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produLts will have to be replenished from somewhere outside the land-use
unit for the system to be called truly sustainable. An apparent exception to
this is nltrogell IN), where atmospheric molecular N (N2) fixation can give
lalld-use systems the appearance of perpetuum mobiles, even if they lead to
marketable yield products, which mean both money in farmers' pockets
;lnd nutrient exports. However, the increased N availability to crops will
directly increase the mining of other nutrients from the soil and will
,1ggravate problems in the medium and longer term, unless it is part of an
illtegrated nutrient management scheme. The more realistic. down-sized
I~xpectations of agrororestry which have developed over the last decade
l Buresh, 1995; Sanchez, 1995; van Noordwijk and Garrity, 1995) now lead to
weary smiles in response to many agroforestry development proposals; at
least, they should -it takes time for the message to get through. Yet it should
not prevent us from making efforts to increase the Ilutrient Ilse efficiency of
land-use systems on the basis of agroforestry systems, provided that they
,lre based on the strategic use of external nutrient inputs, on a proper
ilssessment of the biophysical resource (water, nutrients) base of plant
rroductiprl aod 011 all understandillg of reSOllrce sharirlg (Lompetition)
between the multiple components of an agroforestry system. Researchers
Lan help farmers in analysing how 'promising' technologies call be
improved. which tree and crop characteristics may be used to select
appropriate component species and to what extent management choices
should depend on climate and soil factors.

In this review of concepts and methods for studying tree'soil-crop
illteractions, we shall discuss an empirical (tpproa(~h to separate positive
fr(}m negative interactions and obtain a process-level IInderstandillg of the
(~omponents, iwd describe a frame\\'ork for the synthesis of ronlponerlt
knowledgl~. The final outcome of an agroforestry system for a specific
farmer dl:l)t~nds both orl lhe rlalurtc; (mherl~nl plallt"qu~'1lities) alld till::
nurture (t~tft~l~ts or the abiotic aliI.! biotil: enviro'1Im~r;t, farmer rrlallagE.~-
Inellt) of tile system.

Simultaneous 

and Seq"t~ntii.\l Systt:ms

If we ignore animal-production aspects for the time being, we Ciln focus a
discussiorl of a!~roforestry on the interactions between trees, soils and crops.
,"lIme of these elelnents is spel.'ific for agroforestry, hut their interactions as
(),Irt of (11,,111.l1JSe systelll ilrt:. 'I 'lIe sallie (Olnlllllll~llts (all be nsect in systems
wllil.'h Ila VI~ vl:ry diffl.:rellt ()rollerties, 1\ 1ll,ljl)r <Iistioctioll i!i oetweeo
simultaneous and sequential systems (Sanchez, 1995; van Noor(lwijk and
I")urnomo::;idlli, 1~)95) In simllltan(~olls systems, the intera(:tions are both
s()atial and ternporal. while those ill sequential systems are only temporal:
the tree and tlll~ ~fOP communicate via the soil orlly (Fig.13.l).



Tree-Soil-Crop Interactions 177

sequential AF

Products

alternating periods

Fig. 13.1. Tree-soil-crop interactions in sequential and simultaneous agroforestry
systems; F, effect on soil fertility; C,,+w' competition for nutrients and water; C1,
competition tor light.

Direct empirical tests of improved fallow would consider a tree
germplasm-soil combination ag i[1put and crop yield as output. The reason
for lookil1g at intermediate steps, such as tree biomasg development, litter
fall and build-up of soil organic-matter pools, is that we hope to find useful
indicators of the effectiveness of the fallows, which can be used for
e\faluating a larger number of gites and;'or fallow germplasm gourceg. A
key aspe(~t (:If the geqllential systems is the potential build.up of goil organic'
ITlatter levels during the tree fallow withollt direct (:olnpelition between
tree and crop. Tolal organic"matter conlent is nol a very sensitive indicator,
itS it charlges relatively slowly IIrldt:r different rnanagement regimes and
often has a high spatial variability, linked to vi\riauility of soil texture.
Pllysi(~al fractionation procedllres, based on particle size an(j density
(Christensen, 1992), allo\\! the distinction of pools with different degrees of
physical protection from decomposers. During deLomposition, plant litter
with an initial physical density around 1.0 g cm-3 becomes more intimately
associated with mineral particles with a physical density of around 2.5 g
cm-:I. A fractiollation procedure developed by Meijboom et al. (1995) on the
basis of .colloidal si.lica.~usPfl\si.ons (lJudox) t!as been suc~essfully applied
by Barrios et al. lI99b2(If)P-'f» In the analysIs of sequentIal agroforestry
systems. The light ami intermediate fractions obtained with this method
appear to be the most important ones for the N mineralization in the first
year after the fallo\\!. The hypothesis that the heavy fractions are directly
related witll soil structure and architecture (Kooistra and van Noordwijk,
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I()~b) al1d soil-\vater retention is speculative as yet. A possible direct role ofdecaying 

tree roots in facilitating crop root development after improve~
fallows was discussed by Torquebiau and Kwesiga (1996). Evidence for this

is far from conclusive.
Tree-soil-crop interactions in simultaneous systems are based on the

same soil fertility effect as in sequential systems, but, in addition to that,

involve competition for light, water and nlltrients.

Tree-Soil-Crop Interaction F.qllation

,j.,keampong et al. (1995) developecj a simple equation for quantifying tree-
soil-crop interactions (I). distinguishing he tween positive .::ffects of trees on
(:rop gro\vth via soil fertility improvement (F) and negative effects via
competition (C) for light. water and nutrierlts.ln its most basic form:

1 = F- C (13.1)

Soil fertility here incorporates chemical, physical and biological aspects of
the soil, in as far as they are relevant for crop growth. The interaction term is
positive and the combined system is advantageous for crop production if F>
C, and not if F < ('. Van Noordwijk (1996) described a model which links both
the mulch production underlying F and the shading, which is an important
part of c: to the biomass production of the tree. The model, which assumes
water not to be a limiting factor for crop growth, leads to a simple mulch/.sh,\de 

ratio as a basis for comparing tree species. The model also predicts that
at low soil fertility. where the F factor can be pronounced, there is more
chance tll,1t an agroforestry system improves crop yields than at higher
fertility. where the C factor will dominate. This predi<:tion is in agreement
\vith the (:onclusion of Woomer et a/.lI99~») that the crop respon$e to alley
Lropping in African network sites is negatively correlated with total soil N in
the ()-IS llfllayer. hut positively cbrrelated with an extractable phosphorus
(P) ir,l{:tion (Bray II). The tree mulch, whether from N;!-fixing or
N-sca vengirlg trees. primarily col1trihutes tot he N arid not to the P nutritiorl of
the crop (I'alm, 1995), .llid both the N;! fixation by the trees and the N
utilizatiol1 of the crop are likely to he in<:reased at bettt=:r P supply. The
suggestion ()f Sanchez (1995) that alley croprJil1g is most lik(:ly to work where
'soils are fertile without major nutrient limitations' colltrasls with this model.
On soils without major nutrient limitations, the Fterm would be small (there is
hardly a problem of plant nutrition to be addressed) and, although the impact
of nutrient competition on the crop will be small as well, the negative effects of
c()mpetition for water and light will remain on the negative side of the
balance. 1"0 a certain extent, nutrient constraints on tree growth may differ
from those on crop growlh (especially wllere one of the components can fix
atmospheric No!. and the other nol), aoo tIle bl~st effects may be (~xre("ted on
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s()ils which are fertile without major nutrient constraints from a tree
perspective, but \vith constraints for crop growth, which can be overcome by

the tree mulches as organic source.
Cannell et al. (1996) attempted to clarify the resource base of the

production by both the crop and the tree. Part of the positive fertility effect
()f the tree is based on light, \vater and nutrient resources which the tree
acquired in competition \vith the crop (F::omp); another part may have been
c!htained in complement to resources available for the crop (f~lm'-comp)
l Table 1:3.1). Similarly, part of the resources acquired by the tree in
l:ompetition \vith the crop are recycled within the system and may thus he
used by a future crop (CreCycl)' Tree products which are not recycled may
hc\ ve direct value for the farmer (C;,m,-reCYCI)' One may argue that f:",np is
based on the same resources as Crecy"" The e(~uation then becomes:

1= F;,o"comp -Cno"-r,,cycl (13.2)

The question whether or not a tree-crop combination gives yield benefits
then depends on:

.the complementarity of the resource use (the distinction between the

columns in Table 1.3.1);
.the value of direct tree products (the distinction between the rows in

Table 1:~.1), specifically those obtained in competition (C"o,,-recYCI) rela-
tive to the value of crop products which could have been produced with

these resources;
.the efficiency of recycling tree resources into crop products, specifi-

cally for the resources obtained in competition with the crop (CreCYCI)'

The efficiency of recycling will depend on the degree of synchrollY between
mineralization from these organic residues and crop-nutrient demand, as
well as 011 the residence time of mineral nutrients in the crop root zone
under the site-specific climate and soil conditions (de Willigel1 and van

Noord\vijk, 1989; Myers el aI_, 1994,1997).

F Compelilil/e

Crecycled

Indirect

(recycled)

F non-cOmpdlill\le
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If tree products have no direct value, agroforestry systems may only be
justified if ~IOII'(:oml> > ~lol"r('cycl' With increasing direct value of the tree
products, the requirements for complementarity decrease. Complementar-
ity of resource use can be based on a difference in timing of tree and crop
resource demand. If the tree picks lip the leftovers from the cropping period,
as occurs "vilh "vater in the Grevillea-maize systems in Kelrya (C.K. Ong,

personal communication), and transforms these resources into valuable
products, a considerahle degree of competition (JI.lring the temporal overlap
Illay be acceptable to the farmer. As light is not stored in ecosystems,
(:omplernentarity in light use is easy to measure. For water and nutrients,
c()mplemelltilrity has to consi(Jer time-scales linked to the residence times of
tlte resources in the ecosystem; residence times tend to increase from water,
via Nand potassium(K)to P. For Presources used by the tree,it will bedifficult
t() meaSllrt~ "vhether or not this P might have become avclilable to the crop in
tlte absence of trees. Indications of complemerllarity ill below-ground
resource use can he obtained by observillg tllf~ root distribl.ltion of both
components. Actual uptake of resources will. however, depell(J on resource
alld root distribution. as well as demand factors, and thus the degree of
()\ferlap in root distribution per se is not sufficient to predict conlpetition.

The tt;ee-soil-crop interaction equation can lie further analysed by
Jifferentiating between short and long-term fertility effects (Ft and FW'
respectively), and by separating the competition term illto an above-
ground (light) and a below-ground (nutrients plus water) component (Cj
rind C"",w' respectively).

xperimental Approach

l:'mpiric{ll interactiofl ef'fe(:ls

.'\ long-term hedgerow intercropping trial in Lampung, Indonesia (annual

r"infall 2.0-.~.::i m year-I; grossarenic kanl.iiudult soil; P alld K fertilizer used

ill tile trial~) was u:;ed to quantify, understand alld predict the terms of the

interaction equation (Fig. 13.2).' As indicated in Table 1:3.2, an attempt was
made to separate the various positive and negative interaction terms

directly and to develop a process-based model, which can be used to

understand and thus extrapolate the results. In the following presentation,
we shall discuss the methods used to quantify each of the terms.

Results for the overall interaction term ('rilble ]:t:~) sho\\f that the best
(werall effe(~t was obtained with a tree with a moderat(c:ly positive Fterm

il11d a small11cgative Cterm. The two trees .,vith the highest Fterrn also had

tile strongest negiltive C term. The overall {term does not follow the

(:I,lssiCi,1 I)ret~ren('e for fiist-g().,ving trees a:; the I)asi" fOf agr()(orestry

systems. 1\liliLe yields in the alley.cropping systeol t~xceect,~ct that in the
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Interaction term
1 Shading

2 Compo for H2O & N,P,K

3 Mulch -direct N,P,K

4 Mulch -long term

Experimental method
-tree rernoval vs. complete

-root barriers

+ mulch transfer

+ tree removal vs. control

Fig. 13.2. Schematic relations of tree-soil-crop interactions in a simultaneous
agroforestry system and experimental method to quantify these.

I("ontrol only where the local tree Peltophorum dasyr((lchi.5 was llsed (van
Noordwijk et al., 1995). For this specific site, process.level research can focus
(In the qui::stion, .Why is Peltophorum so much better than the other tree
species'?' r::xplanations can be based on its relatively deep root distribution,
the compil,~t hedgerows with a high mulch/shade ratio, an appropriate
timing of its nutrient mineralization, specific effects on aluminium (AI)
,Ietoxification or a combination of all these factors.

Direct fertility effect

Tests of the direct fertility value (F1) of the mulch are based on a mulch
I ransfer experiment, Table 1:3,,1 gives data on the response of a maize and
rice test crop to four types of tree mulch and the relative efficiency of the
l'rop in utilizing the N contained in these mulches. Direct mulch effects can
be based on nutrient mineralization from the mlJlch material itself, as well
as 011 changes in (surface) soil characteristics, such as temperature, and
Ilence mineralization of soil organic matter, The four prlmin!~ materials are
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Table 13.3. Terms of the tree-soil-crop equation for maize in the seventh year of a
hedgerow intercropping experiment in Lampung (Indonesia). Data are expressed as
percentage of monoculture crop yield (2.6 Mgha-1 of grain); the values for Flemingia are
based on plots where Flemingia replaced Erythrina orientalis in the fifth year of the

trial.

F
(%)

152
120
58
37
19

C
(%) (%)

-159

-115

-26

-89

-60

-7

+5
+32
-52

-41

Leucaena leucocephala
Cal/iandra calothyrsus

Peltophorum dasyrrachis
Flemingia congesla
Gliricidia sepium

A1aizeControl

Gliricidia
Calliandra

Flemingia
Pelfophorum

45.7
484
66.9
33.9
41.9

-145

145165168

-
0.02

0.15
-0.08

-0.02

-
8
63
-35

-11

-
0.06
0.43

-0.24

-0.07

7.13
6.45
8.63
8.97

Rice
-
42
80
99
17

-
0.29
0.55
0.60
0.10

-
145
145
165
168

7.13
645
8.63
8.97

0.07
0.13
0.15
0.02

Gliricidia
Calliandra

Flemingia
Peltophorum

112.6

1228
1321
136.7

116.7
.--The 

urea fertilizer equivalent is calculated as the amount of urea required to achieve the N

uptake obtained in response to mulch; the response to urea fertilizer (500;0 at planting, 500;0
alter 1 month; range: 0-135 kg N ha-1) on plots without mulch was for maize: Nuptake = 45.7 +

0.338 N,erlilizer: for rice: Nuptake = 112.6+ 0.243 N,ertilizer. The last column gives the recovery

of N (output per unit input) from prunings relative to tllat in urea fertilizer.
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f\lternative explanations for the growth response to mllk:h transfer
treatments exist, e.g. via their variolls effects on AI detoxification, rather
tllan N sllpply, and we are cLlrrently testing these otller possible mecha-
nisms. Preliminary evidence indicates that Gliricidia may enhance soil
il(~idification and cation leaching, possibly linked with nitrate leaching (data
110t sllown).

{ongo-term fertility effect

The long-term fertility effect (Fw) can be tested in the same way as in a

sequential agroforestry system, by removing the trees and comparing crop
yields with those in a continuously cropped control plot. A difference is that
I he residual or fallow effel~t has now been achieved durirlg a cropping period.
Tile first year after removing the hedgerows in the Lampung trial, the
rl~sidual effect was pronounced and it formed the major part of the Ffactor,
given in Table 13.3. In subsequent years, the residual effect declined, while the
yields in the mulch transfer treatments increased (data not shown).

At the process level, the residual effect may be linked to changes in
sllecific soil Qrganic-matter fractions. Size-density fractionatiOlI (Ludox)
r(~sults of soil organic matter (Fig. 1:{.4) show a clear difference between
forest and long-term cropped soil, with intermediate results for hedgerow
il1tercrops with various trees. The small standard error of difference (SED)
,'alues allow us to differentiate between the tree species. The trees with

relatively high polyphenolic contents and slowly decomposing litters
(('alliandra and Peltophorum) are better at maintaining intermediate and
heavy soil fractions than Gliricidia and Leucaena (ftemingia was included
!cller in the experiment, replacing Erythrina orientali.5, so their residual
effects are confounded). Barrios et al. (1997) also found that litter sources
,\'ith 10\0\' (lignin + polyphenol)-to-N ratios led to higher light fraction N
(,lllterlts.

We tested whether or not the fractions obtained with the Ludox method
Jiffer in turnover by ana lysing soil changes for an extreme form of a
s(~quential system, formed by a chronosequence of sites where forest had
h(~en converted to sugar cane in the past 10 years (I-lairiah et al., 1995).
f\llalysis of the stable carbon (C) isotope ratio 12C to 1:1(: of the Ludox
fractions allowed us to calculate which proportion of the organi(~ matter in
the three fractions was derived from the forest and which part frolTI the new
crop. The data (f:ig. 13.5) show a clearly different turnover for the three
fractions. Yet the light fraction does not get back to zero in a 10-year period,
probably due to its charcoal component, derived from the slash-and-burn
method of forest clearance.

Maize yield in plots where hedgerows had been removed was correlated
"'ith the various soil organic-matter fractions (Fig. 13.6), except for the
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~ Heavy ~ Intermediate D Light [[III Root litter

Secondary forest
Idem, burnt

Calliandra

Peltophorum

Flemingia

Gliricidia

Leucaena

10 8 6 4 2 0 2 4 6 I

0)
c:

~'a.
00.'-0
Q),-
O)~

"OQ)Q)-
I.£

!3

10

Fraction dry weight (g kg-1)

Fig. 13.4. Fractionation of soil organic matter according to size and density by the
Ludox method (Meijboom et al., 1995) in the eighth year of an alley-cropping
experiment, its pure-crop control plot and adjacent forest and sugar-cane fields.
The root litter fraction did not pass through a 2 mm sieve. The light, intermediate
and heavy fraction were in the size range 150-2000 mm and were separated at
physical densities of 1.13 and 1.30 9 cm-3. Standard errors of difference (SED) for

all Ludox fractions were less than 0.4 9 kg-1 dry weight.

Lellcaen(J treatment. All tllree Ludox fractions correlate with crop yield and
each other, so \,,'e cannot yet say which is the best indicator lree root litter did
110L correlaLe with crop yield. The Leucaena data are outliers deserving
fllrther attention; it relatively high N concentration in the various fractions in
tile l.eucneni./ plots may he ..1 partial explanation. We plan to monitor the
changes in tile Ludox fracLions during Lhe declirle of the residual fertilityeffect, 

as well as the build-up phase, in the mulch transfer trials to obtain a
more rigorous test of these fracLions as predictors of crop yields.

A problem in Lhe ongoing exjJeriment is that the N-fertilizer treatments
(urea) have acidified the soil arid no longer allow us to estimate the crop N
response, as they did in the first year (Table 13.4).

(.'ompetilion for light

Competition for light (C1) can be pre<.llcted from the canopy shape of the
he<.1gerow trees, as well as measurements of the light interception by the
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canopy. Considerable differences exist between tbe various trees in the trial,
ranging from the dense but compact canopy of P dasyrt(lchis to the
extensive but open canopy of Gliricidia sepium. By recording lighfinter-
ception just before and after pruning, the light interception due to the tree
canopy can be quantified in a mixed crop situation and compared with the
amount of biomass pruned. Considerable differences were found in the
mulch-to.shade ratio of the trees, with the highest (most favourable) results
for Peltophorum (van Noordwijk, 1996).

u

Competition for IJutrients and water

Competition for nutrients and water (CII+W) between tree and crop depends011 
uptake demand of both components, as well as the relative distribution

of the root system. Fractal root-branching models hold promise of simplify.
ing observation methods on tree-root distribution (van Noordwijk et a/.,
1994; van Noordwijk and Purnomosidhi, 1995). Fractal branching properties
of dicotyledonous trees may be based on the process of secondary growth
of the transport tissue in roots in response to the degree of local branch-root
development. The system in the apparent 'madness' of a root system may
be ,1 reflection of the development history of each root axis. Root diameter
may therefore reflect the number of branch roots possibly connected to
tllat axis. I<oot architecture may thus allow statements about the potential
competition between crops and trees; actual competition estimates at any
point in time will have to come from models, which include the dynamic
character of resource supply during the growing season, as well as crop and

tree demand factors.
An experimental approach to complementarity of resource use can be

based on using tracers (e.g. 15N) injected into the soil at different depths and
recording the recovery in trees and crops. We have started such experi-
ments, including Pe/tophorum and G/iricidia as well as food crops. Prelimi-
11ary data show that the relatively deep rooted Pe/tophorum has higher
recoveries for deeply placed 15N than the other components.

Integration: 

the Water, Nutrient and Light Capture in
Agroforestry Systems Model

Illtegration of the various processes into a model of tree-soil-crop inter-
ill: I ions is alll~mpteu via the water, nutrienL arid ligllL capture in agroforestrysystems 

(WANULCAS) model (Fig.13. 7), which is still under construction. The
model makes use of the STELLA II modelling environment and represents a
four-layer soil profile, a water and N balance and uptake by a crop and a tree.

The model allows for the evaluation of different pruning regimes, hedgerow
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