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Abstract. Climate, organisms, topographic relief, and parent material interacting through time 
are the dominant factors that control processes of soil formation and determine soil properties. 
In both forest and savanna ecosystems, trees affect soil properties through several pathways. 
Trees alter inputs to the soil system by increasing capture of wetfall and dryfall and by adding 
to soil N via N2-fixation. They affect the morphology and chemical conditions of the soil as a 
result of the characteristics of above- and below-ground litter inputs. The chemical and physical 
nature of leaf, bark, branch, and roots alter decomposition and nutrient availability via controls 
on soil water and the soil fauna involved in litter breakdown. Extensive lateral root systems 
scavenge soil nutrients and redistribute them beneath tree canopies. In general, trees represent 
both conduits through which nutrients cycle and sites for the accumulation of nutrients within 
a landscape. From an ecological perspective, the soil patches found beneath tree canopies are 
important local and regional nutrient reserves that influence community structure and ecosystem 
function. Understanding species-specific differences in tree-soil interactions has important and 
immediate interest to farmers and agroforesters concerned with maintaining or increasing site 
productivity. Lessons from natural plant-soil systems provide a guide for predicting the 
direction and magnitude of tree influences on soil in agroforestry settings. The challenge for 
agroforesters is to determine under what conditions positive tree effects will accumulate 
simultaneously within active farming systems and which require rotation of cropping and forest 
fallows. 

Introduction 

Soil is the complex expression of physical, chemical and biological processes 
occurring across spatial and temporal scales. Soil properties at a specific 
location integrate and reflect both past and present conditions. Based on work 
of Dokuchaev in the late 1800's and Hildegard in the early l 900's, Jenny 
( 1941) described a set of factors that control processes of soil formation and 
determine the state of the soil: climate, organizms, topographic relief, parent 
material, and time. Further development of the 'state factor approach' (Jenny, 
1980) broadened the list of influences to include anthropogenic effects such 
as tillage or soil contamination. The main premise of this approach is that 
the properties measured within a particular soil profile result from the unique 
combination of the state factors. For example, as soil factors vary along 
precipitation or contamination gradients, or across a topographic sequence, 
soil conditions vary concomitantly. The relative importance of the different 
factors depends on the particular scale of interest (Robertson and Gross, 1994). 
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Climate and parent material are considered the most important determinants 
of soil conditions on a global or regional scale (Birkeland, 1984). At local or 
landscape levels, soils are more strongly influenced by changes in topography, 
microclimatic variation, soil fauna and vegetation. 

At the forest stand or individual stem scale, trees alter chemical, physical 
and biological soil properties through their impact on energy and nutrients 
fluxes into, out of, and within ecosystems. In agroforestry, the premise is 
that soil improvement generated by trees can be exploited within production 
systems, either simultaneously, as in intercropping, or sequentially, as in rota
tional fallow systems. Several mechanisms for soil improvement by trees 
within agroforestry systems have been proposed and studied (Nair, 1984; 
Young, 1989; Sanchez, 1995; Breman and Kessler, 1995). The objectives of 
this review are to highlight research on tree effects in natural forest, savanna 
and agroforestry systems and to compare tree influence patterns and control 
mechanisms in natural systems, with examples from agroforestry systems. 

Forest soil: stand level vegetation controls of soil properties 

In temperate forest ecosystems, the first modern soil scientists and foresters 
began recording the effects of forest vegetation on soil morphology and fer
tility at the stand level. Dokuchaev ( 1900, cited in Remezov and Pogrebnyak, 
1965) reported that ' ... different forest vegetation gives rise to different 
soil' and that local peasants ' ... are extremely conscious of the differences 
existing between soils formerly under linden, under oak, or under conifers'. 
Forest-soil associations such as 'pinery soil', 'hickory bottom', and 'white 
oak land' (Gast, 1937) were common labels given by European settlers 
describing North American forest soils. In Europe, Miiller (1889, cited in Gast, 
1937) differentiated distinct types of forest floor. Mull humus, usually found 
beneath broad-leaved trees, was associated with nutrient-rich, neutral-reaction 
soils, promoting thorough mixing of organic matter by worms; mar humus, 
commonly found beneath conifers, were relatively nutrient poor, acidic, and 
confined to the surface of the mineral soil. 

Early research on the effects of tree species on soil began by characterizing 
forest floor and mineral soil properties beneath different forest types. In 
Minnesota, Alway and coworkers (1933) found species differences in the 
chemical composition of the forest floor layers and fresh litter, despite similar 
mineral soil conditions. For example, calcium and nitrogen content were 5 
and 1.75 times higher in hardwood versus conifer forest floor. The pH of 
newly fallen litter was similar for all species, but pH was lower in the 
partially decomposed and humus layers of the pines. In forest plantations in 
the UK, Ovington (1954) found that a characteristic forest floor developed 
under a given species across a range of sites. He found thick mor humus under 
conifer and thin mull humus beneath hardwoods. He further differentiated mor 
humus into that found under pine (P. nigra) and spruce (Picea abies) from 
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that found beneath Douglas-fir (Pseudotsuga taxifolia). Ovington regarded the 
broad mor and mull categories as indicators of site fertility and the accumu
lation of C, N and other nutrients in the mor layer as a nutrient sink. Based 
on the objective of the British Forestry Commission to regenerate soils by 
afforestation, conifer stands were less favored for the task than hardwoods. 

Resource managers concerned with the effects of forest conversion on soil 
productivity expanded their studies to include the mineral soil underlying 
various species. At Harvard forest, block plantations of various tree species 
were established to track soil changes in abandoned New England farmland 
(Gast, 1937). In general, research showed increases in organic matter in topsoil 
beneath hardwood species and decreases beneath pine. In Britain, Ovington 
(1956) compared hardwood and conifer forest plantations with unforested 
adjacent areas and reported increased soil carbon, nitrogen, and organic matter 
in 33 out of 36 plantations. He found considerable variation between species 
and was unable to draw a clear distinction between the influence of hardwoods 
and conifers on soil organic. He did however, find the highest soil N levels 
in native oak forest and the lowest in spruce plantations. 

Recent research on forest vegetation effects on soil takes advantage of 
long-term data collected in replicated plots to quantify progressive soil change 
throughout the course of stand development (Challinor, 1968; Binkley and 
Valentine, 1991; Fisher, 1995). These studies support evidence of species 
differences and further emphasize that species effects cannot be aggregated 
into hardwood versus conifer effects. Challinor (1968) examined 30-year-old 
Yale forest plots in Connecticut and found that soil beneath Norway spruce 
(Picea abies) had higher levels of organic matter, N, K, and Ca than soil 
beneath red oak (Quercus rubra), white pine (P. strobus), and red pine (P. 
resinosa). The soil under pine species had higher infiltration rates than oak, 
spruce, or mixed hardwood stands. Binkley and Valentine (1991) returned to 
the Yale forest plantations 22 years after Challinor. They found that soil in 
green ash (Fraxinus pennsylvanica) plots contained more than twice the 
amount of Ca and Mg found in spruce plots. Spruce plots had higher levels 
of exchangeable acidity and aluminum and lower soil pH. They attributed 
the species effects on soil pH to differences in acid strengths and to deple
tion of soil base cations by spruce. These stand-level studies demonstrate the 
influence of uniform forest vegetation on soil conditions. 

Mixed species forests: mosaics of soil properties 

In dense, single-species forest stands, the effect of forest vegetation may be 
fairly uniform (Riha et al., 1986), but in mixed species stands an individual 
tree may affect soil conditions differently than surrounding vegetation. The 
outcome is a mosaic of soil conditions across the stand. Beneath a forest 
canopy, soil heterogeneity results from both the spatial and temporal effects 
of trees; for some soil properties, the effect on the soil template may extend 
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well beyond the life of the individual tree. Beneath Kauri (Agathis australis) 
canopies in New Zealand for example, intense local podzolization translocates 
organic material and clay to lower soil horizons, forming a lasting, visibly
bleached soil profile (Crocker, 1952). These tree-influence zones generate 
nutrient resource patches that can influence seedling establishment and under
story vegetation. 

The idea of soil nutrient mosaics within forests was advanced by Zinke 
(Zinke, 1962; Zinke and Crocker, 1962). He measured radial variation in soil 
properties surrounding trees in northern California and described forest soils 
as the 'summation of individual influence patterns' (Zinke, 1962). He also 
found a general trend of increased soil pH, and decreased N and base cations 
with distance from Pinus contorta trunks (Table 1, Figure 1 ). After comparing 
an assortment of species, Zinke proposed that deposition patterns of bark and 
litter chemistry produce concentric rings of tree influence. Acidic stemflow 
and base element-poor bark dominate soil inputs adjacent to the bole, while 
base and N-rich leaf and branch litter form a fertile zone near the edge of the 
tree canopy. The radial extent of tree influence related to tree size, and the 
symmetric pattern was modified by slope and prevailing wind direction (Figure 
1 ). For 1,500 to 3,000 year-old giant sequoias (Sequoia gigantea) with trunk 
diameters ranging from 6 to 9 m, Zinke and Crocker (1962) identified the 
zone of maximum tree influence at about 3 m from the bole. 

In forest systems, throughfall and stemflow fluxes contribute to nutrient 
patterns beneath tree canopies by washing or leaching nutrients from leaf 
surfaces and concentrating them at the base of the trunk. Water soluble 
elements in stemflow are derived from dust and insect remains washed from 
the canopy and trunk. Chemical and textural properties of tree bark modify 
precipitation inputs and regulate stemflow quantity. Gersper and Holowaychuk 
(1971) examined 'biohydrologic factors' of soil formation by comparing 
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Figure I. Pattern of soil pH (A) and percent total soil N (B) associated with Pin us contorta in 
northern California, USA. High N on NW axis is the effect of prevailing winds. Source: Zinke 
(1962). 
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subcanopy soil chemistry with incident stemflow beneath a variety of hard
woods (Table 4). Stemflow beneath American beech (Fagus grandifolia), 
white oak (Quercus alba), and sugar maple (Acer saccharum) was highly 
enriched in C, K, Ca, Na, Mg, and P. Where stemflow volume was high, soils 
had higher organic C and K, and had lower soil pH close to trunks. Smooth 
bark species such as American beech and red oak have greater stemflow 
volume and more distinct tree influence patterns than sugar maple, pignut 
hickory (Carya glabra) or white oak. Conversely, rough bark species generate 
more acidic stemflow than smooth bark species (Mina, 1967). In drier 
ecosystems where stemflow volume is lower, elements leaching from tree bark 
and canopy can generate tree effects. In an oak stand in France, Beniamino 
and coworkers ( 1991) found a soil acidity pattern beneath tree crowns similar 
to that reported by Zinke (1962). In these stands, where stemflow comprised 
only 0.62% of incident rainfall, acidification was attributed to slow diffusion 
of water soluble substances through the canopy and down the tree trunk. 

Regional soil heterogeneity may result from processes occurring beneath 
the canopies of individual trees. In British Columbia, Crampton ( 1984) hypoth
esized that the high degree of local variability in soils may be the lasting 
impression of soil gleying beneath trees. Due to the architecture of hemlock 
(Tsuga canadensis) and cedar (Thuja plicata) canopies, rainwater is shed at 
the edge of the canopy; little precipitation penetrates the canopy and collects 
as stemflow. Soil at the canopy perimeter is frequently saturated, and mottling 
caused by reduction and transport of Fe is most pronounced in that zone (Table 
1 ). Crampton noted that morphologic alteration was greatest under large trees, 
indicating that processes contributing to gleying were cumulative over the life 
of the tree. 

Tree effects may vary across a landscape or be modified by understory 
vegetation. Boettcher and Kalisz ( 1990, 1991) looked at soil nutrient mosaics 
in the mountains of Kentucky (Table 1 ). Comparing tulip-poplar (Liriodendron 
tulipifera) and hemlock (Tsuga canadensis) they found that soil pH and 
mineralizable N were consistently higher under tulip-poplar regardless of topo
graphic position or understory vegetation. Stands supporting Rhododendron 
maximum understories had lower pH and earthworm densities and showed 
little cation accumulation below the crowns of either overstory species. In 
the absence of rhododendron, earthworm densities and soil cations were higher 
under tulip-poplar. 

Within a given species, genotypic or gender-specific variation may con
tribute to tree effects on soil properties. In Costa Rican lowland tropical rain
forest, Rhoades et al. (1994) measured higher soil P associated with the 
dioecious tree Simarouba amara. Beneath female S. amara crowns, labile 
inorganic and organic soil P were higher than below male crowns or in 
surrounding forest. Gender differences may have resulted from increased P 
cycling in fruit or litter or differences in P transformations beneath female 
trees. 



Table I. Single-tree influences on soil properties in forest ecosystems 

Site description/Source Tree species Soil property 

California, USA Pseudotsuga menziesii I Total N (%) 
various sites Pinu.1· ponderosa CEC (cmol,. kg-1 

(Zinke, 1962) Libocedrus decurrens Ca+Mg+K+Na (cmol, kg- 1
) 

pH 

California, USA Sequoia gigantea I Total C (%) 
Sierra Nevada mountains Total N (%) 
(Zinke and Crocker, 1962) C/N 

pH 
Bulk density 

British Colombia, Canada Tsuga heterophylla I Mottling 
coastal rainforest Thuja p/icata 
(Crampton, 1984) pH 

A Horizon 
B Horizon 

Under Edge of 
canopy canopy 

0.14-0.21 0.17-0.29 
12-26 15-30 
5-25 8-35 
4.9-6.I 5.1-6.8 

8.47 5.46 
0.323 0.212 
26.3 25 
6.5 6.6 
0.6 0.86 

2 mm dia > 5 mm dia 
reddish gray yellowish red 

4.9 5.4 
5.9 6.1 

Beyond 
canopy 

0.12-0.22 
12-22 
14-24 
5.5-6.9 

4.06 
0.189 
23 
6.4 
0.86 

-J 

°' 



Kentucky, USA 
Appalachian mountains 
temperate mixed mesophytic 
(Boettcher and Kalisz, 1990) 

Significance levels: 
0.1 ('), 0.05(*), and 0.0 I(**) 

La Selva, Costa Rica 
Lowland rainforest 
(Rhoades et al., 1994) 

Within a row, means 
followed by the same letter 
are not significantly 
different at P = 0.05 

Liriodendron tulipifera (LT) 
Tsuf?a canadensis (TC) 

Simarouha amara 

pH 
Mineralizable N (g kg- 1

) 

Ca (cmol, kg- 1
) 

mg (cmol, kg- 1
) 

K (cmol,. kg- 1
) 

Forest fioor mass (g m-2
) 

Resin P 
Bicarbonate P 

Inorganic 
Organic 

LT TC 
with rhododendron 

4.7' 
0.110· 
2.2 
0.5 
0.2 
1515 

4.5 
0.092 
2.3 
0.4 
0.2 
1606 

Under tree canopies 
Females Males 

2.93 a 

3.14 a 
15.47 a 

1.61 ab 

2.47 ab 
11.32 b 

LT TC 
without rhododendron 

5.6** 5.0 
0.220· O.lstl 
5.s+ 3.4 
0.9** 0.4 
0.3** 0.2 
859** 1474 

Beyond 
canopy 

-
1.13 b 

2.14 b 
12.09 b 

-..) 
-..) 
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Tree Savannas: islands of soil fertility 

In semi-arid and arid regions, sparse water and frequent fire limit tree density 
and produce widely-spaced gallery forests or tree savannas. These ecosys
tems, where isolated trees are found within a grass matrix, offer a unique 
opportunity to quantify single-tree effects on soil resources and understory 
vegetation. The scattered trees represent islands within the surrounding land
scapes, where differences in aboveground vegetative structure and longevity 
form corresponding below-ground patches in soil resources. Improved soil 
and microclimatic conditions beneath the canopies of isolated trees often 
provide visible benefit to subcanopy vegetation, giving rise to productive 
'fertile islands' (Figure 2; Charley and West, 1975; Klemmedson and Barth, 
1975). Modified microclimatic and nutrient conditions associated with the 
structural discontinuity of isolated savanna trees have been equated to the 
conditions found in forest gaps (Belsky and Canham, 1994). In contrast to 
forest gaps, however, the effect of the tree patch begins and grows in tandem 
with the tree rather than forming when a tree dies. 

Improved soil nutrient and water conditions beneath isolated trees have 
been recorded in savanna ecosystems in Africa (Bernhard-Reversat, 1982; 
Weltzin and Coughenour, 1990; Belsky et al., 1993 ), Central and South 
America (Kellman, 1979; Garcia-Miragaya, 1994) and North America 
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Figure 2. Nutrient isolines for total N% beneath isolated tree within a desert ecosystem in the 
south-western USA. Source: Klemmedson and Barth (1975). 
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(Tiedemann and Klemmedson, 1973a; Charley and West, 1975; Virginia, 1986; 
Everett et al., 1986; Klemmedson and Wienhold, 1992; Jackson et al., 1990; 
Table 2). The typical pattern near isolated trees is exemplified by the legu
minous tree mesquite (Prosopis juliflora) which increases organic matter, total 
N, S, K and soluble salts at the soil surface (Tiedemann and Klemmedson, 
l 973a). Mesquite roots extend both deep into the soil profile and also over 
l 0 m laterally where they nodulate and symbiotically fix nitrogen (Virginia, 
1986). Improved nutrient content at the soil surface is attributed to redistrib
ution of soil nutrients from both deep beneath and beyond the edge of mesquite 
canopies. Nutrient redistribution by extensive root systems (Figure 3) to 
surface soils results in increased abundance and production of understory 
perennial grasses beneath mesquite (Tiedemann and Klemmedson, l 973b), 
but may decrease grass production beyond the canopies (Paulsen, 1950). 
Comparing relative yields of understory grass planted in mesquite and non
mesquite soil, Tiedemann and Klemmedson ( l 973a) found that plants grown 
in non-mesquite soil were more limited by N, P, K, or S availability than those 
grown in mesquite soil. By experimentally maintaining optimal soil water 
levels they concluded that higher grass biomass production in mesquite soil 
was due to soil nutrient status rather than water relations. 

Compared to zones of higher rainfall, where nutrients are leached deep into 
the soil profile, enrichment beneath trees in dryland regions is restricted to a 
thin band at the soil surface. The boundary of nutrient patches is less distinct 
here than in closed-canopy forest because the soil surface is exposed to eolian 
mixing and transport of litter and soil. Also, reduced wind velocity below tree 
crowns may settle airborne particles into soil mounds at the base of trees 
(Charley and West, 1975). This represents another form of redistribution of 
organic and inorganic nutrients from across the landscape to focal points 
beneath tree canopies. 

Differences in soil influence beneath tree species relate both to nutrients 
recycled in litter and those captured by tree canopies. Leaf nutrient concen
tration, degree of nutrient reabsorption prior to leaf abscision, and litterfall 
mass determine the amount of nutrients recycled in litter (Vitousek and 
Sanford, 1986). The chemical quality of litter inputs then regulate organic 
matter decomposition and the formation of stable and labile soil organic matter 
pools (Parton et al., 1988). Species differences in N, P and lignin tissue con
centrations explained greater soil nutrient buildup beneath a variety of savanna 
tree species in Venezuela (Garcia-Miragaya, 1994). Species with higher tissue 
C/N and C/P ratios and more lignin accumulated more soil organic matter. In 
the humid savannas of Belize, Kellman ( 1979) found that soil cation con
centrations beneath clumps of certain tree species approached levels present 
in nearby rainforest (Table 2). Clethra sp. increased Ca, Mg and K by 50, 
19, and 5% over savanna levels. Cations increased beneath Quercus and 
Miconia by only 2.4 to 8%. Of the trees studied, none had root systems that 
reached below 30 cm, and Kellman attributed the increment in soil nutrients 
to increased precipitation capture on tree foliage rather than nutrient pumping 



Table 2. Single-tree influences on soil properties in savanna ecosystems 

Site description/source Tree species Total C 
% 

Humid savanna Clethra hondurensis Tree canopies 
Belize, Central America Quercus sp. Clethra 5.0 
(Kellman, 1979) Quercus 2.1 

Soil depth: 0-5 cm Savanna 1.3 
Rainforest 2.3 

Senegal Acacia senegal I Tree canopies 
(Bernhard-Reversal, 1982) Balanites aegyptiaca Acacia 6.2 

Soil depth: I 0 cm Balanites 5.8 
Open sites 

Dune 2.2 
Foot slope 3.7 

Total N Ca Mg K 
% - (cmol, kg- 1

) -

0.21 5.10 3.50 0.35 
0.10 0.80 0.44 0.28 
0.06 0.10 0.18 0.07 
0.20 5.00 1.00 0.45 

0.56 - - -
0.52 - -

0.18 - -
0.30 -

Mineral N 
production 
(g N m-2) 

8.2 
4.9 

2.2 
4.6 

Mineralized N 
(% of Total N) 

9.67 
7.03 

7.10 
11.00 

00 
0 



Mineralizable N Microbial 
(g N g soil-' biomass C 
week-') (g N g soil-') 

Western Kenya Acacia tortilis Low rainfall 
Tsavo National Park Adansonia diRitata Canopy 1.49 0.13 3.62 1.68 0.89 4.1 262 
(Belsky et al., 1989) Open 0.78 0.06 2.94 1.38 0.68 1.7 172 
and 1993 High rainfall 

Soil depth: 0-15 cm Canopy 1.45 0.13 5.20 1.49 0.93 2.0 622 
Open 0.93 0.07 3.82 1.81 0.70 2.0 404 

Southern Zimbabwe Comhretum apicu/atum Fine-texture soil 
(Campbell et al., 1994) Acacia nilotica Canopy 4.05 3.59 2.73 1.71 

Soil depth: 0-5 cm A. karroo Open 1.74 4.34 2.97 0.86 
Terminalia sericea Sandy soil 
Burkea ajricana Canopy 0.61 0.59 0.28 0.31 

Open 0.40 0.37 0.18 0.20 

Llanos savanna, Venezuela I Evergreen 1.72 0.07 1.37 0.71 0.10 
(Garcia-Miragaya et al., 1994) Deciduous 1.30 0.07 0.82 0.51 0.08 

Forest 1.50 0.11 1.40 0.63 0.13 
Grassland 0.78 0.07 0.22 0.28 0.06 

00 
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Figure 3. Summary of factors influencing soil processes beneath single trees growing in Mexican 
agroforestry systems. Source: Farrell ( 1990). 

from deeper soil layers. Differences in canopy characteristics such as leaf area, 
angle and orientation determine a species' ability to scavenge nutrients from 
precipitation (Binkley, 1986). This, along with differences in nutrient con
centrations in litterfall, may explain Kellman 's species differences. 

Shade beneath savanna tree canopies influences subcanopy microclimate 
and biomass production by reducing temperature maxima and evapotranspi
ration and by increasing relative humidity (Dancette and Poulain, 1969; Belsky 
et al., 1993; Amundson et al., 1995). In Kenyan savannas, soil temperatures 
declined by 5-12 °C under Acacia tortilis and Adansonia digitata canopies. 
Soil temperature maxima declined by 3.4 °C beneath Faidherbia albida in 
Senegal (Dancette and Poulain, 1969). The lower heat load beneath tree 
canopies reduces water stress and increases biomass of below-crown species 
(Amundson et al., 1995). Shade-cloth experiments in Australia showed that 
a 37% light reduction doubled grass production and increased N uptake by 
53 kg N ha-1 (Wilson et al., 1986). Increased biomass production in the below
crown zone draws down the higher soil water resulting from reduced evapo
transpiration below tree crowns, offsetting any increase relative to open sites 
(Belsky et al., 1993). 

The improved microenvironmental conditions beneath savanna trees favor 
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soil biotic actiwity, nutrient transformations, and improved physical condi
tions. Coleman and coworkers (1991) measured higher soil microbial biomass, 
greater numbers of microbivorous nematodes, and larger amounts of miner
alizable N beneath savanna tree canopies. Belsky and collaborators (1989, 
1993, 1994) found higher rates of N mineralization beneath both Adansonia 
digitata and Acacia tortilis associated with lower bulk density and higher 
water infiltration. The tree influence on N availability was greater in more 
xeric environments. Lack of tree species differences on soil N shows the 
importance of microclimatic amelioration by tree canopies and that N-fixation 
by Acacia does not contribute significantly to the tree effect. Greater canopy
zone activity of earthworms and termites, in addition to augmented soil organic 
matter stocks, improved soil macroporosity and decreased bulk density beneath 
tree clumps in the Lamto savannas of the Ivory Coast (Mordelet et al., 1993). 

In semi-arid systems, trees influence the availability of two limiting 
resources: water and nutrients. In the below-canopy environment, plant pro
ductivity is influenced by changes in soil fertility, water relations, and inter
specific plant competition (Belsky, 1994). Beneath tree canopies, a 'two-layer 
model' delineates soil water uptake zones spatially; trees have exclusive access 
to deeper water stores while grasses utilize moisture held in surface soils. This 
example of niche partitioning has been used to explain the coexistence of 
savanna trees and below-crown grasses (Weltzin and Coughenour, 1990). In 
spite of partitioning of soil water resources, they concluded that increased soil 
fertility and higher herbaceous biomass production beneath tree canopies 
indicates a facultative interaction, surpassing that expected simply by soil 
water partitioning. Fertilizer experiments in Kenyan savannas demonstrated 
that plants grown in open sites were more nutrient limited than canopy-zone 
plants (Belsky, 1994). At the same sites, shade treatments generated smaller 
increases in understory vegetation production. Belsky was unable to firmly 
conclude whether nutrient enrichment or subcanopy microclimate was more 
important in increasing productivity of below-crown vegetation. Positive 
tree-effects on understory productivity are limited to those sites and species 
combinations where subcanopy tree and grass competition does not exceed 
site enrichment. 

Tree effects on soils in agroforestry systems 

The potential for soil improvement by trees is one of the central tenets of agro
forestry (Palm, 1995). In both the semi-arid and humid tropics, soil-improving 
trees are often found scattered within crop and pastureland (Rocheleau et al., 
1988; Nair, 1989; MacDicken and Vergara, 1990). In addition to production 
of fruit, forage, wood and other products, and shade for crops and animals, 
farmers often retain trees because of their positive impact on soil fertility 
and crop production. In a survey of African farming systems, Rocheleau and 
coauthors ( 1988) documented 36 dry land tree and shrub species growing 
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dispersed within farming systems and 20 in pastureland. Of these, more than 
half the cropland and a third of the pasture trees were reported as soil 
improvers. In Malawi, of 71 tree species found growing on cropland, farmers 
classified 27 as soil improvers (Maghembe and Seyani, 1991). In the tropical 
lowlands of south-eastern Nigeria, 5 of the 69 tree species found within home
garden plots were reported as soil improvers (Okafor and Fernandes, 1987). 
In Central and South America, nitrogen-fixing Alnus, Inga and Erythrina are 
managed within pasture and cropland for shade and improved soil fertility and 
forage quality (Galloway, 1986; Lojan Idrobo, 1992; Budowski, 1993). The 
following review will focus on semi-arid cropping systems where the bulk of 
cropland tree research has occurred. 

Single-tree effects in dry/and agroforestry 

Semi-arid farmed parklands capitalize on the fertile soil islands found beneath 
trees in natural savanna ecosystems (Table 3). Trees are rarely planted delib
erately; rather, naturally regenerating trees are protected during tillage oper
ations (Poschen, 1986; Kerkhof, 1990; Tomilinson et al., 1995). The landusers' 
primary objective is food production, so tree species and density are managed 
to minimize negative impacts on crop production. Farmers selectively manage 
for trees that increase crop production either by improving soil fertility directly 
or by improving the subcanopy microenvironment. 

Faidherbia albida is one the best known soil-improving trees of the 
semi-arid tropics (Felker, 1978; Vandenbelt, 1992). The tree's renown extends 
throughout its African range from the Sudano-Sahelian west African to the 
east Africa highland and south to Zimbabwe. The positive impact of F. albida 
on crop yields and soil fertility has long been recognized; scattered, mature 
F. albida are a common feature of areas with long cropping histories. Across 
Africa, yields of maize, millet, groundnuts and sorghum range from 30 to 
200% higher beneath F. albida canopies compared to surrounding areas 
(Charreau and Vidal, 1965; Dancette and Poulain, 1969; Depommier et al., 
1992; Saka et al., 1994). This remarkable increase in crop production, 
commonly referred to as the 'albida effect' results from both increases in 
soil fertility and improved soil water and microclimatic conditions below the 
tree. 

Similar to other tree species, soil properties below the crowns of F. albida 
are higher in available nutrients (Rhoades, 1995) and in total soil pools of C 
and N (Radwanski and Wickens, 1967). The most unique feature of F. albida 
is that it exhibits 'reversed' leaf phenology by shedding its foliage during 
the cropping season. Its bare tree branches reduce evapotranspiration and 
increase relative humidity beneath the canopy without reducing crop produc
tion (Dancette and Poulain, 1969). Rhoades (1995) recorded increased soil 
water in the crop root zone beneath F. albida canopies in Malawi. The soil 
water difference beneath tree canopies rose from 4 to 53% higher than open 
sites during the course of the cropping season. 



Table 3. Influence of parkland trees on soil and crops. 

Site description/source Tree species Total C Total N Ca Mg K pH Crop response" 
(%) (%) - (cmol, kg-') -

North-central Senegal Faidherhia alhida Canopy 3.70 0.40 1.61 0.71 0.10 5.7 Groundnuts: +37% 
(Dancette and Poulain, 1969) Open 2.70 0.30 1.13 0.62 0.07 5.5 Sorghum: +200% 

Soil depth: 0-20 cm 

Central Plateau, Faidherhia alhida Canopy 0.90 0.13 5.80 2.08 0.65 6.7 Sorghum grain: 
Burkina Faso Open 0.78 0.90 5.05 2.00 0.38 6.6 +115% 
(Depommier et al., 1992) 

Soil depth: 0-20 cm 

Lakeshore Plain, Malawi Faidherhia alhida Canopy 2.50 0.22 5.71 1.50 0.98 6.3 Maize grain: 
(Rhoades, 1995; Saka et al., Open 2.20 0.19 6.84 1.78 0.87 6.3 +100-400% 
1994) 

Soil depth: 0-15 cm 

South Central Mexico Prunus capuli Canopy Maize grain 
(Farrell, 1990) J uniperus deppeana Pru nus 1.34 0.09 6.50 1.29 0.58 6.6 Prunus: -50% 

Soi I depth: 0-15 cm Juniperus 0.63 0.04 6.60 1.24 0.84 7.4 Juniperus: -50% 
Open 0.45 0.03 3.45 0.62 0.33 6.2 

South Eastern Mali Vite/laria paradoxa (VP) Canopy 0.66 0.06 1.68 0.67 0.27 6.0 Cotton: VP: -2%; 
(Kater et al., 1992) Parkia higlohosa (PB) Open 0.51 0.05 1.45 0.42 0.16 6.0 PB: -65% 
Soil depth: 0-20 cm Sorghum: VP: -44%; 

PB: -66% 
Millet: VP & PB: 

-60% 

" Yield difference under tree canopy and open sites. CX> 
Vl 
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The reversed leaf phenology of F. albida sets it apart from other tree species 
that also increase soil nutrients, but that reduce crop growth due to light or 
water competition (Farrell, 1990; Kater et al., 1992; Kessler, 1992). Crop pro
duction beneath common west African parkland trees Parkia biglobosa (Jacq. 
(Benth.)) and Vitellaria paradoxa (syn. Butyrospermum paradoxum) is known 
to drop by 40 to 70%, in spite of slight to moderate increases in total C, 
available P and exchangeable cations (Kater et al., 1992; Kessler, 1992; Table 
3). A 50% reduction of light under the tree canopies explained most of the 
decline in crop production (Kessler, 1992) along with nutrient competition 
and higher incidence of crop pathogens (Kater et al., 1992). Species-related 
differences in shading relate to canopy architecture; trees with upright canopies 
reduces light levels less than those with low, spreading crowns. Farrell (1990) 
found comparable increases in total C, N, exchangeable cations, and CEC 
beneath the crowns of Mexican farmland trees, where maize yields declined 
by 50% of the open field levels. Soil water was also higher beneath the tree 
crowns, and the yield decline was attributed to light limitations. In the partial 
shade region at the canopy periphery, soil fertility and water content both 
improved slightly and crop yields remained equal to open site conditions 
(Farrell, 1990; Kater et al., 1992). 

Beyond the 'albida effect' 

The conditions that generate the 'albida effect' are a unique combination of 
increased soil fertility without the accompanying burden of light or water 
limitations. Why is it then, that farmers identify a wide variety of tree species 
with typical leaf phenology as soil improvers, since they may actually reduce 
crop yields? Agroforestry systems are classified as either simultaneous systems 
where trees and crops or pasture are integrated at the same time, or as sequen
tial or rotational systems. The F. albida parkland system is an example of a 
system that simultaneously provides benefits to crop and animal production 
(Sanchez, 1995). Other species identified by farmers as soil improvers may 
ameliorate soil conditions gradually during the trees' life and only increase 
production after the tree is removed. These trees may represent the remnant 
of traditional tree fallows that have been abandoned due to increased popu
lation pressure. In traditional agroforestry systems, farmers' perceptions of 
soil improvement by trees may vary from those held by research scientists. 
Campbell and coworkers (1991) evaluated farmer surveys in Zimbabwe and 
discovered a strong link between trees identified as soil improvers and those 
valued for fruit or other products. In cases where farmers perceive trees as 
overwhelmingly beneficial components of their farm production, any effect 
of the tree on soil properties may be considered as incidental. In such cases, 
economic gains from cropland trees outweigh crop yield declines and explain 
their presence within farm fields. Kessler (1992) calculated that benefits 
resulting from the harvest of Parkia biglobosa products were twice as high 
as crop losses. 
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The challenge in agroforestry is to improve or introduce tree-crop combi
nations that will enhance farm productivity, diversity and sustainability. 
Critical concerns remain about the potential of scattered cropland trees to 
fulfill these objectives relative to other agroforestry alternatives. What certain 
species and biophysical conditions offer worthwhile opportunities to insure 
farmer adoption? Are there ways to maximize the beneficial attributes of soil
improving cropland trees while minimizing their potentially negative impacts? 
How long must farmers be willing to wait for soil amelioration to reach a 
point that it will improve crop production? Currently, too little information 
exists to make generalizations that address these questions. The following 
section will discuss considerations relevant to expansion of the cropland tree 
system and will offer research directives that will help to overcome the lack 
of knowledge in this system. 

Species selection 

Trees that benefit soil conditions within croplands can be placed into different 
categories based on their architecture and biophysical characteristics (Young, 
1989; Breman and Kessler, 1995). For trees expected to improve soils con
currently with crop production, the degree of tree-crop competition will deter
mine the success of the combination. In such cases, extensive, shallow root 
systems, and dense, spreading canopies are undesirable tree attributes. Trees 
with erect, sparse canopies and those that shed leaves during the rainy season 

Table 4. Selected mechanisms regulating single-tree influence of soil properties. 

Factor 

Increased inputs 
Litter or fruit inputs 
Nitrogen inputs from N-fixation 
Stemflow and canopy throughfall inputs 
Accumulation of windborne soil around trunks 

Redistribution 

Sources 

a, b,g, h,p,q, s 
f, h, j 
a, b, d, g, h, L m, o 
e, h, n 

Root scavenging laterally or from deep soil levels 
Fecal inputs from perching bird or grazing animals 

b, j, k, m, r. t 

b, k 

Ameliorated canopy microclimute 

a - Zinke, 1962. 
b - Alban, 1969. 
c - Dancette and Poulain, 1969. 
d - Gersper and Holowaychuk, 1971. 
e - Charley and West, 1975. 
f - Felker, 1978. 
g - Kellman, 1979. 
h - Crampton, 1984. 
i - Hogberg, 1986. 
j - Virginia, 1986. 

b, c, k, I, o, s 

k - Belsky et al., 1989. 
I - Beniamino et al., 1991. 
m - Kessler and Breman, 1991. 
n - Isichei and Muoghalu, 1992. 
o - Belsky et al., 1993. 
p - Mordelet et al., 1993. 
q - Garcia-Miragaya et al., 1994. 
r - Campbell et al.. 1994. 
s - Rhoades, 1995. 
t - Tomilinson et al.. 1995. 
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(similar to F. albida) will minimize light competition during the cropping 
season (Kessler, 1992). Synchronizing the release of nutrients from decom
posing leaf litter with crop nutrient uptake requirements depends on both the 
phenology of leaf drop and the leaf litter quality. Trees whose canopies 
resprout after repeated pruning or coppicing may be managed for reduced light 
competition. Trees that fix nitrogen will not compete for soil N, and ideally 
will increase the soil N capital. Those with fruit or shade that attract animals 
during the dry season may become foci for increased nutrient deposition in 
the form of animal manure. The second category contains trees that improve 
soils but preclude crop production, as in a tree fallow system. Such trees 
should provide high-value products (food, wood) that offset lost crop pro
duction. Soil amelioration beneath these trees relates to increases in soil 
organic matter and associated changes in nutrient and soil water retention. In 
this case, trees with dense, low canopies that produce copious amount of leaf 
litter that is protected from wind removal are preferred. Trees with lower 
quality leaf litter (high C:N or high lignin content) will generate more stable 
forms of soil organic material that resist rapid oxidation (Campbell et al., 
1994; Garcia-Miragaya et al., 1994). 

Site selection 

Plans to promote expansion of cropland tree plantings must consider the 
natural formation of savannas and traditional-cropped parklands. While soil 
amelioration occurs beneath the canopies of certain species, increasing the 
tree density may not extend these benefits (Kessler and Breman, 1991; Alstad 
and Vetaas, 1994). Such a benefit may occur in ecosystems where trees 
enhance soil fertility by increased inputs from external sources such as N
fixation, or interception of wet or dryfall nutrients. In semi-arid savannas or 
parklands, however, where trees often enrich soil through nutrient redistrib
ution (Kessler and Breman, 1991; Belsky et al., 1989; Campbell et al., 1994) 
via lateral root scavenging or as deposition foci of animals, the upper limits 
on tree density are set by the finite amount of nutrients available in the system. 
Similarly, low water availability in natural and managed semi-arid systems 
limits tree and shrub density. 

Survival and growth of farmland trees is highly variable (Kerkhof, 1990; 
Geiger et al., 1994). In natural savanna systems, tree species and distribution 
patterns are controlled by chemical and physical soil properties (Tinley, 1982; 
Ben-Shar, 1991; Coughenour and Ellis, 1993). Research in Niger has shown 
that establishment of F. albida on farmland relates to microsite variability in 
soil properties (Geiger et al., 1994). Rapid seedling growth was correlated 
with increased clay content and exchangeable bases, and decreased exchange
able acidity. The improved soil conditions were found at microtopographic 
high points, such as abandoned termite mounds. 

The manner by which trees influence soil conditions depend on original. 
soil properties at both microsites and landscape scales. The findings in Niger 
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suggest t~at soil improvement credited to F. albida may result in part from 
the trees having established on relic termite mounds (Geiger and Manu, 1993 ). 
The increased clay content in the residual termiteria represent favorable 
microsites for the stabilization of organic matter cycled by the trees. At a 
broader scale, soil texture regulates the magnitude of tree influence. In 
Zimbabwe, Campbell et al. ( 1994) found that trees increased soil C levels to 
a greater extent in fine-textured rather than sandy soils. In sandier soils, even 
the moderate gain in soil organic matter beneath tree crowns greatly increased 
the size of the soil exchange complex and the amount of exchangeable cations. 
In finer-textured soils, trees had a minor impact, since the cation exchange 
complex is dominated by the mineral component, rather than by soil organic 
matter. 

Tree establishment 

Traditional scattered cropland tree systems are rarely planted (Felker, 1978; 
Kerkhof, 1990; Gijsbers et al., 1994; Bremen and Kessler, 1995). Seeds tend 
to germinate below seed-bearing adults or are dispersed by grazing animals. 
Recruitment of seedlings depends on grazing pressure, fire frequency and 
tillage practices. Encouraging natural regeneration by reducing or eliminating 
grazing represents a cost effective means of increasing tree stocking (Kerkhof, 
1990; Vandenbeldt, 1992). Due to high soil variability, planting schemes 
should attempt to locate seedlings with regard to microsite conditions rather 
than on strict spacing guidelines. A combination of grazing-control practices 
and supplemental tree planting or direct seeding probably offers the most 
realistic strategy for expanding parkland agroforestry systems. 

Management of cropland trees 

Reducing light competition by canopy pruning can have a positive influence 
on crop yields. In Burkina Faso, Kessler (1992) found that while unpruned 
Parkia trees depressed sorghum yields by 80% of open site production, yields 
surrounding pruned trees dropped by only 40%. In northwestern India, shade 
from unpruned trees depressed bean yields (Vigna mungo and Cyamopisis 
tetragonoloba) by 20 to 60% (Shankarnarayan et al., 1987); under pruned trees 
yields were similar to open sites. Timmer et al. (1996) surveyed local pruning 
activities in parkland systems in Burkina Faso. They found that the major 
motivations for pruning trees related to improved tree survival and produc
tivity. While farmers recognize the crop reduction beneath the cropland trees, 
less than one third of all trees are pruned and only 10% of the farmers surveyed 
did so to reduce shade. While pruning has a clear impact on above ground 
competition for light, changes in root morphology following pruning may 
increase competition for below-ground resources (van Noordwijk et al., 1991 ). 

Within agroforestry systems, understanding the temporal impact of trees 
on soil nutrients is critical for determining the net benefit to crops. Crops 
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respond to available forms of nutrients that fluctuate over the course of a 
cropping season. The synchronization of seasonally-varying soil nutrient 
supply with plant demand is required for a tree to have a positive impact on 
crop production (Palm, 1995). In F. albida parklands in Malawi, Rhoades 
( 1995) found that plant-available soil N03-N was 7 times higher during the 
first month of the cropping season. During the rest of the cropping season, 
soil N03-N was 2 to 3 times higher beneath tree crowns. Soil N03-N is highly 
mobile, so the large pulse of nitrification produced by the first rains may have 
leached beyond the crop root zone while the maize plants were still relying 
on seed resources. Mixing lower quality organic residue (high C:N ratio) 
with labile tree leaf material may help to regulate nutrient release by shunting 
nutrients into microbial biomass where nutrient release will be gradual rather 
than pulsed. 

Time scale 

A leading concern associated with wide-scale promotion of parkland agro
forestry for increased soil fertility is the time required to produce the antici
pated benefits. While it has been shown that soil improvement accrues with 
tree size or age (Bernhard-Reversat, 1982), there is no clear threshold beyond 
which the positive attributes of the tree will be conferred to the crops. In 
Senegal, Bernhard-Reversat (1982) found that total soil C and N pools 
increased linearly as a function of tree diameter for both Acacia senegal and 
Balanites aegyptiaca. Isichei and Muoghalu (1992) compared soil properties 
under trees above and below 7 m tall. They found significantly higher levels 
of soil organic matter, exchangeable cations, clay and silt under the larger 
trees and no difference in total N, available P or base saturation. F. albida 
growing in Tanzania reached a height of 8.8 m, after 6 years of growth (Okorio 
and Maghembe, 1994). By that age the trees had no positive or negative impact 
on maize or bean growth. In Malawi, F. albida trees 10-15 years of age 
averaged 13.7 m tall with a canopy radius of 3.3 m (Rhoades, 1995). Beneath 
these young trees, soil water and in situ nitrogen mineralization were no higher 
than levels measured in open sites. Twenty-meter tall mature trees with 
canopies extending 12 m dramatically increased both soil water and N cycling 
in the subcanopy zone. In the Ethiopian highlands, Poschen (1986) estimated 
that benefits from the 'albida effect' would require 20 years for fast-growing 
genotypes and up to 40 years at average growth rates. The long delay before 
realizing soil benefits in parkland agroforestry emphasizes the importance of 
protecting existing parklands while establishing new systems. 

Conclusions 

Understanding species-specific differences in tree-soil interactions has impor
tant and immediate interest to farmers and agroforesters concerned with 
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maintaining or increasing site productivity. From an ecological perspective, 
the soil patches found beneath tree canopies are important local and regional 
nutrient reserves that influence community structure and ecosystem function. 
Future research should integrate the action of tree-soil patches into a larger 
view of the ecosystem both spatially and temporally. Attempts to link species 
effects to whole ecosystem processes need to differentiate where tree effects 
can be aggregated and where species-specific differences must be consid
ered. The challenge for agroforesters is to determine under what conditions 
positive tree effects will accumulate simultaneously within active farming 
systems and which require rotation of cropping and forest fallows. 
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