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Abstract. A major tenet of agroforestry, that trees maintain soil fertility, is based primarily on 
observations of higher crop yields near trees or where trees were previously grown. Recently 
objective analyses and controlled experiments have addressed this topic. This paper examines 
the issues of tree prunings containing sufficient nutrients to meet crop demands, the timing of 
nutrient transfer from decomposition to intercrops, the percent of nutrients released that are taken 
up by the crop, and the fate of nutrients not taken up by the crop. 

The amount of nutrients provided by prunings are determined by the production rate 
and nutrient concentrations, both depending on climate, soil type, tree species, plant part, tree 
density and tree pruning regime. A large number of screening and alley cropping trials in dif- 
ferent climate-soil environments indicate that prunings of several tree species contain sufficient 
nutrients to meet crop demand, with the notable exception of phosphorus. Specific recom- 
mendations for the appropriate trees in a given environment await synthesis of existing data, 
currently only general guidelines can be provided. 

Tree biomass containing sufficient nutrients to meet crop demand is not enough, the 
nutrients must be supplied in synchrony to crop needs. Nutrient release patterns from organic 
materials are, in part, determined by their chemical composition, or quality. Leguminous mate- 
rials release nitrogen immediately, unless they contain high levels of lignin or polyphenols. 
Nonlegumes and litter of both legumes and nonlegumes generally immobilize N initially. There 
is little data on release patterns of other nutrients. Indices that predict nutrient release patterns 
will assist in the selection of species for synchronizing with crop demand and improve nutrient 
use-efficiency. 

Field trials with agroforestry species ranging in quality show that as much as 80% of the 
nutrients are released during the course of annual crop growth but less than 20% is captured by 
the crop, a low nutrient-use efficiency. There are insufficient data to determine how much of 
the N not captured by the crop is captured by the trees or is in the soil organic matter, the 
availability of that N to subsequent crops, or how much of that N is lost through leaching, 
volatilization or denitrification. Longer term trials are needed. 

I n t r o d u c t i o n  

One  of  the m a i n  tenets  o f  agrofores t ry  is that trees m a i n t a i n  soil ferti l i ty.  

This  hypothesis  is based part ial ly on studies of  the eff icient  t ransfer  of  nutr i -  

ents  f rom litter to trees in natural  ecosys tems [Vitousek and Sanford,  1986]. 

The a s sumpt ion  is that trees in agroforestry  sys tems wil l  l ikewise  t ransfer  
nut r ien ts  to in tercropped plants.  Other  support  is based on observa t ions  of 

higher  crop yields  near  trees, such as the famous  case of  Faidherb ia  albida 
[Vandenbelt ,  1992], or where trees have been  recent ly  removed,  as the case 
of  bush and tree fal lows [Nye and Greenland ,  1960]. The effect of  trees on 
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crop growth is actually due to a combination of factors such as water and tem- 
perature relations, soil structure, soil organic matter, in addition to recycling 
nutrients. Experiments with comparable treatments and proper controls have 
only recently been designed to determine the relative importance of the various 
contributions of trees in enhancing crop production [Coe, 1994]. 

Intercropping of agroforestry trees with crop plants includes sequential 
systems, where the trees and crops occupy the same piece of land at different 
times, and simultaneous systems, where the trees and crops are grown on the 
same piece of land at the same time. Simultaneous systems can vary greatly 
in the relative proportions of trees and crops and in their spatial arrangement 
[Young, 1989]. Spatially mixed systems such as coffee and cacao plantations 
include upper storey trees that provide nutrients, from litterfall and periodic 
prunings, and shade to the lower storey tree crops [Heuvelop et al., 1988]. 
Spatially zoned systems include alley cropping where annual crops are grown 
between hedges of trees that are pruned periodically to provide nutrients to 
the intercropped plants [Kang et al., 1981]. In both the spatially mixed and 
zoned systems the intercrops, whether they are annuals or perennials, receive 
nutrients from the agroforestry trees. This review will focus primarily on alley 
cropping and biomass transfer systems where trees are planted expressly to 
serve as a source of nutrients for the intercrops. The concepts and processes 
discussed, however, equally apply to other agroforestry systems. 

Several issues related to the transfer of nutrients from agroforestry trees 
to intercropped plants are addressed. The first issue is a simple question: 
Do tree prunings and litter contain enough nutrients to meet crop demand? 
If yes, then one can ask several more questions. What proportion of the 
nutrients are released from the decomposing plant materials during the course 
of crop growth? What proportion of those nutrients are taken up by the crop 
and what proportion by the trees? What is the fate of the nutrients that were 
released but were not taken up by the crops? These questions are concerned 
with the efficiency of nutrient transfer from the tree prunings to the crops. 
This concept of supplying nutrients when demanded by the crop is now 
commonly referred to as synchrony [Swift, 1987]. In addition to the more 
direct, short term supply of nutrients from decomposing plant materials, 
nutrients can also be supplied indirectly from the mineralization of soil organic 
matter that is formed from the continued application of organic inputs. Another 
important issue to address is the relative importance of synchrony or soil 
organic matter for supplying nutrients to crops from the addition of tree 
prunings. 

For most low-input systems that depend even partially on organic 
inputs as a source of nutrients, answers to such questions are crucial for 
making appropriate recommendations for the selection and management of 
organic inputs, including those from agroforestry trees, for improving crop 
production. 
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Amount of  nutrients 

To answer the first question, do tree prunings contain enough nutrients to 
meet crop demand, it is necessary to know the amount of prunings produced 
and their nutrient concentration, as well as the nutrient requirements of specific 
crops. A large number of biomass production screening trials and alley 
cropping trials have been conducted in a range of climate and soil environ- 
ments with a variety of leguminous trees, and even a few non-leguminous 
trees. Reviews indicate that leguminous trees in alley cropping systems 
produced up to 20 t ha -1 yv  I dry matter of prunings, containing as much as 
358 kg N, 28 kg P, 232 kg K, 144 kg Ca, and 60 kg Mg [Young, 1989; Szott 
et al., 1991], more than enough to meet most crop requirements. In situations 
where trees are interplanted with crops, fine roots can also supply nutrients 
to crops through root turnover and root dieback, caused by pruning above- 
ground biomass. There is little data on the amount of nutrients supplied 
through roots in agroforestry systems so this study will focus on aboveground 
inputs. It is, however, important to note that fine root and mycorrhizal turnover 
in forest systems can contribute two to four times more nitrogen and six to 
ten times more phosphorus than aboveground litterfall [Bowen, 1984], so 
tree roots in agroforestry systems are likely to contribute a considerable 
amount of nutrients to intercropped plants. 

Despite the large number of biomass screening trials, it is difficult to make 
recommendations for a given environment as to which trees produce suffi- 
cient pruning biomass. This difficulty results from poor documentation of site 
characteristics and research methodologies. Details of the climate and soils 
of the study area are frequently not provided. Trials are compared that have 
been conducted using different tree densities and pruning regimes. Prunings 
in one study may consist of leafy materials but a combination of woody and 
leafy components in another study. It is therefore important to assess data 
reported as tonnes of biomass per hectare per year taking these factors into 
account. In addition, often only pruning biomass is given and not the nutrient 
concentration or content of the prunings. 

The nutrient content of the prunings depends on many factors, including 
tree species and the relative proportions of leaves and stems in the prunings 
and their respective nutrient concentrations. Even among leguminous trees 
the N concentration of the leaves varies from 1.5 to 3.4% [Young, 1989], or 
more. Within a species nutrient concentrations can vary by a factor of. two 
or more as shown in Budelman's [1989] review of the information on 
nutrient content of leaves of Leucaena leucocephala and Gliricidia sepium. 
Despite the higher nutrient concentrations in G. sepium, L. leucocephala 
produced more pruning biomass and therefore served as a better source of 
nutrients for crops [Budelman, 1989], showing that the combination of factors 
is important. 

Differences in nutrient concentrations within a species can be due to a 
number of factors, including differences in provenances, soil fertility, climate, 
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season, age of leaves or plant, frequency of pruning, or even differences in 
the laboratories or methodologies used to analyze nutrients. As with biomass 
production studies, many studies do not provide sufficient information to allow 
a cause and effect analysis and synthesis, although Budelman [1989] suggests 
that soil nutrient status is the most important factor influencing nutrient 
concentrations within a species. The magnitude of the effect, however, varies 
among species. 

Thus, despite the considerable data on biomass and nutrient content of 
prunings which exist for several agroforestry species, data are often not com- 
parable because of different methodologies or incomplete documentation. 
There is currently no way to predict the biomass and nutrient production for 
a particular species for a given soil, climate, and management practice, and 
there is not likely to be in the near future, except for a few well-documented 
species such as L. leucocephala and G. sepium. Fernandes et al. [1994] and 
Young [1989] have recommended several species with high biomass produc- 
tion and nutrient content for use in different environments. Databases such 
as ICRAF's multipurpose tree database [Von Carlowitz et al., 1991] and 
reference compilations such as TREE-CD [CABI, 1991] can be useful in 
selecting species but care must be taken in extrapolating information from one 
site to another when selecting tree species. 

Given the constraints of the existing data for making recommendations, 
examples are given to illustrate the amount of nutrients provided in the leaves 
from tree prunings and other organic inputs compared with the nutrients 
required by a maize crop (Table 1). The nitrogen (N) content of 4 t ha -~ of 
leaf material from a variety of agroforestry trees, except for the two non- 
leguminous species, is sufficient to meet the demands of 2 t of maize (plus 
3 t stover). Whereas N was the focus of early studies in agroforestry and 
alley cropping in particular, in general tree prunings can meet crop N require- 
ments, even though as little as 14% and often less than 50% of the N in 
prunings is from N fixation [Giller and Wilson, 1991]. 

Calcium demands were met by all the species and magnesium demands 
were Close to being met. Potassium was not supplied in sufficient quantities 
by many of the species but if crop residues are recycled the nutrient balance 
is positive. 

Phosphorus (P) was not provided in sufficient quantities to meet crop 
demand by any of the species. Even if crop residues are recycled there is still 
a negative P balance. Nutrient budgets accounting for the nutrients added in 
prunings and the nutrients removed in crop harvest from alley cropping 
systems on both fertile and infertile soils also show an insufficient amount of 
P in prunings [Palm et al., 1991; Salazari et al., 1993]. In order to meet P 
requirements, either more pruning biomass must be applied or the concen- 
tration of P in the prunings must be higher - both of these options are 
somewhat limited. Many of the soils in the tropics are P limited [Sanchez, 
1976] so there is an obvious need to channel some research efforts to 
increasing P cycling and availability in intercropping systems. 
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Table 1. Nutrients required by a crop of maize compared to the nutrients contained in 4 t of 
organic inputs. 

A. Nutrients required by a crop of maize 

Nutrients kg ha -1 

N P K Ca Mg 

Maize a 
Grain (2 t) 
Stover (3 t) 

50 12 30 6 4 
30 6 36 9 6 

Total 80 18 66 15 10 

B. Nutrients added in 4 t of leaves of various organic inputs 

Species Nutrients kg ha -1 

N P K Ca Mg 

Leucaena leucocephala b 154 8 84 52 13 
Erythrina poeppigina r 132 7 46 61 - 
lnga edulis (fertile soils) d 142 11 40 45 6 
lnga edulis (infertile soils) ~ 127 9 50 30 7 
Senna siamea f 105 6 44 110 7 
Dactyladenia barteri f 60 4 31 40 8 
Grevillea robusta g 52 2 24 60 7 
Maize stover a 40 8 48 13 8 

" Adapted from Sanchez (1976). 
b Budelman (1989). 
c Russo and Budowski (1986). 
d Salazari et al. (1993). 
~ Palm and Sancbez (1990). 
f Tian et al. (1992a). 
g C.A. Palm (unpublished). 

W h e n  d i scuss ing  nut r ien t  ba lances  and nut r ien ts  app l i ed  v i a  p run ings  o f  
ag ro fo res t ry  trees,  it is necessa ry  to make  an impor t an t  d i s t inc t ion  be tween  
nutr ients  r ecyc l ed  wi th in  a sys tem and nutr ients  added  to the sys tem.  Prun ings  
a d d e d  to i n t e r c r o p p e d  p lan t s  are  r e c y c l i n g  nu t r i en t s  w i th in  the so i l - p l a n t  
sys tem,  they are no t  a nutr ient  add i t ion  to the sys tem.  S o m e  of  the N m a y  be 
a d d e d  to the sys t em by  N f ixa t ion  but  the amoun t  o f  N f ixed  var ies  grea t ly  
d e p e n d i n g  on  the t rees  used  and the e n v i r o n m e n t a l  c o n d i t i o n s  [Gi l l e r  and 
W i l s o n ,  1991]. Ex te rna l  inputs  to the sys t em f rom p r e c i p i t a t i o n  are smal l .  
S o m e  nutr ients ,  o the rwise  cons ide red  unava i l ab l e  to c rops  because  they are 
b e l o w  the roo t ing  zone  o f  the crops ,  migh t  be  b rough t  into the sys tem f rom 
deepe r  layers  in the soi l  by  t rees  wi th  deepe r  roo ts  bu t  the magn i tude  of  this 
' i n p u t '  is no t  known.  I f  c rop  produc ts  are ha rves ted ,  then there  is a net  loss  
o f  nut r ien ts  f rom the sys tem.  R e c y c l i n g  o f  nut r ien ts  th rough  prun ings  does  
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not offset those losses. Eventually a decline in productivity of the systems 
would be expected, unless external nutrient inputs are supplied in the form 
of inorganic fertilizers or organic amendments. 

Release of nutrients 

Once it is established that prunings contain sufficient nutrients to meet crop 
requirements, those nutrients should be utilized efficiently and losses mini- 
mized by attempting to synchronize nutrient release with crop demands. 
Synchrony might be achieved by manipulating plant demands, through time 
of planting and crop selection, or by manipulating the nutrient release pattern 
of the inputs, through timing and placement of application or the resource 
quality of the organic input [Myers et al., 1994]. In this paper the emphasis 
will be on manipulating nutrient release patterns by the selection of agro- 
forestry species based on their organic resource quality. 

Resource quality generally refers to the relative rates of decomposition and 
nutrient release of organic materials, which is determined in large part by their 
chemical composition. Rapid decomposition and nutrient release are asso- 
ciated with high quality and conversely, immobilization or slow release refer 
to low quality [Swift et al., 1979]. Past decomposition and nutrient release 
studies focused on crop residues and cover crops in agricultural systems or 
leaf litter in natural ecosystems. These studies were concerned primarily with 
nitrogen dynamics. For agricultural crops, plant materials with %N greater 
than 1.73 or C:N ratio less than 20 mineralize N and other materials immo- 
bilize N [Iritani and Arnold, 1960; Frankenberger and Abdelmagid, 1985]. 
For natural ecosystems the lignin to N ratio, LIG/N, improved prediction of 
the percentage of initial N released from litter: the higher the LIG/N the slower 
the decomposition and N release [Melillo et al., 1982]. 

Recent studies focusing on the leaves of agroforestry trees indicate a wider 
range in the percent of initial N released and in the patterns of immobiliza- 
tion and mineralization than those described for crops and forest litters. The 
%N or LIG/N ratio of the materials also do not always serve as indices of 
release patterns for agroforestry materials. To facilitate the screening of agro- 
forestry trees for their nutrient supplying capacity, better indices are needed 
that predict release or immobilization patterns. Until such indices, analogous 
to chemical formulations provided for inorganic fertilizers, are available for 
plant materials it will be difficult to recommend particular species for their 
fertilizer value. 

Work by Constantinides and Fownes [1994] showed that it is first of all 
important to categorize materials into leguminous and nonleguminous plants 
and also to distinguish between nonsenesced leaves and litter, or senesced, 
leaves. The N release patterns of the categories are different; litters of legumes 
and nonlegumes immobilize N; fresh, nonlegume materials do not mineralize 
or immobilize N to a great extent; and fresh legumes mineralize N immedi- 
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ately. Percent N in the leaves serves as the best index of initial N released if 
all the materials are grouped together [Tian et al., 1992a; Constantinides and 
Fownes, 1994]. If legumes are considered as a separate category, %N does 
not serve as a good index of N release. There are enough cases where there 
is immobilization or N release is less than expected to merit attention. 

Several laboratory incubation studies have followed the N release patterns 
from leaves of agroforestry legumes [Fox et al., 1990; Palm and Sanchez, 
1991; Oglesby and Fownes, 1992; Tian et al., 1992a; Kachaka et al., 1993; 
Constantinides and Fownes, 1994; Handayanto et al., 1994]. Although the 
methods are not directly comparable (the length of the incubation varied and 
some studies included ground leaves while others used whole leaves), some 
interesting patterns still emerge (Table 2). Nonsenesced leaves, as opposed 
to litter, are compared unless otherwise specified. All comparisons here are 
based on cumulative N released at eight weeks, except for the study by Tian 
et al. [1992a] in which seven weeks was used. 

Gliricidia sepium consistently released a higher percentage, 30-70%, of its 
N compared to other materials. Leucaena leucocephala leaves, with %N 
greater than 3.5 in all but one study, generally released less than 25% of its 
initial N. Senna siamea, a non N-fixing legume, released an intermediate 
percentage, 10-40%, of the N added. In all cases S. siamea showed initial 
immobilization that lasted up to six weeks before net mineralization occurred. 
Some of the studies have also shown temporary immobilization from other 
legumes. Calliandra calothrysus and Inga edulis released less than 20% of 
the applied N. In contrast, Dactyladenia barteri, a nonlegume, showed net 
immobilization throughout the incubation. 

The combined results from these studies provide preliminary indices for 
predicting relative amounts of initial N released or immobilized from the 
legume materials. Correlation analyses show that both polyphenol and lignin 
content are inversely related to the percent of N released. Both compounds 
lower the quality of the plant materials. Multiple regression analyses indicate 
that %N is the primary factor and %polyphenol the secondary factor in deter- 
mining the percent of initial N released [Tian et al., 1992a; Constantinides 
and Fownes, 1994]. The polyphenol to N, PP/N, ratio may serve as an index 
for short term immobilization patterns observed for legumes with relatively 
high polyphenol content [Palm and Sanchez, 1991; Oglesby and Fownes, 
1992]. The lignin plus polyphenol to nitrogen ratio (LIG + PP)/N may serve 
as an index for longer term release patterns [Fox et al., 1990; Handayanto et 
al., 1994; Constantinides and Fownes, 1994]. The legume materials with high 
polyphenol and lignin contents release more N than the nonlegume materials 
and as such would not necessarily be considered of low quality when 
compared to most crop residues. 

Exact critical values at which N release is inhibited cannot yet be given 
because different methodologies have been used for measuring polyphenol 
content in the plant materials. Also, different types of polyphenolic are 
extracted together, some of which are quite reactive with N while others are 
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not [Swain, 1979]. The amount of N immobilized and the time before net 
mineralization occurs have not been thoroughly investigated but the model 
developed by Aber and Melillo [1982] could be applied to these plant 
materials. 

Until more precise indices are available for selection of agroforestry mate- 
rials, the following general guidelines will help in selecting organic inputs for 
their N release patterns. If %N in the organic material is less than 1.74, as is 
the case for most litters and many nonlegumes, net N immobilization will 
occur and will be relatively long term, perhaps beyond the length of a cropping 
season. If %N is greater than 1.74, then net mineralization will occur but 
will decrease as a function of the (LIG + PP)/N ratio. It is not yet possible 
to give details on the critical value at which immobilization will occur in plant 
materials with greater than 1.74% N and high polyphenol content, although 
the immobilization does appear to be short term in all cases. As rough esti- 
mates, if lignin concentrations are higher than 15% or soluble polyphenol con- 
centrations are higher than 3%, there is likely to be reduced or delayed N 
release. 

Most nutrient release work has focused on nitrogen. Once nitrogen require- 
ments are met, phosphorus becomes limiting in many tropical soils and it may 
often be the primary limiting nutrient. Although release patterns of P gener- 
ally follow that of biomass there can be periods of immobilization [Palm and 
Sanchez, 1990; Tian et al., 1992b; Thomas and Asakawa, 1993] that could 
exacerbate soil solution P deficiencies relative to crop demand. There is little 
understanding of controls on P release and immobilization patterns but 
combined with the net negative P balance reported for alley cropping systems, 
there is an obvious need for research similar to that conducted on N release 
patterns. In addition organic inputs can indirectly affect soil P availability by 
reducing the P fixation capacity of the soil [Singh and Jones, 1976]. The 
reduced P fixation capacity is temporary and probably depends on the resource 
quality of the inputs. The potential of plant materials to increase P availability 
either by release from decomposing materials or by reducing the P fixation 
capacity of the soil could be an important criterion for selecting agroforestry 
species. 

Plant materials, once characterized for their nutrient release patterns, could 
be selected to match the nutrient demand pattern of a specified crop. Various 
scenarios have been proposed that illustrate attempts at synchronizing release 
and demand (Fig. 1). It is hypothesized that high quality materials will release 
nutrients too quickly, similar to the use of inorganic fertilizers, resulting in 
large losses and low nutrient use efficiency whereas low quality materials will 
release them too slowly or do not contain enough nutrients to meet crop 
demand. Based on this hypothesis materials of intermediate quality would be 
expected to show nutrient release patterns in closer synchrony with plant 
nutrient demand. This might be achieved with the use of specific plant 
materials or by a mixture of high and low quality materials with release of 
nutrients slowly at first, when crop demand is low, and providing an increasing 
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Fig. 1. Hypothetical nutrient release patterns of different quality plant materials compared 
with nutrient uptake patterns (adapted from Swift [1987]). 

rate of release with time, as the crop grows and demands more [Swift, 
1987]. 

There is no clear evidence that mixtures of high and low quality materials 
alter the patterns of nutrient release. In general, mixtures show release patterns 
that are parallel to those of the high quality materials rather than altered release 
patterns with an increase in release rates at later stages [Constantinides and 
Fownes, 1994; Handayanto et al., 1994]. A few studies cited by Myers et al. 
[1994] do show changes in release patterns with mixtures. More experimen- 
tation is needed in varying the proportions of high and low quality materials, 
to understand the relative importance of nutrient release versus immobiliza- 
tion in determining the combined pattern. Agroforestry species with high N 
content but with delayed release patterns or initial immobilization, caused by 
lignin and polyphenol contents, may provide release patterns more similar 
to crop demand and also provide sufficient N. Release patterns of S. siamea, 
that contains high N and high polyphenol contents, exhibit temporary immo- 
bilization followed by rapid net mineralization of N [Tian et al., 1992a; 
Constantinides and Fownes, 1994] and may come close to approximating crop 
demand. 

Fate of  nutrients 

Since the primary purpose of alley cropping and biomass transfer systems is 
to provide nutrients to the crop from tree prunings, it is important to ask: How 
much of the nutrients from the applied prunings are actually taken up by the 
crop? The amount of N added from the leaves or prunings of agroforestry 
species taken up by the crop is quite low. Recovery values are generally less 
than 20% and more frequently closer to 10% (Table 3). These recovery values 
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are similar to those for crop legumes but less than those for inorganic 
fertilizers. The materials that released a higher percentage of initial N, such 
as G. sepium and Sesbania sesban, had higher percent recoveries than mate- 
rials that released a smaller percent of N, such as C. calothrysus. It is not clear 
what the implication of these results is with respect to the relative degree of 
synchrony attained by the different quality materials. Even though the mate- 
rials that released a higher percentage of initial N also had higher percent 
recoveries, they may also have a greater percent loss of nutrients. So to assess 
synchrony it is important to know the potential loss of nutrients in addition 
to percent recovery of nutrients. 

Why do the intercrops receive so little of the applied nutrients? What is the 
fate of the remaining 80-90% of the added N? Unfortunately, few agroforestry 
experiments have been designed to answer these questions or the data are 
not presented in sufficient detail to allow such an analysis. Using data pre- 
sented in several key papers, an attempt is made here to try to answer some 
of the questions (Table 3). It is important to point out that some of the exper- 
iments are pot studies and others are field experiments, the time spans of the 
experiments are also different; nevertheless, some of the issues can be 
addressed. Most of these experiments do not include the competitive effect 
of intercropped trees, an important fact to keep in mind. Where possible results 
from trials with crop legumes are used to reinforce results or provide an indi- 
cation if there are no data from tree legumes. 

The amount of N released from the prunings during the course of crop 
growth is not always 100% of that added, and in many cases as much as 50% 
of the N may still be held in the undecomposed plant material (Table 3). 
Percent N recovery values improve to greater than 20% if they are calculated 
based on the N mineralized from the plant material, rather than the total N 
added in the plant material. The recovery values for the lower quality mate- 
rials are more similar to those of the higher quality materials when calcu- 
lated in this manner because a smaller percent of the N was mineralized. These 
modified recovery values are also more comparable to those obtained with 
inorganic fertilizer. 

If the amounts of N taken up by the crop and remaining in the undecom- 
posed plant material are summed, the amount of N unaccounted for ranges 
from 16 to 80%, the larger values corresponding to the higher quality mate- 
rials. The N that is unaccounted for could be in the soil organic matter; in 
the soil as inorganic N, although much of it could have leached below the 
crop rooting zone; or have been lost by volatilization or denitrification. 
Nitrogen can also be taken up by the trees in intercropping situations, although 
trees were not included in these particular studies. Evidence for the relative 
importance of the different pools or loss pathways of N are presented 
below. 

Haggar et al. [1993], based on a detailed labelling study of Erythrina 
poeppigiana and G. sepium, concluded that the majority of the N ends up in 
some readily mineralizable fraction of the soil organic matter. They also 
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showed that this fraction is not the microbial biomass because the biomass 
contained only 3-5% of the added N and there was no difference in micro- 
bial N among treatments despite different quantities of organic input. They 
speculated that it is a fraction with a longer turnover time. Ladd et al. [1981] 
found for a legume-wheat rotation that the first crop recovered 11-17% of 
the N added as legume and that 72-78% was found in the soil organic matter 
(SOM). They did not attempt to separate different SOM fractions. Both studies 
concluded that the benefit of legume inputs to crop production is through the 
long term buildup of soil organic N rather than the direct release of N from 
the decomposing legume. 

Controlled experiments are needed that compare the effects of different 
quality materials on fractions of soil organic matter, and the relative N 
supplying capacity of those fractions. For example, plant material containing 
high N but also high polyphenol and lignin contents may result in the for- 
mation of different soil organic matter fractions, with differing N availability, 
compared with that formed from organic inputs with lower lignin and 
polyphenol contents. Size and density fractions of SOM, such as the Ludox 
fractions [Hassink, 1995] or particulate organic matter, POM [Cambardella 
and Elliott, 1992], would be good candidate measurements. 

The N remaining in the soil organic matter and the undecomposed plant 
material should have a residual effect on subsequent crops. There are no 
agroforestry experiments yet that have looked specifically at the residual 
nitrogen effect, although some are currently underway (J. Henrot and M. van 
Noordwijk, pers. comm.). Studies with crop legumes provide an indication 
of the magnitude of the residual effect. Twenty-two percent of the N from 
labelled alfalfa was recovered by a first crop of wheat and an additional 4% 
by the second crop [Ladd et al., 1983]. Sisworo et al. [1990] followed the N 
added from a cowpea crop and found that more than 70% was recovered in 
six consecutive crops. There is no reason to believe the same would not hold 
for agroforestry systems with leguminous trees. The amounts of lignin and 
polyphenols in the prunings may influence the residual effect but it is n o t  
known if the residual effect would be enhanced or reduced. 

Losses of N from leaching or gas emissions would depend on many soil 
and climatic factors and again few measurements are available. Volatilization 
only occurs if the prunings are surface applied, so the importance of this 
loss pathway will vary depending on management practice, Loss of N via 
volatilization from green manures measured in laboratory incubations ranges 
from 5 to 50% but it is usually less than 20% of the added N [Cornforth and 
Davis, 1968; Costa et al., 1990; Glasener, 1991; Janzen and McGinn, 1991]. 
Higher quality materials that release N rapidly tend to lose more N via 
volatilization [Glasener, 1991]. 

Leaching of nitrate is possible when there is a large pool of inorganic N 
in the soil, as could happen if there was asynchrony between release and 
demand. Leaching is only of concern, however, in more humid environments 
where the depth of wetting in the soil is deeper than the crop rooting zone. 
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This also implies that asynchrony is not an important issue in drier climates 
as proposed by Myers et al. [1994]. Even if leaching is a factor in humid envi- 
ronments, deep roots of trees might serve as a safety net for capturing N that 
leaches below the crop rooting zone [Van Noordwijk at al., 1995]. Again there 
are few field measurements to give an indication of the relative importance 
of N leaching in systems with or without agroforestry trees. 

The biggest and perhaps the most important unknown is the amount of 
nutrients released from added plant material that is taken up by the inter- 
cropped trees, rather than the crop. Several studies have shown reduction in 
crop yield in the rows nearest to the trees [Rosecrance et al., 1992; Salazari 
et aL, 1993; Fernandes et al., 1993]. The reduction may be due to shading, 
competition for nutrients or water, or a combination of these factors. 
Competition for nutrients, rather than water, between trees and crops would 
be likely on infertile soils of the humid tropics where water is usually not 
limiting to plant production. Although agroforestry trees have deeper rooting 
systems than crops, the majority of the roots are found in the topsoil and this 
proportion increases when the trees are pruned [Hairiah et al., 1992], 
increasing the likelihood of competition between trees and crops. Root pruning 
along the tree hedges has partially reduced the loss in crop yield near trees 
in some cases [Fernandes et al., 1994], suggesting there was in fact compe- 
tition but root pruning has not helped in other cases [Sitompul et al., 1992]. 

The results above on the fate of N added from prunings indicate that as 
much as 80% is found in the soil, in SOM or inorganic form. The nutrient 
benefit to crops from tree prunings is more from longer term buildup of SOM 
rather than the short term release from decomposing prunings. Potential losses 
by volatilization and leaching are larger for higher quality materials. Scenarios 
for the fate of N from the prunings of two legumes, one with high N but low 
lignin and polyphenols concentrations and the other with high N and high 
lignin and polyphenol concentrations, are presented in Fig. 2. These scenarios 
are based on data from Table 3 and from estimates of volatilization cited 
above. 

Crop response to different quality inputs 

This section is not intended to review crop production in agroforestry inter- 
cropping systems but to see if there are obvious effects of different quality 
inputs on crop yields. To make such comparisons it is best to have the inputs 
applied at equal N rates or the results expressed on an added N basis. In most 
agroforestry trials this is not the case so interpretations must be made with 
caution. One type of input may result in higher crop yields simply because it 
was applied at a higher rate, not because of increased synchrony or nutrient 
use efficiency. 

Crop growth in pot experiments reflects the different qualities of the inputs. 
In an experiment by Fox et al. [1990], several legumes were added to sorghum- 
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Fig, 2. The fate of N of prunings of different quality after a cropping season; in undecom- 
posed mulch; in the crop; in the soil as SOM or inorganic N, or lost via volatilization (adapted 
from Palm [1988]). Dark shading represents the N not yet mineralized and light shading 
represents N mineralized during the cropping season. 

sudan at equal N rates. Alfalfa released 47% of its N in 12 weeks and resulted 
in higher crop growth compared with L. leucocephala and Cassia rotundi- 
folia, which released 29% and 11.2%, respectively, of their N in the same 
period (Fig. 3). Gutteridge [1992] applied a variety of tree legumes at equal 
biomass rates and compared the crop response at the rate of  N applied. If  
compared at a rate equivalent to 100 N kg ha -I, S. sesban released 86% of  its 
N and produced about 60 g of  maize stover per pot compared with L. leuco- 
cephala, which also released 86%, but only produced 40 g of stover. 
Calliandra calothyrsus released 34% of its N and produced only 15 g of stover 
per pot. It is interesting to note that even though S. sesban and L. leucocephala 
released similar proportions of  their N, the crops grown with S. sesban 
produced more mass. This difference could be a result of different N release 
patterns and different degrees of synchrony or that the N from L. leucocephaIa 
is somehow not available. Both these studies suggest that the higher quality 
material produced higher yields and higher %N recovery but the relative 
degree of synchrony is not known. 

Many field experiments do not show differential response to the quality of 
inputs. Yamoah et al. [1986a,b] reported that maize yields were similar 
although 58% of  Senna siamea prunings compared with 96% of G. sepium 
prunings decomposed during the cropping period. This lack of response to 
such different release patterns can be explained by two observations. More 
prunings of S. siamea were applied, resulting in twice the amount of  N 
compared to that added in the G. sepium prunings. Even if only 58% of the 
N was released from S. siamea, it would be equal to the amount released by 
G. sepium. Other information suggests that the soil was not N limited, so a 
maize response to additional N would not be expected. Rosecrance et al. 
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Fig. 3. Growth of sorghum-sudan in response to legume mulch inputs of different quality in a 
pot study [Fox et al., 1990], 

[1992] found that maize yields were related to the amount of N added from 
the prunings of nine leguminous trees even though materials of strikingly 
different qualities, such as Sesbania sesban and C. calothyrsus, were used. 
Mulongoy et al. [1993] found no difference in maize yields when grown with 
10 t ha -1 prunings of G. sepium, L. leucocephala, and Senna siamea, mate- 
rials with differing N release patterns. Only 70% of the N was added in S. 
siamea as compared with the other species. This soil was N limiting, so the 
results suggest that S. siamea has a higher N use efficiency, a possible indi- 
cation of greater synchrony as speculated above. They also found that date 
of application of prunings relative to crop planting date affected maize growth: 
yields were higher when prunings were applied close to planting date, also 
an indication of better synchrony. 

Tian et al. [1993] found interesting results when comparing maize response 
to different quality inputs. Although there were no significant differences in 
maize yields using the same quantity of different quality tree prunings, dif- 
ferent trends were observed over two seasons. Yields in the first season, with 
abundant rainfall, were directly related to the amount of N released from the 
materials. Higher quality L. leucocephala and G. sepium produced higher 
yields than the nonlegume Dactyladenia barteri. In the second season, with 
insufficient rainfall, L. leucocephala produced the highest yields but yields 
in D. barteri plots were higher than those of G. sepium. The authors contend 
that high quality materials enhance crop production through the direct con- 
tribution of nutrients from decomposition and that lower quality materials 
enhance production through mulching effects on microclimate. In the dry 
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season, the temperature was lower and moisture higher in plots with D. barteri 
compared with plots where the mulches had already decomposed; these 
conditions are more favorable to maize growth and possibly enhance SOM 
mineralization. 

The results of the pot and field studies give contradictory evidence on the 
effect of leguminous prunings of different quality on crop yields. Why? If 
only 10% of the N released from the decomposing material is recovered by 
the crop, that would be 20 kg of N from 100% decomposition of a material 
containing 200 kg N, or 10 kg N from a material that decomposed by only 
50%. Significant responses to these small differences in inpu~:s are difficult 
to detect in field studies but may be detectable in pot studies were conditions 
are more controlled and uniform. In addition, other factors, such as micro- 
climate, can be affected by input quality and confound the interpretation of 
results. 

The need for well-designed experiments that address these issues system- 
atically should now be obvious. First of all, these types of experiments must 
be done in soils known to be N limiting, or limiting in the nutrient in question 
for each particular study. The amounts of N added should be within the respon- 
sive part of the curve, in order to detect differences. Including N response 
curves as part of the study would help in the interpretation of results. Equal 
rates of N should be applied, or the results expressed in terms of N added so 
as not to confound the amount of mulch added with the amount of nutrient 
added. Other factors that may also be affected by input quality and affect crop 
yields, independently of nutrients, must be monitored. These factors include 
soil temperature and moisture, pests, disease, and allelopathy. 

Conclusions 

Many leguminous agroforestry trees produce sufficient pruning biomass and 
contain enough nutrients, except for P, to meet crop demand in intercropping 
systems. The nitrogen release patterns, or quality, of the prunings differs 
greatly, from 100% mineralization to net immobilization during the course 
of crop growth. These patterns are reflected in differential crop growth in 
pot studies but not in field studies. In general, only 10 to 20% of the N released 
is taken up by the first crop and a large portion is in the soil organic matter, 
indicating that the N benefit of the pruning additions is in the long term rather 
than immediate. The effect of different quality inputs on the various soil 
organic fractions and their N supplying capacity is not known. 
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