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Too often soils and their constraints are ignored when designing or evaluating agrooroesiry systems. 
This paper rr-iev.s the nature of soil constraints in the humid and semi-arid tropics and how these 
limitations affect plant/soil interactions related to nutrient additions, losses, and cycling via litter
soil organic mailer (SOM)pathways in agroforestiry systems. The ability of agroforesiry systems to 
enhance nutrient a ailability on infertile soils is very limited compared to systems on ertile soils. On 
both. howkescr. agroloresr-Y systems can play an important role in reducing nutrient losses. Litter 
production and quantities of nutrients recycled in litter are greater on ferile than on infertile soils, 
hoiiever. management techniques for accelerat-.ng nutrient fluxes through pruning appear to hold 
promise For increasing plant productivity on the latter soils. Much more information is nendzd on the 
magnitude of and controls on below-ground litter production and how itcan be managed. Litter de
composition and SGM dynamics in agroforestry systems night most easily be manipulated by man
aging woody vegetation to produce organic residues of a certain quality and to regulate soil tempera
ture and moisture. More attention needs to be paid to specific SOM pools, their importance in nutrient 
supply and soil structure, how they are affected by soil propertes, and how they can be managed. 

INTRODUCTION 

Agroforestrv systems are expected to play a major role in tropical agricul
tural development in the coming years. These systems usually have low capi
tal requirements, produce a range of economically useful goods, and may aid 
in maintaining soil nutrient levels, reducing erosion, and conserving water 
(Lundgren and Raintree, 1983; Nair, 1984). The latter 'service' roles ofagro
forestry are apt to be especially important in maintaining the productivity of 
land already in production as well as the approximately 200 million hectares 
of mostly marginal soils that will be brought into cultivation for the first time 
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TABLE I
 

Soil characteristics and classification according to The Soil Taxonomy System and FAO'
 

Soil Taxonomy FAO 

Oxisols Ferralsuls and 
Plintlisols 

Ultisols Acrisols. Dvsiric, 
Nitosols and Alisols 

Inceptisols Various: 

Aquepts Gleysols 

Tropepts Cambisols 

Andisols Andosols 

Entisols Various: 

Fiuvents Fluvisols 

Psamments Arenosols and 
Regosols 

Lithic groups Leptosols 

Alfisols Luvisols, Eutric, 
Nitosols, Planosols and 
Lixisols 

Histosols Histosols 

Spodosols Podzols 

Mollisols Chemozems 

Vertisols \'ertisols 

Description 

Deep, highly weathered, acid, low base status soils.
 
Excellent structure and good drainage. No significant
 
increases in clay with depth
 

Similar to Oxisols except for aclay increase with depth. 
Similar chemical limitations. Textures from sandy to 
clayey 

Young soils with A-li-C horizon developrnent. Fertility 
highly variable 
Poorly drained moderate to !.igh trility 

Well-drained Inceptisols (Dvstropepts =acid, infertile: 
Eutropepts =high base status) 

Volcanic soils, moderate to high fertility, P fixation by 
allophane 

Young soils without A-B-C horizon development: 

generally high fertility except for sandy soils 

Alluvial soils usually of high fertility 

Sandy, acid, infertile soils 

Shadow soils 

Higher base status than Ultisols, but similar otherwise. 
Includes the more fertile tropical red soils. Dominant 
soil of west African subhumid trooics and savannas 

Organic soils ( > 20% organic matter). Peat soils 

Sandy surface horizon underlain with ahorizon 
composed of organic and amorphous C. Fe, and Al 
compounds. Acid and infertile 

Black fertile soils derived from calcareous materials 

Dark heavy clay soils that shrinl. and crack when dry. 
Moderately high base status 

Aridisols Solonchak and Solonetz Main limitation is moisture availability 

'Source. Sanchez et al. ( 1985), and Sanchez (1989). 
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in the remainder of this century (Dudal, 1980). In this fashion, agroforestry 

systems will play an important role in reducing deforestation and the negative 

consequences associated with forest conversion. 
Hypotheses related to the soil-improving abilities of agroforestry systems 

have been formulated, favorable or contrary evidence reviewed, and common 

sources of conceptua! errors identified (Nair, 1984; Sanchez, 1979, 1987; 

Sanchezet al., 1985; Huxley, 1986; Young, 1987, 1989; Szott et al., 1991 ). It 

is clear, though, that despite the rapid pace of agroforestry-related research 

during the last decade, scientific data required for the objective evaluation of 

most hypotheses are still lacking (Sanchez, 1987; Young, 1987, 1989). More

over, there needs to be greater consideration of basic soil/plant interactions 

and processes which affect sustainability and performance of agroforestry 

systems and how these processes vary with soil type. 

Given the recent nature of the above-mentioned reviews, it is not our inten

tion to repeat them. Rather, we intend to identify some key soil/plant pro-

cesses and how they are expected to vary with soil type. The Soil Taxonomy 

System (Soil Survey Staff, 1975 ) will serve as a basis of our discussion of soil 

properties since quantitative properties of soils are used as an objective basis 

for classification in this system (Table I). Our emphasis will be on soils and 

avroforestr' systems found on infertile soils of the humid tropics, but those 

in the subhumid and semi-arid tropics will also be considered. 

SOILS DISTRIBUTION AND CONSTRAINTS 

All eleven soil orders are found in the tropics (Table 2). In brief, acid in

fertile soils (Oxisols, Ultisols and Dystropepts) dominate the humid tropics, 

with greater relative importance in Latin America (82%) than in Africa (56%) 

or Asia (38%). Conversely, humid tropical Asia has the largest proportion 

of soils of moderate to high fertility (Alfisols, Vertisols, Mollisols, An(33%) 
and 7% for tropical Africa anddisols. Futropepts, and Flavents) vs 12% 


America, respec:Ively. Unlil, - Africa, however, most fertile soils in Asia are
 
soils with severe managementalready under cultivation. Finally, 'problem' 


limitntions (Spodosols, Lithosols, and Psamments) are least prevalent in Latin
 

Ame "ica (5%) and most widespread in Asia (22%), Sanchez (1989).
 

In :he humid tropics, the main constraints to plant production are chemical 

in nature: low exchangeable base contents, low nutrient reserves, high alumi

numn toxicity, low phosphorus availability, and mild acidity (Table 3). All 

these constraints exist to varying degrees in Oxisols, Ultisols and Dystro

pepts. Ultisols, however, are apt to have larger problems with aluminum tox

icity as a result of their higher exchangeable aluminum contents, whereas lev
are apt to be exceedingly low inels of potassium, calcium, and magnesium 

Oxisols. Phosphorus fixation is high, hence phosphorus availability is low, on 

Oxisols and Andisols. Phosphorus and nitrogen availability are common 
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TABLE 2 

Geographic distribution of soil orders in the tropics, based on the dominant soil in FAO maps at a 
scale of 1:5 million' 

Soils 	 Tropical Tropical Tropical Total 
America Africa Asia and Pacific (million ha) 

Oxisols 502 (332)2 316 (179) 15 (14) 833 (525) 
Ultisols 320 (213) 135 (69) 294 131) 749 (413) 
Entisols 124 (31) 282 (911 168 (90) 574 (212) 

Fluvcnts (6) (10) (34) (50) 
Psamments (6) (67) (17) (90) 

Lithic groups (19) (14) (39) (-/2) 
Inccptisols 204 (61) 156 (75) 172 (90) 532 (226) 

Aquepts (42) (23)(5' (120) 
Tropepts (17) ( (58) (94) 

Andisols 31 (2) I (I) II (9) 43 (12) 
Alfisols 183 (18) 198 (20) 180 (15) 559 (53)
 
Vcrtisols 20 (I) 46 (2) 97 (2) 163 (5) 
Aridisols 30 (3) I (I) 56 (I) 87 (5) 
Mollisols 65 - 0 - 9 (7) 74 (7) 

Histosols 4 (4) 5 (4) 27 (23) 36 (31) 
Spodosols 10 (10) 3 (3) 7 (6) 20 (19) 

Total 	 1493 (673) 1143 (444) 810 (379) 3670 (1496)
 

'Source: Sanchez and Salinas 11981). and Sanchez (1989).

2Numbers in parentheses are totals for the humid tropics.
 

problems in Vertisols. Sandy soils (Psamments and Spodosols) are especially 
low in nitrogen; phosphorus and bases may also be low. 

Steep slopes and shallow soil depth are the chief physical constraints to 
plant production in the humid tropics. Some Oxisols have low water-holding 
capacity and some sandy Ultisols that have a sharp increase in clay with depth 
are particularly susceptible to erosion. Shrinking and swelling problems con
strain production on Vertisols (Sanchez, 1989). 

In the subhumid and semi-arid tropics, it is often assumed that moisture 
availability is the over-riding constraint to plant production, but low nutrient 
reserves, aluminum toxicity and soii acidity also limit plant productivity over 
large areas (Table 3). Many semi-arid systems are nitrogen or phosphorus 
limited as well (Felker et al., 1980; Penning de Vries et al., 1980; Lathwell 
and Grove, 1986; Tropsoils, 1987). 

Differences in patterns of exchangeable aluminum among the major soil 
orders deserve further consideration since aluminum is toxic to plants and 
can severely restrict root growth and nutrient uptake. In Ultisols, aluminum 
saturation in the top 10 to 15 cm may be low but it can increase to over 90% 
with depth. In Inceptisols, aluminum contents vary, and may be greater, the 
same. or less than those found in Ultisols. Eveni where aluminum contents are 
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TABLE 3
 

Major soil constraints in the humid (H) and semi-arid (S) tropics'
 

Soil constraint Tropical Tropical Tropical Asia Total (million ha)
 
America Africa and Pacific 

H S H S H S H S 

Low nutrient reserves 543 106 285 48 101 12 92V 166 
M toxicity 490 84 226 3/ 92 10 808 132 
Acd. not Al toxic 88 75 92 120 74 99 255 294 
High P fixation 379 66 84 21 74 7 537 94 

Poor drainage 90 39 59 49 42 10 !91 948 

Low ECEC 6S 9 87 56 1 .I 165 66 
Drought stress _ 270 - 404 - 294 - 968 

Shrink-swell II 12 2 42 3 45 I 7 99 
Saline or sodic soils 8 8 4 10 5 14 17 32 
Allophane 8 3 1 I 4 < 1 13 4 

Gravel 2 10 6 II 3 26 10 47 

Slopes >30% 145 45 22 40 73 62 241 147 

Slopes 8-30% 290 108 142 110 59 109 491 327 
Slopes 0-8% 263 148 260 254 91 123 714 525 

'Source: Sanchez ( 1989. and unpublished data ). 

high, however, the percentage aluminum saturation may be low because of 
the large quantity of exchangeable bases. In Spodosols, aluminum contents 
are very high in the top 5 cm, decline with depth, and then again increase in 
the spodic horizon. Finally, in Alfisols with near neutral pH, exchangeable 
aluminum and percent aluminum saturation may be very low. These large 
differences among soil orders in aluminum contents at different soil depths 
will differentially affect root distribution and will affect the magnitude and 
spatial extent of nutrient uptake, as well as nutrient retention by vegetation. 

It should be noted that soil orders are rather broad classifications and that 
a significant range in chemical and physical properties exist among soils of a 
given order (Sanchez, 1989). Furthermore, large changes in soil chemical and 
physical properties can occur over relatively small distances, as commonly 
observed in associations of Oxisols and Ultisols with Dystropepts or Alfisols 
(Sanchez, 1976). Finally, a great deal of variability can exist in the field be
cause of disturbance by animals or soil macrofauna, windthrown trees, pat
terns of forest felling and burning, and management practices. 

As a response to high exchangeable soil aluminum contents some species 
accumulate aluminum while others exclude it (Webb, 1954; McCormick and 
Steiner, 1978; 1-aridasan, 1982 ). Chief adaptations to low nutrient availabil
ity include inherently low growth rates and nutrient requirements, the main
tenance of a large root biomass, accumulation of tissue nutrient reserves dur

5 
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ing times of high nutrient availability, reduction of nutrient losses from tissue 
via sclerophylly or retranslocation prior to litter fall, and rhizosphere pro
cesses that increase nutrient availability (Chapin, 1980; Vitou.;ek, 1982; 
Clarkson, 1985; Chapin et al, 1986; Cuevas and Medina, 1986; Vitousek and 
Sanford, 1987). In many cases, the mechanisms underlying these tolerances 
are not known or require further study. These characteristics suggest that while 
selection and breeding have important roles in developing woody germplasm 
tolerant to soil acidity and low nutrient availability, such germplasm may have 
lower rates of growth and nutrient requirements than vegetation adapted to 
more fertile sites. 

AGROFORESTRY SYSTEMS 

Agroforestry systems can assume a wide variety of forms (Nair, 1984). 
Raintree and Warner ( 1985 ) classify the individual systems into two general 
categories: improved fallows and tree crop alternatives, each of which is sub
divided into a few general agroforestry technologies. In the following discus
sion, we will relate our findings to variants of improved fallows, i.e. econom
ically and biologically improved fallows (Raintree and Warner. 1985) and 
alley cropping ( Kang et al., 198 1. 1984, 1985 ). Among tree crop alternatives 
we discuss homegardens (Fernandes and Nair, 1987), and agrosilvopastoral 
systems (Felker, 1978; Miehe, 1986; Shankarr'arayan et al., 1987). These sys
tems are either more common or are more often suggested as options for in
creasing the productivity of traditional farming systems (Raintree and War
ner, 1985; Raintree, 1987). 

All of the above-mentioned systems are expected to increase biological and/ 
or economic productivity and hence are likely to extract larger quantities of 
nutrients per unit time and/or area than the shifting cultivation systems they 
replace. As a result, nutrient inputs must be larger, losses lower, and/or recy
cling more rapid for such systems to be sustainable. 

NUTRIENT INPUTS 

Nutrients are made available to plants by: ( 1 )weathering from primary and 
secondary soil minerals or changes from non- or slowly-available to readily
available forms, (2) atmospheric inputs (rain and dust), (3) fixation of ni
trogen from the air, (4) mineralization of nutrients from organic forms, and 
(5) additions from sources external to the system. The qualitative ranking of 
these processes in the aforementioned agroforestry systems on fertile and in
fertile soils is shown in Table 4. 

Nutrient weathering from primary and secondary minerals is controlled by 
soil type, inorganic chemical processes, temperature and rainfall, and hence 
will vary more with soil type than with arroforestry systems. Weathering in
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TABLE 4 

Importance of nutncnt sources in selected agroforestry systems on fertile and infertile soils. Rankings 
arc qualitative and hypothetical 

Agroforestry system Mineral Atmospheric N2 fixation Mineraliza- External 
weathering deposition tion from inputs 

organic 
forms 

Fert Infert. Fert. Infen. Fert Inferi. Fert. Infcrt. Fert. Infert 

Economically enriched fallows 
Biologically enri.:hed fallows 
Allev cropping 
Homegardens 
Silvopastoral 

I' 
I 
I 
I 
I 

N 
N 
N 
N 
N 

I 
I 
N 
I 
I 

I 
I 
N 
I 
I 

I 
I 
? 
I 

" 

I 
I 

I 

1 
I 
I 
I 
I 

I 
I 
I 
I 
I 

N 
N 
I 
I 
I 

N 
N 
I 
I 
I 

' = imponant: N=n.)t important: ?=uncertain. 
Notes: Mineral weathering is of greater importance on fertile soils because of the large quantities of 
weatherable minerils presea,. Atmospheric deposition is important as a nutrient source in the major
ity of the systems because of accumulation in the long-term. Nutrient demand and removal in the 
alley cropping systems is higher and occurs over shorter time frames for deposition to have much 
importance. External inputs in the alley cropping systems take the form of chemical lertiizers: in the 
homegarden system. these inputs are household wastes, and in the silvopastoral system. manure. 

put is unlikely to be of major importance in weathered or sandy soils (Oxi
sols, Ultisols, Psaaiments, Dystropepts, Spodosols), but may be significant 
in more fertile soils. 

Atmospheric deposition of nutrients is usually small in magnitude, but may 
be important over long spans of time. Nutrient inputs in rainfall are little 
affected by soil type (Table 5 ), but this may not be true for dust. Average dust 
inputs in Niger, amounting to around 1500 kg ha' yr-', were higher in total 
clay and fine silts, and contained 10 to 30 times higher levels of exchangeable 
calcium, magnesium, sodium and potassium than reference soils. Annual in
fluxes of 2.7 kg calcium, 0.9 kg magnesium, and 1.2 kg potassium ha' con
stituted a long-term chemical influx to these soils. Tree crowns act as dust 
traps; this may explain the observed higher clay content and hence higher 
organic matter levels beneath the canopies of trees such as Acacia albida 
(Sanchez, 1987). Such inputs are apt to be significant in silvopastoral sys
tems, fallows, and other systems involving large tree canopies; alley cropping 
systems with reduced canopy areas are likely to benefit less. 

The use of N-fixing woody perennials in agroforestry systems can increase 
nitrogen inputs (Dommergues, 1987) but the nitrogen contribution of leg
umes will vary greatly depending on soil, climate, species. and management 
(Table 6). As a result of methodological problems, reliable field estimates cf 
nitrogen fixation from production systems found in humid and semi-arid areas 
are generally lacking (Sanginga et al., 1988). 
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TABLE 5 

Atmospheric inputs of elements in the tropics' 

Site Nutrient inputs (kg ha- yr-) 

N P K Ca Mg 

Humid tropics 
Ghana 14 0.12 17.5 12.7 11.3 
Cote D'loire 21.2 2.3 5.5 30.0 7.0 

Cameroun 12 . 2.0 3.8 1.5 
Zaire 6.4 2.0 3 9 1.; 
Costa Rica 5 0.2 2 5 1.4 1.0 
Costa Rica 1.7' 0. 17' 5.4 3.1 2.6 
Panarma 1 9 5 29.3 4.9 
Puerto Rico 14 34.0 26.0 
Ven.zucla - lowland h 21' 25, 24 0 28.0 3.0 

- montane 9.9 1.1 2.6 5.6 5.2 
Brazil 10 0.3 3.7 3.0 
Brazil 6' 0.16' 3.4 -1 -' 

Australia 4.0 2.0 2.5 
Malaysia 12.5 14.0 3.0 
Malaysia 13.5 6.4 4.2 0.7 
Papua New Guinea - lowland 0.8 0.0 0.3 

- montane 6.5 0.5 7.3 3.6 1.3 

Semi-arid Tropics
 
Niger' ND ND 1.2 2.7 0.9
 

'Inorganic forms of the elements only.
 

hWet and dry deposition together. Galloway et al. (1982) collected and analyzed 14 precipitation
 

samples on the same site. Their volume-weighted concentrations times an annual precipitation of
 
3500 mm yields annual wet deposition rates of 2.4' kg ha-' N,0.65 kgha-' P,1.1 kgha-' K,0.2 kg
 
ha - Ca. and 0.2 kg ha - Mg.
 
'Below detection limits.
 
'Dust inputs. A%erage of three sites.
 
'No data.
 
Note: some ofthe studies report inorganic forms of N and P only, while others report total.
 
'Source: Vitousek and Sanford ( 1987), and Tropsoils ( 1989).
 

In addition to the various constraints to N2 fixation posed by the nature of 
the symbiotic association itself (Atkins, 1986), soil acidity and associated 
factors such as aluminum and manganese toxicity and phosphorus, calcium, 
and molybdenum deficiencies found in Oxisols, Ultisols, and some Incepti
sols are likely to limit nitrogen fixation in these soils. Moisture stress will also 
reduce potential fixation, although the existence of available water and rhi
zobial populations deep in the soil profile may enable nodulation to occur 
during periods when surfaces of Aridisols or Entisols are dry (Jenkins et al., 
1988). 

Selection of host plants and symbiotic micro-organisms tolerant to soil 



135 SOIL-PLANT INTERACTIONS IN AGROFORESTRY SYSTEMS 

TABLE 6 

Estimates of N2 fixed by woody species suitable for agroforestry systems 

Species Estimate of N fixed Reference 
(kg ha - yr - ) 

(a)Legume species 
.4cacamearnsti 200 Orchard and Darby (1956) 
Eri'thrnapoeppigiana 60 Escalante et al. ( 1984) 
Ghitcidiaseptuin 13 Roskoski ct al. (1982) 
Leucaenaheucocephalu 100-500 F-1ogberg and Kvarnstr6m ( 1982). 

Inga Jnlcull/ 35-40 
Sanginga ei al. (1985) 
Roskoski ( 1981. I192 1 

(b)Actinorhizal siecies 
Casuarina(qutietifoia 58 Dommergues ( 1963) 

acidity(Hutton, IQ84; Halliday and Somasegaran, 1983) and/or deficiencies 
of nutrients such as phosphorus and calcium may help overcome soil con
straints to nitrogen fixation. For example, in a field trial of 12 Central Amer
ican provenances of Gliricidia sepium on an Ultisol (pH 4.5, aluminum sat
uration 65-85%) at Yurimaguas, Peru, large differences in growth rates and 
biomass production among provenances were noted, with production by a 
Guatemalan provenance exceeding that of local varieties (Fernandes, 1990). 
That identification of an optimum seed source is a major step in selection 
contributing to future success (Burley, 1987) is shown by the Leucaena 
breeding programs (Hutton, 1983; Brewbaker, 1983). 

Well-developed mycorrhizal associations are also important for optimal ni
trogen fixation and productivity in agroforestry systems, since increased 
phosphorus uptake by host plants via mycorrhizae has been shown to be as
sociated with improved growth and nitrogen fixation in annual and tree leg
ume species (Barea and Azc6n-Aguilar, 1983; Huang et al., 1985). The high 
phosphorus requirement for nitrogen fixation and a minimum level of soil 
phosphorus for adequate mycorrhizal functioning suggests that nitrogen fix
ation is likely to be limited in some acid, infertile soils low in available phos
phorus. However, some ectomycorrhizal species may be able to tolerate much 
lower levels of available soil phosphorus than endomycorrhizal species (H6g
berg. 1986) and allow their host to maintain high internal phosphorus con
centrations. For example, Cassia reticulata, a non-nodulating iegume used in 
alley cropping at Yurimaguas, has a higher foliar nitrogea content than other 
nodulated legumes such as Inga edulis and Gliricidia sepium (A. Salazar, un
published data). 

NUTRIENT OUTPUTS 

Nutrients are lost from natural ecosystems by leaching, erosion, runoff, or 
gaseous exchange. In managed systems, nutrients are principally removed as 
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harvested products. The factors determining leaching, sediment, and runoff 
losses are complex and methodological difficulties in quantifying such fluxes, 
especially for leaching, result in a scarcity of reliable data. Limited data sug

gest, however, that leaching losses are apt lo differ among soil type (Table 7). 

Nutrient losses via erosion, runoff, or leaching are apt to be slight on soils 

in which infiltration is rapid and primarily through macropores (e.g., well

aggregated Oxisols) or on soils that have high moisture retention capacity 

(Andisols). Other things being equal, leaching losses of potassium, calcium 
and magnesium are generally larger oil more fertile than infertile soils, but 

losses of nitrogen and phosphorus appear to be small regardless of soil type 
(Table 7). 

It is expected that erosion and runoff in economicaily or biologically en

riched fallows and homegardens would be similar to natural forest systems 
because of similar continuous soil cover and transpiration rates. Nutrient 
losses in alley cropping systems may be larger than in natural systems because 
of less extensive root systems and periods when the soil cover is reduced, but 
there are no data available to reject or support these hypotheses. Erosion losses 
in ploughed alley cropping systems on : sandy Entisol were low (3 t ha- yr

or less) and were reduced compared to tilled, annual cropping systems, but 
were similar to no-till systems (Lal, 1987). Preliminary data from a repli
cated trial comparing erosion from bare plots, traditional cropping on con-

TABLE 7 

Hydrologic losses of elements in moist tropical forest ecosystems. Most values represent inorganic 

forms of the element only' 

)Nutrients (kg ha-' yr-Site 

N P K Ca Mg 

Moderately fertile: 
Costa Rica' 19.4 0 3.6 5.7 8.5 
Panama' - 0.7 9.3 163.0 44.0 
Papua New Guinea-lowland' - - 15.0 25.0 51.0 

Oxisols/Ultisols: 
Venezuela-lowland Oxisol - 30.0 4.6 3.9 0.7 

0.2 0.008 0.4 -1 -c
Brazil' 
Brazil - 0.4 12.7 16.7 8.1 

Mal.ysia - 11.3 2.1 1.5 

Spodosols/Psamments: 
Venezuela - 16.0 - 2.8 -

Montane forests: 
Venezuela 5.0 0.3 2.2 1.6 0.6 

'Budget over a 404-day period.
 

"Outputs sampled in streamwater. otherwise using lysimeters.
 
'Not detectable.
 
'Source: Vitousek and Sanford ( 1987).
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tours, an alley cropping system, and secondary forest on 20% slopes at Yuri

maguas, show that rates of sediment erosion were 30 and 10 t la-' yr-' in 

the bare and cropped contour plots, respectively, and less than I t ha-' yr

in the alley cropping and secondary forest systems (J.C. Alegre, unpublished 

data). While tree-derived mulch, litter, or foliage can help reduce erosion and 

conserve soil moisture and some trees can help improve soil structure (San

chez, 1987; Lal, 1984), it should also be recognized that these benefits depend 

on system management. The soil is especially vulnerable to erosion during 

tree establishment unless an annual crop or a cover of legumes or other vege

tation is present to provide soil cover (Sanchezet al,. 1985). 
In semi-arid ecosystems, seasonal winds, high intensity rainfall, and soil 

surface crusting often combine to cause high rates of erosion. Crusting and 

erosion are apt to be problems in sandy Alfisols of the Sahel. Wind breaks are 

expected to reduce erosion and have been shown to increase crop yields in 

semi-arid zones (Tropsoils, 1989). On the other hand, such problems will be 

slight with well-aggregated Oxisols, Andisols, and Ultisols. 
Gaseous losses of nutrients from managed or natural tropical ecosystems 

are poorly quantified. The presence of anaerobic conditions in soil or litter 

layers under high rainfall regimes suggests that denitrification may be an im

portant process for nitrogen loss in Amazonia (Kelle et al., 1983, 1986; Sal

ati et al., 1982) and humid West Africa (Robertson and Rosswall, 1986), 

especially in agroforestry systems that maintain a thick, long-lasting mulch 
layer. Denitrification is apt to be more important in poorly drained soils (e.g., 

Aquepts, Aquents) but can also occur in aerobic soils (Robertson and Tiedje, 

1987). Furthermore, N1-l. can be lost from plant leaves (Farquhar et al., 1979) 

and animal excreta (Woodmansee, 1978); the latter may be an important 

nitrogen-loss pathway in silvopastoral systems. In some agroforestry systems 
(e.g., improved fallows), the use of fire as a management tool results in the 

loss of nutrients in gases and in smoke particles. Nitrogen losses as a result of 

burning range from 10-40% of the quantity contained in above-ground veg

etation and litter; losses in ash are much smaller and often follow the order 

nitrogea >>potassium > magnesium> calcium> phosphorus (Waring and 

Schlesinger, 1985 ). These losses are largely independent of soil type. 
In summary. except for the nitrogen provided by nitrogen fixation, the po

tential for agroforestry systems to increase nutrient stocks on acid infertile 

soils appears to be limited. This may not be the case on more fertile soils in 
which nutrient release from weatherable minerals is larger and roots are able 
to exploit larger soil volumes. On both kinds of soils, tree cover and tree
derived litter play a valuable role in reducing nutrient losses via erosion and, 
runoff. Native soil fertility and the quantities of nutrients lost through peri
odic harvests play a major role in determining agroforestry system 
sustainability. 

It is significant that the systems often cited as examples of sustainable agro



TAIBLE 8 

Dry matter and nutrient inputs via litterfall/prunings in various production systems in the humid tropics 

Systems Dry matter Nutrient inputs (kg ha - yr ) Source' 
-(t ha-' yr ') 

N P K Ca Mg 

Fertile soils 
Rainforest 10.5 162 9 41 171 37 1 
IlIgh-input cultivation* 9.3 139 15 98 52 23 2
 
\lley cropping
 

L leucocephala' 22.0 200-280 
 3A 
Ghticidiasepiumrn 11.0 171-205 3a
 
Sclanta* 7.5 25-110 
 38 
L leucocephala 5-6.5 160 15 150 40 15 4 b 
Erithrmnapoepptgiana* 9.6 278 24 216 120 52 5c 
Giricidasepum" 12.3 358 28 232 144 60 Y 
.. leucocephala 8.1 276 23 122 126 31 6 b 

kri-thrtnaspp. 8.1 198 25 147 11I 26 6h 
Shade systems' 

Coffcc/Ervthrmna 17.2(13.5) 366(182) 30(21) 264 (156) 243 (131) 48(27) 7 
Coffcc/Er'thrina/Cordia 15.8 (9.1) 331 (75) 22 (8) 162 (45) 328 (46) 69(12) 7 
Coffee/Errthr na pruned* 20.0 (12.2) 461 (286) 35 (24) 259 184) 243 (121) 76 (43) 8 d 

Coffee/Ervthrnanon-pruned* 7.6 (2.0) 175 (55) 11 (4) 75 (14) 122 (40) 33 (9) 8d 
Cacao/Eriqhrina 6.5 (2.5) 116 (62) 6 (4) 40 (13) 116 (47) 41 (12) 8d 

Ccao/Cordta° 5.8 (2.9) 95 (60) 11 (8) 57 (33) 109 (58) 43(23) 8d 
Cacao/mixed shade 8.4 52 4 38 89 26 9 M 
Cacao/Eruthrina* 6.0 81 14 17 142 42 10 > 



Infertile soils 
Rainforcst-Ox./Ult. 8.8 108 3 22 53 17 1 

Spodosol 7.4 48 2 22 63 10 I 
Sa anna-0,asol 3.5 25 5 31 10 II 2 
Io% input ctilt ation-Ulhisol 6.0 77 12 I88 27 12 2 
-kllc crupping-Palcudult 

I11i:a f-111t1 5.6 136 10 52 31 1l b 

I.rlilhimJ spp 1.9 34 4 19 8 4 1 h 
hIg eduh1 12.5 12h 0 
(a~sta teticulata 6.5 b 

(; 1Itrtcd a 50epn t1Ip 1.4 13 13 b Z 

Shade systems 1 
ErYthrina spp.-Dystropept 11.8-18.4 170-238 i4-24 119-138 84-222 27-56 14' 

C 
*Fertilized and limed; originally an acid, infertile soil.
 
*The numbers in parentheses represent litter production by Erth',rina; the number to the left of the parentheses is total litter production.
 
'Based on 2 m hedge spacing.

Based on 4 m hedge spacing. 

Based on 6 m hedge spacing in Ist year, 3 m in other years. Er t'hinaspacing was 3 m x 6 m.
dPlant densities: .offee (5000 ha-' ),Erthrina(555 ha-) Cordia (278 ha-') 

'lant densittes: coffee (4300 ha-'), Erthrina(280 ha-').
 
'Source: ( I ) Vitousek and Sanford (1987); (2) Sanchezet a!. (1989); (3) Duguma et al. ( 1988); (4) Kang et al. 
 19'84); (5) Kass et al. (1989); (6)
A. Salazar (unpublished data); (7) Glover and Beer ( 1986); (8) Alpizar et al. (1983); (9) Bo c[ 11973) (10) FA C- l1985) ; (1I1) Sz c, ( 1987); ( 12) 

Palm ( 1988): . 13) A. Salazar (unpublished data); (14) Russo and Budowski 1986). 

71 
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forestry - homegardens and silvopastoral systems - are mainly found on base
rich Alfisols, Andisols, and Entisols (Sanchez, 1987), and that in both sys
tems biological yields, and hence nutrient removals, tend to be low. In home
gardens especlaliy, attributes of the system which contribute to sustainabil
ity, such as nutrient recycling, investment in supportive, perennial structures, 
and a high proportion of photosynthate respired, "seem to have biological 
costs that are incompatible with high yields" (Ewel, 1986), even though the 
products obtained, like spices, may have high economic value.-

The proposed abilities of agroforestry systems to maintain or improve soil 
chemical properties and organic matter and protect the soil surface are re
lated to the processes of litter production, decomposition, and soil organic 
matter translormations. 

LITTER PRODUCTION 

Litter production is a major process by which carbon and nutrients are 
transferred from vegetat.on to soil. With regard to soil type, quantities of dry 
matter and nutrients recycled by above-ground litter in agroforestry systems 
show the same general tendency as in natural forests described by Vitousek 
(1984): litter production and the return of nitrogen, phosphorus, calcium 
and magnesium in litter are greater on more fertile soils (Table 8). Moreover, 
pruning of trees in the alley cropping and fruit/shade tree systems increases 
nutrient fluxes compared to natural forest, presumably because of the lack of 
retranslocation of nutrients from tissue prior to pruning. The addition of large 
quantities of nutrient-rich prunings also appears to stimulate plant and litter 
production by associated, but non-pruned plants (see comparison of pruned 
vs. non-pruned Erythrina/coffee system). It should be noted that the recy
cling data for the alley cropping systems do not include crop residues re
turned; these would, of course, increase the mass and nutrient totals for this 
system. 

The importance of below-ground litter production in recycling of dry mat
ter and nutrients in natural and agroforestry systems is virtually unknown. In 
natural tropical forest ecosystems, root biomass is larger on infertile than fer
tile soils (Table 9). Limited data suggest that root turnover is also larger and 
is responsible for large vegetation-to-soil nutrient fluxes in natural systems 
(Jordan and Escalante, 1980; Cuevas and Medina, 1988, Sanford, 1985). The 
magnitude of nutrient retranslocation from roots before death, however, is 
unknown. Agroforestry systems appear to have slightly larger fine root bio
mass than annual crops, but much less than tropical forests (Table 9). Lack 
of soil information, differences in methodology as well as problems with 
methodology (Singh et al,. 1984; Martin, 1977; Milchunas et al.. 1985), and 
the absence of data on root turnover or nutrient retranslocation do not allow 

http:vegetat.on
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TABLE 9 

Fine root biomass in managed and natural ecosystems in the humid and semi-arid tropics 

Biomass Diameter Depth of Source'
System 

(t ha-') limit sample 
(mm) (cm) 

Humid tropics 
Forest 

4.q9 < 6 nl I
Fertile soils 

14.57 < 6 nil I
Oxisol/Ultisol 

54,70 <6 nl I
Spodosol/Psarnmcnt 

nil15.91 <6 

Agrnforestry s\stems 
25 21.90 < 5

25 \-old Coffee/Eritliria - Inceptisol 
2.6 < 20 45 	 3

5 .-old Coffeel-riviritno - Inceptisol 

i \-old Coffee/Cordia- Inceptisol 
 4.5 	 <20 45 3 

21.87 < 5 252.5 -old Cacao/plantain/Cordia -

Inceptisol 
2.16 < 5 25 	 2

40 .- od Homegarden - Incepttsol 


I s-old Mim.c of succession - Inceptisol 1.48 < 5 25 2
 
2


I s-old Secondary forest - Inceptisol 1.16 <5 25 

Annual crops 
Swect potato - Inceptisol 0.41 < 5 25 2 

Corn - lnceptis:)l 1.03 < 5 25 	 2 

Upland rice - Ulisol 0.62 < 2 30 4
 

Co" pea - Lltisol 
 1.03 < 2 30 	 4 

0.97 < 2 30 	 4
Corn - Ultisol ° 

41.39 < 2 30So. bean - Uliisol" 

Grassland/Sa' anna 
1.7 - 8.7 nil nil 	 5Grassland 

13.7 -24.4 nil nI 5Shrub savanna 

Tree savanna 
 39.7 nl nl 5 

14 -28 nt ni 6Palm savanna 
Semi-arid tropics 

Tree stands 
0.67- 0.74 <2 80 7

2 %-oldLeiwacia 
71.28 <2 806 y-old Leucaena 
70.78 <2 802 y-old Cassia 
70.55 <2 802 s-o!d Prosol s 


.4ucia%%oodland 
 11.5 nl ni 8 

Sas anna/grassland 
1.1 -20.7 nl ni 	 5Gassland 

92.26 nl nlSavanna 

Annual crops 
0.30 <2 60Corn 

nl: not listed. 
"Fer iized. 

and Sanford (1987): (2) Ewel et al. ( 1982): (3) Alpizar et al. 11986): (4)
'Source ( I ) Viouse, 
TropSods 11989). (15 Singh and Joshi ( 1979); (6) Jonsson et al. (1988) 17) Menaut and Cesar 

1-)t (S Illuiro ss t 1970)1. (9) Rutherford (197'). 

/5,
 

I 
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us to estimate root litter production for these systems or to relate root pro
duction and turnover to soil type. 

Data on the effects of shoot pruning (e.g., in alley cropping and fruit/shade 
tree production systems) on root, nodule, and mycorrhizal dynamics and the 
type of roots most affected are generally lacking. In field and pot experiments 
with Inga edulis, we obseived increased mortality of fine roots ( <2 mm di
ameter) beginning three to four days after shoot pruning, but regrowth offine 
roots commenced again from primary and secondary laterals eight to ten days 
after shoot pruning (Fernandes, 1990 ). 

In agroforestry systems, the distribution of root litter depends on the type 
of vegetation and soil, vegetation age, and management practices. In soils with 
chemical barriers to root growth (Oxisols, and Ultisols ), the majority of roots 
and, therefore, root litter production, are confined to the litter layer and top
soil ( Lathwell and Grove, 1986 ). Hence. root litter deposition in the subsoil 
is very limited: In fallows enriched with acid-tolerant leguminous species on 
an Ultisol, Fine root distributions are similar to those in natural secondary 
vegetation (Szott, 1987). In homegardens, roots are concentrated in the top
soil because of enrichment of this zone by litter inputs and household wastes 
(Ewel et al., 1982). 

In alley cropping systems, it is often hypothesized that the hedgc have 
deeper rooting patterns than those of associated annual crops. Limited evi
dence, however, suggests that rooting patterns in hedges and annual crops are 
similar and that depressions of crop yield close to the hedgerows are at least 
partly related to below-ground competition by the hedges (Szott, 1987; A. 
Salazar, unpublished; Jonsson et al., 1988 ). 

LITTER QUALITY. DECOMPOSITION, AND NUTRIENT RELEASE 

Litter quality determines, in part, rates of deccmposition and release of 
nutrients from organic residues. By manipulating agroforestry components 
that produce organic residues of different qualitites, it may be possible to af
fect the short- and long-term storage and mineralization of carbon and nu
trients. In order to achieve this, reliable predictors or indices of quality are 
needed.
 

Work with tropical legumes has shown that indices of quality (e.g., C/N or 
lignin/nitrogen ratios) which work well in temperate zones (Melillo et al., 
1982) may not be the best predictors of r.itrogen mineralization from leg
uminous material in the tropics. Nitrogen release patterns may be more closely 
related to tissue polyphenolic contents than to lignin or nitrogen contents or 
lignin/nitrogen ratios (Vallis and Jones, 1973; Palm, 1989). Hence, use of 
leguminous material with low C/N or lignin/nitrogen ratios may not neces
sarily result in high rates of nitrogen release or increases in nitrogen 
availabilitV. 
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Partly because of methodological problems, it is uncertain whether root and 
leaf litter differ in quality or whether root litter quality differs among vegeta
tion types. In general, small diameter roots, such as those produced by food 
crops, would be expected to decompose and release nutrients rapidly, whereas 
decomposition and nutrient release from larger, more lignified root litter 
should be slower (Amato etal., 1987; Berg et al., 1987). Root litter from 
trees, however, may differ from that of annual crops in degree of homogene
ity, proportion of fine roots, quantity of secondary or allelopathic com
pounds, nutrient concentrations, and the amounts of lignin and polyphenols 
present. Thus, conventional indices of quality may not be good predictors of 
tree root decomposition. 

Generally, leaf litter quality is higher and rates of decomposition are more 
rapid on more fertile soils. Litter from Spodosols and Psamments isoften low 
in nitrogen and that fron" Oxisols and Ultisols low in phosphorus (Vitousek 
and Sanford, 1987). Whether similar patterns hold for root litter is unknown. 

Much has been said about the effect of litter quality on nitrogen release and 
availability, but little attention has been paid to phosphorus or other nu
trients. Phosphorous, especially, may be more limiting to plant production on 
some tropical soils, but phosphorus availability and mineralization are diff,
cult to measu.c (Walbridge and Vitousek, 1987). Palm (1988) has shown 
that patterns of ioss ofother nutrients besides nitrogen from legume residues 
can be affected by residue quality. Mineralization of phosphorus, potassium, 
calcium, and magnesium from pruned foliage of three woody legumes was 
more rapid from high quality Erythrina residues than from residues of Inga 
edulis or Cajanuscajan. Leaves of Erythrinalost approximately 40% of their 
initial phosphorus and calcium contents and 75% of their magnesium and 
potassium in 20 weeks. With leaves of C. cajan and I. edulis, however, there 
was little net loss of phosphorus, calcium, and magnesium during the first 8 
to 12 weeks; by 32 weeks, phosphorus was reduced to approximately 40%, 
and calcium and magnesium to 50-80%, of their initial contents. Rates of 
potassium loss during the first 8 to 12 weeks were higher in C. cajanand in i. 
edulis, but by 32 weeks the percentage of initial potassium remaining in the 
material was similar (10%) for both species (Palm, 1988). 

Apart from affecting nutrient availability, organic inputs can affect other 
parameters of soil fertility. Some organic inputs, when incorporated into the 
soil, temporarily reduce aluminum toxicity, presumably by complexation of 
aluminum in the soil solution by organic acids, polysaccharides and other 
initial decomposition products, and can increase plant productivity (Har
grove and Thomas, 1981; Davelouis, 1990). The effect may be temporary, 
since aluminum may be released again to the soil solution as these products 
undergo further decomposition. Little is known about the influence of or
ganic input quality on this process. Readily decomposable inputs may be more 
effective than those which decompose slowly. This effect, although tempo
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rary, may be of significance when organic residues are added to acid soils in 
agroforestry systems. 

SOIL ORGANIC MATTER 

The transformation of organic inputs leads to the formation of soil organic
matter (SOM) and the quantity and dynamics of SOM are affected by soil 
properties (Ladd et al., 1983; Amato et al., 1987). Soil moisture can affect
rates of organic residue production as well as rates of SOM decomposition:
both are apt to be greater with udic rather than ustic or aridic soil moisture
regimes. Soils with higher clay contents favor the formation of aggregates in
which SOM may be pro,-cted from microbial degradation; they are also cooler 
than sandier soils because they hold more water at a given tension and con
sequently have higher SOM contents (Lepsch et al., 1982; Ladd et al., 1983;
Parton et al., 1987). In soils with variable charge minerals (Oxisols, Andisols,
Ultisols), there may be greater affinity between SOM and mineral surfaces 
leading to lower SOM decomposition rates. 

Soil organic Matter has long been considered of paramount importance in
maintaining soil fertility and structure, but cause-and-effect relationships are
unclear (Goh, 1980; Swift, 1984; Sanchez and Miller, 1986). Perhaps the main 
reason for this is that the common measure ofSOM, total carbon, yields little 
information on the types of SOM present or the transformations that occur.

As a result of the limited utility of total carbon as an indicator, recent con
ceptualizations ofSOM focus on a series of pools whose turnover times differ
 
because of differences in the chemical complexity of the material and its as
sociation with soil particles. These include an active pool, which appears to

play a major role in determining nutrient availability and corresponds to mi
crobial biomass and plant metabolic material; a slow pool which corresponds

to inter-microaggregate material and is ; major source of nutrients following
soil disturbance; and a passive pool consisting of humified intra-microaggre
gate material which is largely inert as a nutrient source (Jenkinsori and Ray
ner, 1977; Van Veen and Paul, 1981; Tisdall and Oades, 1982; Paul, 1984;
Paul and Voroney, 1984; Elliot, 1986; Parton et al., 1987).

Pool types hould receive more consideration when assessing the efficacy
of agroforestry systems in maintaining soil organic matter. For example, it 
may be of little consequence that alley cropping systems maintain soil organic
matter at 60% of that in natural systems, if most of that soil organic matter is 
passive and contributes little to nutrient supply.

A largely unexplored potential of agroforestry systems lies in how woody
components might be chosen or managed to affect the size and rates of trans
formation of SOM pools in order to conserve soil fertility or increase system
productivity. Although a number of factors determine SOM dynamics, pools
might most easily be managed by manipulating the quantity and quality of 
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organic inputs and soil temperature. Low quality litter inputs may lead to 
more formation of stable forms ofsoil organic matter (slow and passive pools) 
than plant material of higher quality (DeHaan, 1976; Martin and Haider, 
1980; Kelley and Stevenson, 1987; Parton et al., 1987; Palm, 1988); and lower 
soil temperatures should result in slower rates of soil organic matter decom
position. In tree-crop systems having lower nutrient demands than short-cycle 
crops, it may be better to use low quality, slowly decomposing organic mate
rials which build up organic pools of nutrients and buffer long-term nutrient 
availability and release. On the other hand, in zonal agroforestry systems 
combining annual crops and trees (e.g., alley cropping), attempts should be 
made to synchronize nutrient release from organic residues and SOM with 
crop nutrient demand (Swift, 1984). This may entail the use of a mixture of 
rapidly decomposing material, to increase the active SOM pool and satisfy 
short-term nutrient requirements of the crops, and slowly decomposing ma
terial, to increase the inactive SOM pool and buffer nutrient release. In an 
alley cropping system, soil microbial nitrogen and crop yields increased with 
the quantity of organic residues applied and were larger with the use of high
quality rather than low-quality material (Palm, 1988). Recent data suggest 
that changes in soil microbial biomass and nitrogen are precursors to changes 
in SOM, nitrogen availability and crop productivity (Ayanaba et al., 1976; 
Carter and Rennie, 1982; Myrold, 1987; Janzen, 1987). 

Little is known about the long-term effects of differences in organic input 
quality on SOM fractions and nutrient availability. It remains to be seen if 
these concepts can be applied to the management of agroforestry systems in 
the field. 

CONCLUSIONS 

The potential for agroforestry systems to contribute to sustainable eco
nomic production is often constrained by soil properties. In most cases, there 
is insufficient consideration of these constraints when making agroforestry 
recommendations. Successful agroforestry systems are nearly always prac
ticed on inherently fertile soils. 

Most agroforestry alterna,'ives to shifting agriculture extract more nutrients 
than traditional systems, hence nutrient inputs or recycling must be larger or 
nutrient losses must be reduced if these systems are to be biologically 
sustainable. 

On acid, infertile soils (Oxisols, Ultisols, Dystropepts. Psamments, and 
Spodosols) in both the humid and semi-arid tropics the potential for increas
ing nutrient inputs or reducing losses is limited by chemical barriers to root 
expansion (high aluminum saturation in the subsoil, low levels of calcium 
and phosphorus), lack of weatherable minerals, and nutritional constraints 
to N, fixation. Moreover, erosion hazard and poor physical properties exist 
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TABLE 10 

Possible agroforestry interventions based on soil constraints 

Soil types 

Oxisols. 
Ultisols. 
Dystropepts 

Spodosols. 

Psamments 


-Mfisols, 

Mollisols. 

Fluvents 


Andisols. 
Verisols 

-rdisols 

Soil properties 

Low base status 
High Al saturation with 

depth 

Erosion risk on some 

Ultisols 

High P fixation 

Low CEC 

Very sandy 
Low CEC and base 

status 

High Al saturation 

Fertile 
Few chemical 
constraints 

Erosion risks 

Fertile 

P fixation in Andepts 


Shrinking and swelling 
of Vertisols 

Moderate fertility 

Moisture stress 

Salinity
Suac t n 

Surface crusting 


Implications for 
agroforestry systems 

Low nutrient availability 
and plant production 

Shallow roots because of 

Al saturation and 

nutrient deficiencies, 

hence more root 
competition between 
trees and annual crops 

Low N 2-fixation due to 

soil acidity and P 
deficiency 

Leaching risk due to low 
CEC 

High leaching likely 
Low N-fixation 

Shallow root s%stems 

Plant production low 

Good root development 
with depth 
Potential for nutrient 

pumping from deeper. 
base-rich, soil layers 

Moderate to high N-

fixing potential 

Potential for nutrient 

cycling from deeper soil 

layers 

Deep roots hence good 

potential for nutrient 

pumping from deep 
unweathered soil 
High risk of imd and 

water erosion 

Salinity, high AL.or lok 

N or P may limit plant 
growth in some 
instances 

AF-system components and 

interventions 

Maximize capture of 

atmospheric input 

Use acid-tolerant rhizobia/ 

mycorrhiza 

Use adapted plant species 

Promote/maintain well
developed root systems 
Use mulch for soil 

protection to reduce erosion 

and runofflosses 
Minimize biomass removal 

Systems of improved fallow, 

rotational alley cropping, 

silvopastoral tree crop/ 

cover crop grazing, 
homegardens, live fences 

Mulch or canopy for 

maximum soil protection 

Minimize biomass removal 

Aim for products of high 

value 

Best left alone 

High agroforestry potential 
and wide range of systems 
possible 

Special role for alley 
cropping where land scarce 

or sloping 

Homegardens 

High agroforestry potential 

Homegardens 

Multi-strata shade trees/ 

timber/fuel/fodder/ 
coffee/cacao 

Silvo- and agrosilvopastoral
 
systems for Vertisols with
 

livestock on crop land in dry 

season 

Agrosil\opastoral or 

managed fallows with high 

value gum/wax/oil species 

Multi-purpose shelterbelts/ 
liv, fences to protect 

croplands and homesteads 

1/0 
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on some Ultisols, Psamments, Spodosois, Lithic Entisols, and Plinthic Alfi
sols. As a result, plant growth, litter production, and nutrient recycling will 
usually be less than on more fertile sites. Agroforesty technologies on these 
soils may, therefore, generally resemble shifting cultivation fallows with rela
tively long fallow rotations and low yields. Systems may include economically 
and biologically enriched fallows and rotational, alley cropping systems. Some 
alternatives are shown in Table 10. 

On more fertile soils, the scope of agroforestry is broader, but.some con
straints still exist. These include moisture stress throughout the semi-arid 
tropics; high phosphorus fixation in Andepts; erosion hazard in some Entisols 
and Alfisols. and shrinking and swelling in Vertisols. Some alternatives are 
shown in Table 10. 

Litter production, decomposition, and soil organic matter dynamics are key 
processes affecting soil fertility and the sustainability of agroforestry systems 
based on no or limited use of purchased chemical inputs, but few data exist 
indicating the effects of organic input quantity, quality, timing, and place
ment on these processes. Knowledge of litter production and decomposition 
below-ground is especially lacking. Much work needs to be done on processes 
regulating nutrient release from litter and soil organic matter. 

REFERENCES
 

Alpizar. L.. Fassbender. H.W. and Heuveldop, J., 1983. Estudio de sistemas agroforestales en 
clexpermento central del CATIE, Turrialba. III. Produccion de rcsiduos vegetales. CATIE, 
Costa Rica. 

Alpizar. L.. Fassbender. H.W., Heuveldop, J.,Folster, H. and Enriquez, G. 1986. Modelling 
agroforestrv systems of cacao (Theo,rona cacao) with laurel (Cordia alliodora) and poro 
(Errthrtna poeppigiana) in Costa Rica. Inventory of organic matter and nutrients. Agrofor. 
Syst.. 4: 175-189. 

Amato. M.. Ladd. J.N.. Ellington. A., Ford. G., Mahoney, J.E.. Taylor, A.C. and Walsgoit, D.. 
1987. Decomposition of plant material in Australian soils. IV. Decomposition in situ of 14C 
and 15N-labelled legume and wheat materials in a range of southern Australian Soils. Aust. 
J.Soil Res.. 25: 95-105. 

Atkins. C.A.. 1986. The legume/uRhizobium symbiosis: Limitations to maximizing nitrogen fix
ation. Outlook Agric.. 15(3): 128-134. 

Ayanaba. A.. Tuckwell. S.B. and Jenkinson, D.S., 1976. The effects ofclearing and cropping on 
the organic reserves and biomass of tropical forest soils. Soil Biol. Biochem., 8:519-525. 

Barea. J.M. and Azc6n-Aguilar, C.. 1983. Mycorrhizae and their significance in nodulating ni
trogen-fixing plants. Adv. Agron.. 36: 1-54. 

Berg. B.. Muller. M. and Wessen. B.. 1987. Decomposition of red clover (Trilbliun pratense) 
roots. Soil Biol Biochem.. 19: 589-593. 

Boyer. J.. 1973 Cscles de matiere organique et des elements mineraux dans une cacaoycre Ca. 
merounaise Cafe Cacao Tite. 17: 2-23. 

Brewbaker. J./. 1983. Systematics. self-incompatibility, breeding systems and genetic im
provement of Lct'aca species. In: Leucaena Research in the -sia-Pacific Region. IDRC. 
Ottavka. Ont 



148 L.T. SZOTT ETAL. 

Burley, J., 1987. Exploitation of the potential of multipurpose trees and shrubs in agroforestry.
In: H.A. Steppler and P.K.R. Nair (Editors), Agroforestry: A Decade of Development. 
ICRAF, Nairobi, pp. 273-288. 

Burrows, W.H., 1976. Productivity of an arid zone shrub community (Eremophila gilesii) in 
south western Queensland. Aust. J.Bot., 20: 317-329. 

Carter, M.R. and Rennie, D.A., 1982. Changes in soil quality ur;der zero tillage farming sys
tems: Distribution of microbial biomass and mineralizable C and N potentials. Can. J. Soil 
Sci., 62: 587-597. 

Chapin. F.S., I11,1980. The mineral nutrition of wild plants. Annu. Rev. Ecot. Syst., I1: 233
260.
 

Chapin, F.S.. III.
Vitousek, P.M. and Van Cleve, K, 1986. The nature of nutrient limitation in 
plant communities. Am. Na:., 127: 48-58. 

Clarkson. D.T.. 1985. Factors affecting mineral nutrient acquisition by plants. Annu. Rev. Plant 
Physiol.. 36: 77-115. 

Cuevas, E. and Medina, E., 1986. Nutrient dynamics in Amazonian forest ecosystems. 1.Nu
trient flux in fine litter fall and efficiency of nutrient utilization. Oecologia, 68: 466-472. 

Cuevas, E. and Medina, E., 1988. Nutrient dynamics within Amazonian forests. I1.Fine root 
growth, nutrient availability and leaf litter decomposition. Occologia. 76: 222-235 

Davelouis. J.R.. 1990. Green manure application to minimize aluminum toxicity in the Peru
vian Amazon. Ph.D. Dissertation, Dept. of Soil Science. North Carolina State University, 
Rayleigh. NC,112 pp. 

DeHaan. S.. 1976. Humus, its formation, its relation with the mineral part of the soil, and its 
significance for soil productivity. In: Soil Organic Matter Studies. Vol. I. International Atomic 
Energy Agency, Vienna. Austria, pp. 21-30. 

Dommergucs. Y.R.. 1963. Evaluation du taux de fixation de l'azote dans un sol dunaire roboisc' 
en filao (Casuarmnaequisetolia). Agrochimica. 105: 179-187. 

Dommergues. Y.R.. 1987. The role of biological nitrogen fixation in agroforestry. In: H.A. Step
pler and P.K.R. Nair (Editors), Agroforestry: A Decade of Development. ICRAF, Nairobi, 
pp.245-272.
 

Dudal, R.. 1980. Soil-related constraints to agricultural development in the tropics. In: Soil
 
Related Constraints to Agricultural Development in the Tropics. IRRI. Los Bafios, Philip
pines. pp. 23-38.
 

Duguma. B.. Kang. B.T. and Okali, D.U.U., 1988. Effect of pruning intensities of three woody

leguminous species grown in alley cropping with maize and cowpea on 
an alfisol. Agrofor. 
Syst., 6: 19-35. 

Elliot, E.T.. 1986. Aggregate structure, and carbon, nitrogen, and phosphorus in native and 
cultivated soils. Soil Sci. Soc. Am. J., 50: 627-633. 

Escalante. G.. Herrera. R.and Aranguren, J., 1984. Fijaci6n de nitr6geno en Arboles de sombra 
(Erithrinapoeppigiana) en cacaotales del norte de Venezuela. Pesqui. Agropecu. Bras., 19: 
223-230. 

Ewel, J.. 1986. Designing agricultural ecosystems for the humid tropics. Annu. Rev. Ecol. Syst.. 
17: 245-271.
 

Ewel. J.. Benedict. F.. Berish, C., Brown, B.. Gliessman, S., Amador, M.. Bermudez, R.. Marti
nez. A.. Miranda. R.and Price. N., 1982. Leafarea, light transmission, roots and leafdamage 
in nine tropical plant communities. Agro-Ecosystems, 7: 305-326. 

FAO. 1985. Yearbook for Agriculture for 1984. FAO. Rome. 
Farquhar. G.D.. Wetselaar, R. and Firth, P.M., 1979. Ammonia volatilization from senescing 

leaes of maize. Science. 203: 1257-1258. 
Felker. 1'.. 1978. State of the art: A.cacia albida as a complementary permanent inlercrop with 

annual crops. LIS -kgency for International Development. Washington. DC. 
Felker. P.. Clark. P.R.. Osborn. J.and Cannel. G.i., 1980. Nitrogen ccling-w;iter uiseefficenc\ 



149 
SOIL.PLANT INTERACTIONS IN AGROFORESTRY SYSTEMS 

interactions in semi-arid ecosystems in relation to management of tree legumes (Prosopis). 

International Symposium on Browse in Africa. ILCA, Addis Ababa. 
Fernandes, E.C.M., 1990. Alley cropping on acid soils. Ph.D. Dissertation, Dept. of Soil Sci

ence, North Carolina State University, Rayleigh, NC, 157 pp. 
Fernandes, E.C.M. and Nair, P.K.R., 1987. An evaluation of the structure and function of trop

ical homegardens. Agrofor. Syst., 21: 279-3 10. 
Galloway, J.N., Likens, G.E., Keene, W.C. and Miller, J.N., 1982. The composition of precipi

tation in remote areas of the world. J. Geophys. Res., 87: 8771-8786. 
Glover, N. and Beer, J, 1986. Nutrient cycling in two traditional Central American agroforestry 

systems. Agrofor. Syst., 4: 77-87. 
Goh. K.M., 1980. Dynamics and stability of organic matter. In: B.K.B. Theng (Editor), Soiij 

with Variable Charge. N.Z. Soc. Soil Sci. Proc., Lower Hutt, New Zealand. 
Halliday, J. and Somasegaran, P., 1983. Nodulation, nitrogen fixation and Rhizobium strain 

affinities in the genus I.ucaena. In: Lcucaena research in the Asia-Pacific Region. IDRC. 

Ottawa. Ont. 
Haridasan. M.. 1982. Aluminium accumulation by some cerrado native species ofccntral Bra

zil. Plant Soil. 65: 265-273. 
Hargrove. W.L. and Thomas. G.W., 198 1. Effect of organic matter on exchangeable aluminium 

and plant growth in acid soils. In: Chemistry in the Soil Environment. ASA Spec. Pub. 40. 

American Society ofAgronomy, Madison, WI. 
H6gberg. P., 1986. Mycorrhizas and nitrogen-fixing root nodules in trees in East and South 

Central Africa. Ph.D. Thesis. Swedish University of Agricultural Sciences. Uppsala, 37 pp. 

Hogberg, P.and Kvarnstr6m. M., 1982. Nitrogen fixation by the woody legume lbucaena Icu

cocephala. Plant Soil. 66: 21-28. 
Huang, R.S.. Smith. W.K. and Yost. R.S., 1985. Influence of vescicular-arbuscular mycorrhiza 

on growth. water relations, and leaf orientation in Lucaena leucocephala (Lam.) de Wit. 

New Phytol.. 99: 229-249. 
Hutton. E.M.. 1983. Selection and breeding leucaena for very acid soils. In: Leucacna Research 

in the Asia-Pacific Region. IDRC, Ottawa. Ont. 
Hutton. E.M.. 1984. Breeding and selecting leucaena for acid tropical soils. Pesqui. Agropecu. 

Bras.. 19: 263-274. 
Huxley, P.A.. 1986. Rationalizing research on a hedgerow intercropping: An overview. ICRAF 

Working Paper 40. ICRAF, Nairobi. 
Janzen. H.H.. 1987. Soil organic matter characteristics after long-term cropping to various spring 

wheat rotations. Can. J.Soil Sci.. 67: 845-856. 
Jenkins. M.B.. Virginia. R.A. and Jarrell, W.M., 1988. Depth distribution and seasonal popu

lations of mesquite-nodulating rhizobia in warm desert ecosystems. Soil Sci. Soc. Am. J., 52: 

1644- 1650. 
in some of theJenkinson. D.S. and Rayner. J.H., 1977. The turnover of soil organic matter 

Rothamsted classical experiments. Soil Sci., 123: 298-305. 
Jonsson. K.. Fidjeland. L.. Maghembe, J.A. and Hbgberg, P., 1988. The vertical distribution of 

fine roots of five tree species and maize in Morogoro, Tanzania. Agrofor. Syst., 6: 63-69. 

Jordan. C.F. and Escalante. G.. 1980. Root productivity in an Amazonian forest. Ecology. 61: 

14-18. 
Kang. B.T.. Grimme. H. and Lawson, T.L., 1985. Alley cropping sequentially cropped maize 

and cowpea with Leiecacna on asandy soil in southern Nigeria. Plant Soil, 85: 267-277. 
Kang. B.T.. Wilson. G.F. and Sipkens. L.. 1981. Alley cropping of maize (Zea maiys L.) and 

leucaena (Le wac'ia hItcocephalaLam. ) in southern Nigeria. Plant Soil. 63: 615-179. 

Kang. B.T.. Wilson. G.F. and Lawson. T.L.. 1984. Alley Cropping: A Stable .lternative to Shift
ing Culti\ anon. IIT-. Ibadan. Nigeria. 

Kass. D.L.. Barranies. A.. Bermudez. W.. Campos. W.. Jimenez. M. and Sanche..I.. 1989 Re



150 
L.T. SZOTT ET AL. 

6 Mon
sultados de seis a ios de investigaci n de cultivos cn callejones (alley cropping) en "La 

19: 5-24.
tafia," Turrialba, Costa Rica. El Chasqui (CATIE), 

Keller, M., Goreau, T.J., Wofsy, S.C., Kaplan, W.A. and McElroy, M.B., 1983. Production of 

nitrous oxide and consumption of methane by forest soils. Geophys. Res., Letters, 10:1156

1159. from tropical 
Keller, M., Kaplan, W.A. and Wofsy, S.C., 1986. Emissions of N20, CH,, and CO2 

forest soils. J. Geophys. Res., 91: 11791-11802. 
source on immobilization and chem-

Kelley, K.R. and Stevenson, F.J., 1987. Effects of carbon 

ical distribution of fertilizer nitrogen in soil. Soil Sci. Soc. Am. J., 5I: 946-95 1. 

Ladd, J.N., Jackson. R.B., Amato, M. and Butler, H.H., 1983. Decomposition of plant material 
residual micro

in Australian soils. 1.The effect of quantity added on decomposition and on 

bial biomass. Aust. J. Soit. Res., 21: 563-570. 

Lal, R., 1984. Soil erosion from tropical arable lands and its control. Adv. Agron., 37: 183-248. 

Lal. R., 1987. Tropical Ecology and Physical Edaphology. Wiley, New York. 

D.J. and Grove, T.L., 1986. Soil-plant relationships in the tropics. Annu. Rcv. Ecol. 
Lathwell, 

Syst., 17: 1-16. 
Lepsch, I.F., Da Silva, N.M., and Esperonelo, A., 1982. Relcao entre materia organica e textura 

-
de solos sob cultivode algodao e cana-de-aiticar no Estado de Sao Paulo. Bragantia, 4 1: 231 

236. 
1983. Sustained agroforestry. In: B. Nestel (Editor), Agricul-

Lundgren, B. and Raintree, J.B., 


tural Research for Development: Potentials and Challenges in Asia. ISNAR, The Hague.
 
roots. Soil Biol. 

Martin, J., 1977. Factors influencing the loss of organic carbon from wheat 

Biochem.. 9: 1-17. 
1980. Microbial degradation and stabilization of I4C-labellcd lig-

Martin, J.P. and Haider, K., 

nin, phenols. and phenolic polymers in relation to soil humus formation. In: T.K. Kirk, T. 

Higuchi and H.M. Chang (Editors), Lignin Biodegradation: Microbiology Chemistry and 

Potential Applications, Vol. 2. CRC Press, West Palm Beach, FL. pp. 77-100. 

1978. Variation in aluminium tolerance among six genera 
McCormick. L.S. and Steiner, K.C., 

of trees. For. Sci.. 24: 565-568. 

Melillo, J.M.. Aber, J.D. and Muratore, J.F., 1982. Nitrogen and lignin control of hardwood leaf 

litter decomposition dynamics. Ecology, 63: 621-626. 

1979. Structure and primary productivity of Lamto savannas, Ivory 
Menaut, J. and Cesar, J.. 


Coast. Ecology. 60(6): 1197-1210.
 1985. Root turn
M;Ichunas. D.G., Lauenroth, W.K., Singh, J.S.. Cole, C.V. and Hunt, H.W., 

over and production by 14C dilution: Implications of carbon partitioning in plants. Plant 

Soil, 88: 353-365. 
1986. .cacia albida and other multipurpose trees on the Fur farmlands in the Jebel 

Miehe, S.. 
Maia highlands. Western Dafur, Sudan. Agrofor. Syst., 4: 89-119. 

Mvrold, D.D.. 1987. Relationship between microbial biomass nitrogen and nitrogen availabil

ity index. Soil Sci. Soc. Am. J., 51: 1047-1049. 

Nair, P.K.R.. 1984. Classifications ofagroforestry systems. Agrofor. Syst.. 3: 97-128. 

1956. Fertility changes under continual wattle culture with 
E.R. and Darby, G.D.,Orchard, 

special reference to nitrogen and base status of the soil. In: Comptes Rendus du Sixieme 

Congres. Inter. Science du Sol, Paris. 

Palm. C.A.. 1988. Mulch quality and nitrogen dynamics in an alley cropping system in the Pe

ruvian Amazon. Ph.D. Dissertation. Soil Sci. Dept., NC State University, Raleigh, NC. 

1987. Analysis of factors controlling 
Parton. W.J.. Schimel. D.S.. Cole, C.V. and Ojima. D.S.. 

soil organic matter levels in Great Plains grasslands. Soil Sci. Soc. Am. J.- 51: 1173-1179. 

Paul. E.A.. 1984. Dynamics of organic matter in soils. Plant Soil. 76: 275-85.
 

Paul. E.A. and \oroney. RP.. 1984. Field interpretation of microbial biomass activity measure



151 
SOIL-PLANT INTERACTIONS IN AGROFORESTRY SYSTEMS 

ments. In: M.G. Klug and C.A. Reddy (Editors), Current Petspectives in Microbial Ecology.
Washington, DC, pp. 509-514. 

Penningde Vries, F.W.T., Krul, J.M. and Van Keulen, H., 1980. ProductivityofSahelian rangelands in relation to the availability of nitrogen and phosporus from the soil. In: T. Rosswall
(Editor), Nitrogen Cycling in West African Ecosystems. SCOPE/UNEP International Ni
trogen Unit, Swedish Acad. Sci., Stockholm, pp. 95-114. 

Raintree. J.B., 1987. Agroforestr', tropical land use and tenure. !n: J.B. Raintree (Editor), Land,Trees and Tenure. ICRAF and the Land Tenure Center, Nairobi and Madison, Wi.
Raintree. J.B. and Warner, K., 1985. Agroforestry pathways for the integral development of 

shifting cultivation. 9th World Forestry Congress. Mexico City.Robertson. G.P. and Rosswall, T., 1986. Nitrogen in West Africa: The regional cycle. Ecol. 
Monogr., 56: 43-72.

Robcnson. G.P. and Tiedje, J.M., 1987. Nitrous oxide sources in aerobic soils: Nitrification. 
denitrification and other biological processes. Soil Biol. Biochem.. 19: 187-193.
Roskoski, J.P., 1981. 
 Nodulation and nitrogen fixation by Ingafimcuil, a woody legume in coffee plantations. I. Measurements of nodule biomass and field CH 2 ';4uction rates. Plant 
Soil. 59: 201-6.

Roskoski. J.P.. 1982. Nitrogen fixation in a Mexican coffee plantation. Plant Soil. 67: 282-292.Roskoski. J.P., Montano. J.. Van Kessel. C. and Castilleja. G., 1982. Nitrogen fixation by trop
ical woody legumes: A potential source of soil enrichment. In: P.H. Graham (Editor),
logical Nitrogen Fixation Technology for Tropical Agriculture. CIAT. Cali, Colombia. 

Bio-

Russo, R.O. and Budowski, G., 1986. Effect of pollarding frequtency on biomass of Ert'hrina 
/)eppIiqta,,a as acoffee shade tree. Agrofor. Syst.. 4: 145-162.Rutherford. M.. 1978. Primary production ecology in southern Africa. In: M.J.A. Werger (Ed
itor). BLiogcograph,, and Ecology in Southern Africa. Junk, The Hague.Salati. E., Sylvester-Bradley, R. and Victoria. R.L., 1982. Regional gains and losses of nitrogen.in the Amazon Basin. In: Nitrogen Cycling in Ecosystems of Latin America and the Carib
bean. Nijhoff/Junk, The Hague, pp. 377-387.

Sanchez. P.A.. 1976. Properties and Management of Soils in the Tropics. Wiley, New York. 618 
PP. 

Sanchez. P.A.. 1979. Soil fertility and conservation considerations for agroforestry systems inthe humid tropics of Latin America. In: H.O. Mongi and P.A. Huxley (Editors), Soils Re
search in Agroforestry. ICRAF, Nairobi. Kenya.

Sanchez. P.A.. 1987. Soil productivity and sustainability in agroforestry systems. In: H.A. Steppier and P.K.R. Nair (Editors), Agroforestry: A Decade of Development. ICRAF. Nairobi,
 
Kenya.


Sanchez, P.A., 1989. Soils. In: H. Lieth and M.J.A. Werger (Editors), Tropical Rain Forest 
Ecosystems. Vol. 148. Elsevier, Amsterdam, pp. 73-88.

Sanchez. P.A. and Miller. R.H., 1986. Organic matter and soil ferlility management in acid soils
of the tropics. Trans. 13th Int. Congr. soil Sci. (Hamburg), 6: 609-625.Sanchez. P.A. and Salinas. J.G., 198 1. Low input management technology for managing Oxisols 
and Uhisols in tropical America. Adv. Agron.. 34: 279-406.Sanchez. P.A.. Palm. C.A.. Szott. L.T.. Cuevas, E.and Lal, R.. 1989. Organic input management
in tropical agroecosystens. In: D.C. Coleman. J.M. Oades and G. Uchara (Editors). Soil
Organic Matter in Tropical Ecosystems. University of Hawaii Press, Honolulu.

Sanchez. P.A.. Palm. C.A.. Szott, L.T. and Davey. C.B., 1985. Tree crops as soil improvers inthe humid tropics'? In: M.G.R. Cannell and J.E. Jackson (Editors). Attributes of Trees as
Crop Plants. Inst. Terrestrial Ecology, Huntington. UK. pp. 79-124.

Sanford. R.L.. Jr.. 1985. Root ecology of mature and successional -Amazon forests. Ph.D. The
sis. Univ. Calif.. Berkeley. CA.

Sanginga. N.. Mulongoy. K. and Ayanaba, A.. 1985. Effect of inoculation and mineral nutrients 



152 L.T. SZOTT ET AL. 

on nodulation and growth of Leucaena leucocephala. In: H. Ssali and S.O. Keya (Editors), 

Biological Nitrogen Fixation in Africa. MIRCEN, Nairobi. 

Sanginga, N., Zapata, F. and Danso, S.K.A., 1988. Nitrogen fixation in tropical trees: Estima

tions based on 15N techniques. 3rd African Association of Biological Fixation Conference, 

November 7-12, 1988, Dakar, Senegal. 
Shankarnarayan. K.A., Harsh, L.N. and Kathju. S., 1987. Agroforestry in the arid zones of In

dia. Agrofor. Syst., 5: 69-88. 
Singh. J.S. and Joshi, M.C., 1979. Primary production. In: R.T. Coupland (Editor), Grassland 

Ecosystems of the World. IBP 18, Cambridge Univ. Press, Cambridge, UK. 
1984. Bias and. random errors inSingh. J.S.. Lauenroth, W.K., Hunt, H.W. and Swift, D.M., 

estimation of net root production: A simulation approach. Ecology. 65: 324-331. 

Soil Survey Staff. 1975. Soil Taxonomy. A Basic System of Soil Classification for Making and 

Interpreting Soil Surveys. Handbook 436. U.S. Department of Agriculture, Washington, DC. 

Swift. M.J., 1984. Soil biological processes and tropical soil fertility: A proposal for a collabo

rative program of research. Biology International Special Issue 5. International Union of 

Biological Sciences, Paris. 
Szott, L.T., 1987. Improving the productivity of shifting cultivation in the Amazon Basin of 

Peru through the use of leguminous vegetation. Ph.D. Dissertation, North Carolina State 

University. Raleigh, NC. 
Szott. L.T., Palm. C.A. and Sanchez, P.A., 1991. Agroforestry in acid soils in thc humid tropics. 

Adv. Agron., 45: 275-301. 
Tisdall. J.M. and Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. J. Soil 

Sci., 33: 34 1-363. 
TropSoils. 1987. Technical report for 1985-86. Soil Science Department. North Carolina State 

University. Raleigh, NC. 
TropSoils. 1989. Technical report for 1986-87. Soil Science Department. North Carolina State 

University. Raleigh, NC. 
Vallis. 1. and Jones. R.J.. 1973. Net mineralization of nitrogen in leaves and leaf litter of Des

modium ntortum and Phascolus atropurpurcus mixed with soil. Soil Biol. Biochcm. 5: 391 

398. 
Van Veen, J.A. and Paul, E.A.. 198 1. Organic carbon dynamics in grassland soils. 1.Background 

information and computer simulation. Can. J. Soil Sci., 61: 185-20 1. 
Vitousek. P.M.. 1982. Nutrient cycling and nutrient use efficiency. Am. Nat., 119: 553-72. 

Vitousek, P.M.. 1984. Litterfall, nutrient cycling, and nutrient limitation in tropical forests. 

Ecology, 65: 285-98. 
Vitousek. P.M. and Sanford, R.L.. Jr., 1987. Nutrient cycling in moist tropical forest. Annu. 

Rev. Ecol. Syst.. 17: 137-67. 
Walbridge. M.R. and Vitousek, P.M., 1987. Phosphorus mineralization potentials in acid or

ganic soils: Processes affecting "PO 4 isotope dilution measurements. Soil Biol. Biochem., 
19: 709-717. 

Waring, R.H. and Schlesinger, W.H.. 1985. Forest Ecosystems Concepts and Management. Ac
ademic Press. Orlando. FL. 

Webb. L.J.. 1954. Aluminium accumulation in the Australian-New Guinea flora. Aust. J. Bot., 
2: 176-196. 

Woodmansee. R.G. 1978. Additions and losses of nitrogen in grassland ecosystems. BioScience. 
28: 448-453. 

Young. A.. 1987. The potential of agroforestr) for soil conservation. II. Maintenance of soil 

fertiliti. ICR.-\F Working Paper 43, ICRAF. Nairobi. 
Young. A.. 193Q. Ten hypotheses for soil-agroforestry research. Agrofoi. Toda.. I( I ). 13-16. 

ICRAF. Nairobi. 


