J. 1981. A review of statistic0,1 ideas
 
relevant to intercropping research. J.R. Statist.
 
Soc. A. 144, 462-509.
 

'
Mead, R. and Stern, R.D 1980. Designing experiments for
 
intercropping research. Expl. Agric. 16, 329-342.
 

- mandatory reading, but does not go Into the problems
of mixing plants of different statures and life-cycles. 

Mead, R. and Willoy, R.W. 1980. The concept of a "Land
 
Equivalent Ratio" and advantages in yields in
 
Intorcropping. Expi. Agric. 16, 217-228
 

Mitchell, H.W. 1976. Research on close-spaced systems for
 
intensive coffee production in Kenya. A.R. Coffee
 
Research Foundation Ruiru, Kenya, 1974/75, pages 13-58.
 
Coffee Research Foundation, Ruiru, Kenya.
 

Nelder, J.A. 1962. New kinds of systematic designs tot
 
spacing experiments. Biomotrics, 18, 283-307.
 

Pearce, 	S.C. 1982. Research into biomotical mer.hodo for the
 
study of intercropping. Final Reiport, ODA Research
 
Project, R. 3457. University of Kent, Canterbury,

U.K.
 

-	 Essential reading for the planning mixed cropping 
experiments. 

Parry, M.S. 1981. A comparison of hedgerow and bush tree
 
orchard systems at different within-row spacings with
 
four apple cultivars. Hortic. SoL. 56, 219-235.
 

Rao, M.R. and Willey, R.W. 1980. Evaluation of ylold

stability in intercropping: studies on sorghumj

pigeon pea. Expt. Agric. 16, 105-116.,
 

Smith, J.H.G. 1978. Design factors for Nelder and other 
spacing trials to age 20. C6mmon. For. Rev. r
57, 0 	- 9. 


Spitters, C.J.T. 1983. An alternative approach to the anaiysis
 

of mixed cropping experiments.
 

1. Egtimation of competition effects, Noth. J. Agric.
 
Sci. 31, 1-11.
 



Spitters, :.1.T. 1983. An alternative approach to the analis...
 
of 7ixed cropping experiments. 
2. Marketable yield. Neth, J. Agric. Sci. I, 143-155. 

Trenbath, 3.R. 1974. The biomass productivity of mixtures.
 

Watson, D.2J. nd French, S.A.W. 1971. Interferenk:t, between
 
rows and between plants within-rows of a wheat crop,

ard its effecta on growth and yield of dlfcreitly
 
spazed rows. J. appl. Ecol. 8, 421-445.
 

- a paper full of valuable ideas, 

Weiner, J. 1982, A neighbourhood model of annual plant
 
interference. Ecology, 63, 1237-1241.
 

Willey, R.'. and Heath, S.B. 1969. The qauntitive rolationchips
 
between plant population and crop yield. Adv.
 
Agron. 21, 281-321.
 

Willey, R.W. 1979. Intorcroppinq - its importance and research
 
needs. Part I. Competition and Yield adv~antaqes.

Field Crop Abstractr 32, 1-10.
 

Willey, R.W, 1979. Interc'opping - its importance and resoarch
 
needs. Part II. Agronomy and research approaches.
 
Fie'.d Crop Abstracts 32, 73-85.
 

'Wiley R.W. and Rao, M.R. 1980. A competition ratio for 
quntifying competition between intorcropo, Expl. Aqric.
16, 117-125. 

WiL ey, a,.,.and Rao, M.R. 1981. A systematic dosign to 
examine effocto of plant population and spatial arrAngomont
in intorcroplpng, illustrated by an experiment on chickpoa/ 
safflower. Expl. Agric, 17, 63-73. 

-,useful field design and also discusses concopts.
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Apporldix I. 

Some exaimples of exporimentai1 
exporiVtentsdencin for sphinq 
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- Prom Mead, R. and Stern, R.D. 1980. Designing 

experiments for intercropping research. 
Exp.. Agric. 16, 329-342. 

A relatively small scale example of the use of factoriW treAts.e.i structur is 
provided by an ICRISAT expcriment. This involved two sorghum populAtion .


.denlsities-(S 0180,000ind S' 120,000 piAntsjh)hihi pix e ltiii on 

densities (P,40,000, P" 80,000 andP 3 x 120,000 plants/ha) and two row 
proportions (A, 2 sorghum. to I pigeonpca and A, I sorghum to I pigeoo. 

SPA 5~,ASP,A, SPAs 
P 5$,PA. SP,.A1 piPA, 

* SIPA# S P SPA 

P SOPIs 5,PA,SPA, 

s. 2.1w i OIAS X X 2 tawe, I wc"W",,,pikaw pqs'e"I Wi* V*ai 

pea). Large plots were needed for the collection of both growth and yield data, 
and hence the A X S interaction was confounded with blocks givinsix im r 
mcnt combinations plus two sole crop plots (S- 180,000 planulha, and P L 
40.000 plants/ha) In each block of 8 piots. Four blocks were usel, compninr 
two complete replicates of &e twlve, factored combinations, And the orange . 
ments of one replicate (two blocks) is shown in Fig. 2. The originAl plAn for 
this experiment Included three complete replicates of asubset of the treatments 
shown inFig. 2, which would have rouccd the cfcicency for many of ihea 
major treatment comparisons by factos of 312 or even 2. 

SConsider again the two principal Advantages of factorial eaoeriments with at 
least tirc factuis. Onc isthal the CAPeintiener is &bittxle,vt, I ilm Went 
to which the tesponse to one factor is affected by different leels of a second 
factor (interaction). In the sorghum/pigconpcwexpetiment the yield re .os 
for the thre pigconp a densities can be assessed (and €onl[ o 0 
sorghum densities, and also for the two row arrangements, wheres neither ~f 
these Interactions could have been assessed from the original nonftactorla 
experimient. The second advantage is the greater economy of the "facoral 
experiment because of its hidden replication. in the sorghum/pIgopea expes;. 
ment the average Comparison of two pilonpi e densities i based on a total of 
8 plots per density whercas, with the original non.factoral design, a com
parison between two pigeonpea densities would have been based on only 6 plou 
(two from each replic,.te). The advantages of hidden replication apply not only 
to tables of mean yields, but also to graphs of growth against time, 

To illustrate these advantages, consider a theoretical intereropping xperi
ment with 6 replicates of all twelve combinations of three densiti of crop A 

Li
 

http:replic,.te


wilm four dcensities of crop It, A compatrison of the ¢ yield- tot t%%v dif,
 
fetoirt densiticis of ctop A ii b),.icd on 24 p. licino yane.m 
tilc ompa-iiion of any two Imrticular corifbinattim f densities of the two
 
crops i: based oi 6 plots per cornilination. Supp~sc -, twow introluc three
 
levels of nitrogcn application and two genotypes of :;op A, and initead 
o : 
6 replkcate1 have no explicit replication, giving 72 ploti (3 X4 X 3 X 2) ;u
bWfore. We now have the sante precion as beforc for ac: original comparisons.

but also have comparisons of approximately thr same prectsion bCween the nitro
gen levels, between varieties and between combinations of any two of the four
 
factors. TO arlue that the comparison between average yields for differ-nt den,
 
sitics of crop A may give different cstima;es from those (or the ori ginal expsie

menit only emphasize the need to consider interActioni between factrs. The

requirement to have the experiment arranged in relatively small blocks may
 
reduce some of the advantages of the four factor rxpcrmcnt, but mot can 4r
 
retained through the device of confounding. which was used very simply in the
 
sorghurn/pigeonpca example.
 

Coc ran and Cox (1957) is still the best reference book to help choose an
 
appropriate design if no statistician is Available for ad'ic , thoath the desigsu

have to be adapted slightly if sole crop treatments arc to be included. If ther 

arc only f4few sole crop treatment it may bc scnsible to include them in each 



block, as in the sorghum/pigconpea Clxriment. Itis important to reaelize: that 
in a factorial experiment with a largenumber of combinations of different 
factor lcvels it Is not neccssary to have any replication in the e ofIn 'Ots1 
treated identically. Indeed for a large number, of factors it is perfectly possible
 
to draw scnsible conclusions from an experiment havin only a proportin of
 
all the possible combinations of factor Icvels. These idcas (Al of which appear

in Cochran and Cox) are vcry well-established and Are in no sens new or rad .
 
cal. The crucial point, which seems not to hAvc becn widcly appreciated by

researchers, is that the usual practice of having 5, 4 or even more replicatesI-only sensible if the number of treatment combinations ts small. Toq use 3 or4
 
replicates as a reason for avoiding large fActorials it to misunderstAnd the put.
 
pose of replication.
 

A question which is related to the idea of factorial stmcturc Isthe number of
 
levels of a quantitative factor that should be used. Theme a substantial body

of statistical theory which points to the advantAXes of uing a small numbr of 
lev:ls with la replication rather than many levels with los replication (the
replication may be hidden). StatiStical results showipedfically that the number 
of levcls required should be the same as the number of pammetmeneeded to 
describe the form of response. Thus only thrce Iclvls ua needed If a quAdratci
polynomial i6 used to summarie the yield response. If it is requitd to dete 
departures from a quadratic polynomial then a fourth lvcl s ncesed, but it 
seems unlikely that more than four levels should be used for any onefct or in 
a randomized experiment, and three will frequently be adequate, paniculady if 
they are well spaced. 



Augmented Block Design 
The louca.na-spacing exporinens on which 

the model s being based are Inthe augnwnlod
block do.sgn ol Federua ond Raghavrao
(1975), The design allows one to &Aqueasoo 
of both I0 l4dvanced nalure, with epli -c. 
fions, and.& idilminary nature lot which
replication is unnecessary, For exmple. o.planting utilizing
the augm)nted block design
consists of four ueplications of *s P"ot each(ig.11. Earh roecadon has four uep at 
treatments and two unrepilcoed, or aug
rnonted. trealments. The rtp~icated tIeal 
nionus are 5000. 10 000, 20 000. anr )40 000 

' 

Pl41fth& Augmrented treatints range from~50plants/ha (peered by rsstj) to80 00/ho. about the population ddnisty of a 
cornfield. 

Analysis of vtainco Is,perfotmed only on the 
replicated tremwvnts, And oxpontiental v*ans. 
ongthu derived Oro used, inntests the n 

nugrwnt~dte~tn~ns. Agmeiedtreatmeints
Oro adiusted, according to the rwptkaito mn 
which they are located, by the kmrtula 

ThT -X.. '-X,
where T.A troeamenrt meanm rT*'adiusted 

From Rick H. Van Dan Deldt. 1983. Ef fect of spacing 
on growth of leucaena pp.103-lOB in "Lucacna 
research in the Asia-Pacific region. Procedinge
 
of IDRC/NFTA Workshop held in Singapore, 23-26

November, 1982. 16RC,.Ottawa.
 

(see also Annexure to Manual Section 3C for further
 
information on augmented designs).
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FIV, I, Augmnt~ed block dositt.,aoIb~x# 91'~i~e~
flwaii t.,.coa packv ssuc*s 0pl o ta~w 41 

loof tows qupoccd mapart. NwhuA i so"",l
rowi, Isnwdamn Dom amkre om' qtom tows &I! 

Mqguht i"genma& NewtsI N4mifme01 I(Wp4

ease)iwateouare w inuseCo"~ .p1 t*
 
mpafon in hyow
W~hflf -&* 

unadjusted v~Atrnt nwaN X. wat0 
nspikcavil tImnwh Incorpoaring eugnwntod
ttomtffwnt-. and X. -ovierall mean, of tvpl
coked thealioents. 

The aupwinted block design Mas the ito 
advantage of Inciorporatlngfat more tivatJ 
ingfbniU theOwandomtued bkxch design ued 
wktuIloIot V r and agriculture. In A~t 12 
acings at each site art #xamined tot 

PAMICAt d growth - height and diameter 
- Vet '1yearS 



From Willey, R.W. and Rao, M.R. 1980. 
A systematic design to examine effects of
 
plant population and spatial arrangement in


~~--*--inter(crQ-pnifllustrated -by- an experimenti on
chickpea/safflower. Expl. Agric. 17, 63-73. 

Tretments and dcsn 
Four within'row spacings of chickpea were factorially comhined with fit.tcest within.row spacing. of safflower at two row arrangements, sole plots of

each crop were included at four plant populations, a follows: 

Intercrops

Chickpca; 25,.0, 12.5, 8.5 and 6.3 cm within.row (C,-C.)
Safflowcr: 75.0 to 19.8 cm within.row In filften $teps equivalcnt to10% 

Increases in population (S-Sil) 

Sole crops
Chickpea: 25.0, 12.5, 8.3 and 6.3 cm within-row (C-C.. equal to 13.5, 

26.7, 40.0 and 55.3 plantsrm3 )

Safflower. 7M.0, 38.5, 26.5 
 and 19.8 cm within.row (S,,S, S11,Sil. equl 

to 4.4, 8.7, 12.7 and 16.7 plants/ml) 
Row arrarnemnts 

I chickpea: I safflower In 30 cm rows ( 1:1)

2 chickpeA: 1safflower in So0cm rows (2; 1)
 

The basic layout was Astrip-plot design, with stripi of chickpea spAcing tra41. 
ments crossed with the intercrop !ow arrangement and sole plot trtmnts ,
(Fig. 1). Safflower spacinp were systematcally changed, within each tow
arringemcnt, with the closest spacing towards the middle of the chickpea strip 
Sole Roolklea. tchic kptsa sow RPeloao4"VIa to'€'lltN ' 

Ch,- - - s,,s , - s af/ owl. 

I 3',,',,- -,._ 

. I C, ,,S so-- C -1 

C6-
 C,
 

giS.I. Lay.rot o two telpticsls sowing dthkpuca vA u jtemw *#Atp, "'"p%pon, 

Md ditetiot of 1"ituwlk ehAVmnp&ijtowqt poqpk.tkelv 



Willey and Rao - continued 

Ill ---
/I IlltI 1 I r-1 ,-1 

I IIi * ' I ' |B ++ lI "* $II andasoe e s pI a t te - * 

Fig I.t~-au a tp(tC ouka' *4 tl ~alAo Chk6 CaM1) -#Wt 

roIrag~n:ed+o sol plo th-II +I .
a~foc I ol n + 

tS,2ti rw w*eidd 5Iwc sol a~plo 5< 55Pp p 
Alhug h t afac th, fo d ,lyou ,oiivz ct ju tow within 

( iIp) 2'eroI*we mi, ioleplot a imtcI yolt pear t 
* (2 , T lnm ct<.- :
 

stritbotwen r'ml rtwo ninm : +pasor th ee rowon arrange wt ?'t-. To hthe. ents,(ig, 

ossibility o thesystematic changc insafflower p lr lienod n lhi.nrot pop-he systematic afoe 
with systematic %oil fertility changes, these sys emai trcatm ti wric arrangcd -)
N to S in two of the replicates and S to N in the other two (F';. 1). 

wosiith h cagsi ln o~tonoili dg ! 

. ~.. ~* ~ . -... . . ... . . , . 
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continued 
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The previous systomatic design --.--
would be more of fectively laid 
out with the "denser" parts back
to-back (and possibly extended
 
as shown by the arrows at (a)
and (b). This would avoid the
 
neeod for extended guard rowhat
 
this part of the design othL
 
than at the remaining outside
4.. P i ........ -i~ Fl edges, 


