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FOREWORD

Agroforestry is a low-input system which combines trees with crops in various
combinations or sequences. It is an alternative to intensive cropping systems, which rely on
large inputs of manufactured fertilizers and other external inputs to sustain production.
Agroforestry also has the potential to reduce risk through diversification of a variety of
products, including food, fuelwood and animal fodder. Other perceived benefits include
enhanced nutrient and water use efficiencies, reduced nutrient leaching to groundwater and
improved soil physical and biological properties. The use of leguminous or actinorhizal trees
may further enhance these benefits because of their capacity to fix atmospheric nitrogen.
Depending on the type of agroforestry system and the management practices employed, a
substantial portion of this fixed nitrogen can be transferred to companion crops and to the soil.
In considering the overall productivity of agroforestry systems, it is essential to investigate the
competition or complementarity in the capture and partitioning of resources between tree and
crop components. This is especially true for nutrients and water, usually the two most limiting
factors influencing crop growth.

The focus of this coordinated research project (CRP) was to evaluate the efficacy of
various agroforestry systems used in Member States in terms of crop productivity, resource
use efficiency and improvements in soil properties. The use of isotopes and nuclear
techniques was essential for understanding the dynamics of nutrients and water in
agroforestry systems. The contribution of nitrogen from fertilizers and leguminous trees to
soil and crops was studied using both direct and indirect '°N labelling techniques. The cycling
of carbon from trees or crops to soil was studied using natural variations in the '*C signatures
of the soils and the different species. The soil moisture neutron probe in conjunction with
tensionics was used to monitor soil water status and balance, and differences in the 0
composition of rain, surface and groundwaters were used to identify the sources of water used
by trees and crops.

This CRP was implemented through a research network that initially included nine
contract holders from Benin, China, Chile, Costa Rica, Kenya, Malaysia, Sri Lanka, Uganda
and Zambia, and five agreement holders from Australia, France, Kenya, Nigeria and the UK.
The CRP was conducted in collaboration with National Agricultural Research Systems in
Africa, Asia and Latin America, and with three CGIAR Centres, the International Centre for
Research in Agroforestry (ICRAF, Kenya), the International Institute of Tropical Agriculture
(ITTA, Nigeria) and CIAT’s Tropical Soil Biology and Fertility Institute (TSBF, Kenya).

This IAEA-TECDOC contains 15 manuscripts prepared by the project participants and
compiled by P. Chalk, of the Joint FAO/IAEA Division of Nuclear Techniques in Food and
Agriculture. The IAEA officer responsible for this publication was M.L. Nguyen of the Joint
FAO/IAEA Division of Nuclear Techniques in Food and Agriculture.
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SUMMARY

The studies conducted within the CRP are summarised under three major headings.
Firstly, it is necessary to characterize the diverse types of agroforestry systems in terms of
species and their spatial and temporal arrangements, and the climatic and edaphic conditions
under which the experiments were conducted. The second major section deals with the
efficiency with which agroforestry systems are able to use natural resources, including water
and nutrients, compared with systems which include only crops. The third major section deals
with the productivity of the diverse agroforestry systems studied within the CRP.

1. CHARACTERIZATION OF AGROFORESTRY SYSTEMS

Trees are a natural feature of rural landscapes and provide a range of benefits to
farming communities. Trees on farms may be a relic of the native vegetation or may be
exotic, introduced species. Trees can provide fruits and nuts, fodder for animals, timber and
fuel wood, industrial products (oils, gums, resins, tannins, latex) and also traditional
medicinal and cosmetic products. Thus a single tree may provide several benefits.
Agroforestry is the practice of integrating trees on farms in order to increase the overall
productive capacity of the land. It is a well established management practice for tropical crops
that require shade trees, e.g. coffee, cocoa, tea. Trees are also needed for shelter in animal
production systems that are located in regions with hot, dry summers and cold, wet winters.

1.1.  Agroforestry systems studied in the project

There are innumerable possibilities for the combination of trees and crops in terms of
species, geometrical patterns and sequences. The majority of the tree species used in the
project were legumes, but non-legumes were also included (Table 1). The most commonly
used crop was maize, but other cereal, grain legume and pasture species were included
(Table 1). Coffee was included as the crop in one study. The most common agroforestry
design was alley cropping (tree hedgerows with crops planted between the hedgerows). The
alley hedgerows were a permanent feature, with the crop being grown during the rainy
season(s). Other systems involved the rotation of trees and crops (so-called tree fallows or
improved fallows), or rotation of alley-sown pasture with wheat (Table 1). A range of nuclear
techniques were applied to study nutrient and water dynamics in agroforestry systems
(Table 1), and these applications will be discussed in greater detail in Section 2.

1.2. Environmental and edaphic variables

Field experiments were carried out under a range of climatic conditions, covering
semi-arid, temperate and tropical regimes (Table 2) in both the northern and southern
hemispheres (Table 2). Two sites were at relatively high elevation (>1000 m, Table 2) and
several sites were located in high rainfall areas (>1500 mm annual average) with either a
unimodal or bimodal rainfall pattern. A bimodal pattern (two rainy seasons per year)
permitted two crops per year (e.g. Kenya and Sri Lanka). However, experiments were carried
out at some sites over several years, and high year-to year variability was noted at several
sites, e.g. at Msekera in Zambia annual rainfall for 1992-2003 varied between 550 and
1400 mm with 50% of the years receiving less than the long-term average of 1000 mm.
Another important issue in agroforestry systems is the depth of groundwater. Trees can access
groundwater at greater depth compared with crops, which can significantly lessen the
competition between crops and trees for surface water.



The field experiments were also carried out on a range of soil types, covering five
orders of the soil taxonomy classification (Table 3). They ranged in texture from coarse (e.g.
sandy loam) through medium (e.g. loam) to fine (e.g. clay), which had a marked influence on
the soils’ abilities to hold water. All soils were weakly to moderately acid, with generally low
organic C contents (exception Costa Rica) and with low to moderate abilities to hold cations
(cation exchange capacity) as seen in Table 3. Overall, the soils would be regarded as having
low fertility.

TABLE 1. AGROFORESTRY SYSTEMS STUDIED

Member  Authors Agroforestry parameters Nuclear techniques
State Tree Crop System
Costa Cervantes Erythrina poeppigiana, Coffea arabica  Shade tree PN enriched
Rica Gliricidia sepium (Coffee) fertilizer, "N tree
injection
Chile Ovalle etal. Acacia caven, Annual pasture  Silvo- >N tree injection,
Chamaecytisus (native spp, pastoral N enriched
proliferus (Tagasaste) Medicago alleys/wheat  fertilizer
polymorpha) rotation
Sri Nissanka Gliricidia sepium Zea mays Alley (G. N enriched
Lanka and (Maize) sepium fertilizer, "N tree
Sangakkara hedgerow), injection, & B (soil,
maize plants)
monocrop
China Zhang etal.  Choerospondias axillaris  Arachis Alley (C. N enriched
hypogaea axillaris fertilizer, soil
(Peanut) hedgerow), moisture neutron
peanut probe
monocrop
Malaysia Zaharah et Paraserianthes Zea mays Alley (P. N enriched
al. falcataria, Gliricidia (Maize) falcataria, G.  fertilizer, & %0
sepium sepium (water sources)
hedgerows),
maize
monocrop
Zambia  Chintuetal. Gliricidia sepium, Zea mays Tree/maize Soil moisture
Leucaena leucocephala,  (Maize) rotation, neutron probe
Senna siamea, maize
Calliandra calothyrsus, monocrop
Flemingia microphylla,
Acacia angustissma
Kenya Ndufaetal. Sesbania sesban, Zea mays Tree/maize N tree injection
Crotalaria grahamiana,  (Maize) rotation
Cajanus cajan,
Tephrosia vogelii, Senna
spectabilis, C.
calothyrsus
Niger Smith Azadirachta indica Pennisetum Windbreak & '%0 (water sources)
(Neem) glaucum (pearl
millet)
Australia Cullenetal. Callitris glaucophylla, None Natural 880 (water, plant
Acacia spp, Eucalyptus ecosystem tissue), & °C (plant

spp

(native trees)

tissue), 6 ’H (water
sources)




TABLE 2. ENVIRONMENTAL VARIABLES

Member Authors Site Latitude/lo  Altitude  Rainfall RH Temp
state ngitude (m asl) (mm)* range  range
%) (CC)
Costa Cervantes Heredia 10°08'N 1250 (2278) (76) (19.9)
Rica (humid), 84°06'W
San Isidro 9° 22'N (2354) (83) (24.0)
(humid) 83°42'W
Chile Ovalle et al. Cauquenes 35°58°S, 140 (650) 60-85 4.5-29
Mediterranean 72°1T°W
Sri Lanka Nissankaand  Dodangolla 07°07'N, 367 1500-2000 28-32
Sangakkara 81°13'E (bi-modal) (max.)
China Zhang et al. Yingtan 28°15'N 55 (1729) (76) (18.2)
(sub-tropical) 116°55'E
Malaysia ~ Zaharah etal.  Puchong humid  02°59°N, (2000) 80-90 19-36
tropical 101°39°E
Zambia Chintu et al. Msekera 13°39°S (1000)
(sub-humid), 32°34°E
Kagoro 14°15°S (800)
32°00°E
Kenya Ndufa et al. 00°06°N, 1330 1800
34°34°E (bi-modal)
Australia  Cullen et al. Hamersley (300) 12-40
(semi-arid)
Data in parentheses are long-term annual averages.
TABLE 3. SOIL PROPERTIES
Member  Author Site Soilorder Depth  Texture® pH C (%)’ CEC’
State (cm)
Costa Cervantes Heredia, Andisol 0-12 1 6.7 7.2 15.0
Rica San Isidro Ultisol 5.8
Chile Ovalle et al. Cauquenes Entisol 0-12 sacl 57 127
Sri Nissanka and Dodangolla Ultisol 0-21 sal 6.3 032 14.2
Lanka Sangakkara 21-48  sacl 6.5 0.12 17.8
China Zhang et al. Yingtan Ultisol 0-7 sicl 43 042 6.2
4595  sicl 4.5 0.12 9.2
Malaysia  Zaharah et al. Puchong Ultisol 0-20 sacl 4.8 0.84 7.0
Zambia Chintu et al. Msekera, Alfisol 0-20 sacl 47 1.00
Kagoro Alfisol 0-20 c 52 <1.0
Kenya Ndufa et al. Oxisol 0-15 Cc 5.6 1.40 7.9

*sacl, sandy clay loam; sicl, silty clay loam; sal, sandy loam; 1, loam; c, clay.

bOrganic C.

°CEC, cation exchange capacity (cmol™ kg™).

1.3.

Availability, quality and location of tree prunings

The transfer of tree prunings (leaves, stems) to the cropping area accomplishes transfer
of nutrients from trees to crops. The prunings remain on the soil as surface mulch and
nutrients are released during decomposition. Several authors commented on the competition
between agricultural sectors for tree prunings. In some areas, the need for animal fodder is
perceived to be more acute than the need for nutrient replenishment. Insect pests may
constitute a serious hazard to both trees and crops in some areas, which will dictate the
selection of species. Another factor that can be significant is the ability of the tree to coppice



after pruning. Several studies were concerned with the quality of tree prunings as a source of
nutrients as determined by chemical analysis for certain plant constituents (e.g. proximate
analysis). Another aspect studied under controlled laboratory conditions was the placement of
the prunings, being either incorporated or left on the soil surface.

2. RESOURCE USE EFFICIENCY
2.1. Water

An important aim of agroforestry is to enhance biomass production on farms by
increasing the productive use of rainfall. In arid and semi-arid regions, crops commonly
utilize less than half of the annual rainfall productively, with the remainder lost as runoff,
evaporation or drainage. In order to protect the food security of farm households, water use by
agroforestry trees should not be at the expense of crop growth because of competition.
Successful use of agroforestry therefore requires that trees utilize water that would otherwise
be lost from cropped fields by evaporation, runoff and drainage. Use of groundwater by trees
that is inaccessible to shallow-rooted crops can be verified by comparing the relative
concentrations (8, values) of the stable isotopes “H or '®0 in sap and water from possible
sources, as differences commonly exist in the natural isotopic composition of groundwater
and soil water. Use of this technique to compare the sources of water exploited by trees and
crops in agroforestry can indicate whether their water use is competitive or complementary.
The efficacy of the method was tested in both humid (Malaysia) and water-limited
environments in Niger and Australia (Tables 1 and 2).

2.1.1. Sources of water in a humid environment

In a Gliricidia-maize alley cropping system (4 m between hedgerows) under humid
tropical conditions in Malaysia, & '*O values of rainwater differed significantly from the
values in the sap of Gliricidia hedgerows, with & '®0 values of soil water and maize sap being
intermediate. & 'O values of all sources varied both within and between years, but among
sources, groundwater showed less temporal variation. Gliricidia and maize took up water
mainly from the 30—60 cm soil depth, and seemed to compete for water at this depth during
the establishment phase of Gliricidia. However as Gliricidia aged, the trees appeared to be
taking up water from lower soil depths.

2.1.2. Sources of water in water-limited environments

Competition for water between trees and crops may be unavoidable in water-limited
environments unless the deep roots of trees can exploit water that has drained through the
crop rooting zone to the water table. In a windbreak system of neem trees and millet at two
locations in the Sahelian zone of Niger where groundwater occurred at depths of 35 m
(Sadore) and 6 m (Majjia Valley), differences in the 8'®0 signatures of groundwater, soil
water at 0—-3 m depth and the sap of neem and millet revealed that the trees and crop used
water from the topsoil after rain at both sites, but during dry periods the tree was able to
access shallow groundwater in the Majjia Valley, but not deep groundwater at Sadore. Thus,
trees and crops compete for water in the topsoil, but during periods of drought the tree can use
shallow groundwater to mitigate the water stress. The relationship between these findings and
millet yields is discussed in Section 3.

In a natural ecosystem in semi-arid northwest Australia with a mean annual rainfall of
300 mm, the mean 8°H of soil water at 2 m depth was —24.4%o while the mean &°H of



groundwater was —49%o. The 8°H signatures of rainwater ranged from +11%o (November) to —
24%o (August). Thus, there were very large differences in the 8*H signatures between and
within different water sources. Considerable differences in 8°H between tree species and
landscape positions were also evident. Based on these observations it was concluded that
species adapted to growing in and along creek lines have access to groundwater and are less
dependent on stored soil water, while conversely, species growing on floodplains are highly
dependent on rainwater.

Several implications can be drawn from the above observations with respect to
agroforestry systems. Tree species from arid environments may be adaptable for use in
agroforestry systems in areas with strong seasonality in rainfall. The presence of roots deep in
the soil profile is not a reliable indicator of the zones of water uptake, both spatially and
temporally. Development of areas with little access to groundwater for agroforestry may not
be sustainable without periodic recharge of soil water by rainfall. Design and management of
agroforestry systems requires detailed knowledge of climate, the depth of groundwater and
soil water volume. Unfortunately, the idea that differences in the spatial distribution of roots
between tree and crop species will be the key to complementarity in agroforestry systems is
not supported by observations. Rooting patterns for trees and crops are usually similar, and
although trees have deeper roots than crops there is little spatial separation. Complementarity
in agroforestry must depend on the distribution of the water resource, not on the distribution
of roots.

2.1.3. Using stable isotopes to assess sources of water

Knowledge of the spatial and temporal variations in the relative abundance of the
naturally-occurring stable isotopes of H, and O, (5°H and 8'%0) in groundwater, soil water,
rain water and plant sap provides a powerful tool for identifying sources of water used by tree
and crop components of agroforestry systems. However, caution is required in both the
sampling and data interpretation aspects of the methodologies. For example, significant 5'*0
isotopic discrimination can occur in the ascending sap of herbaceous species due to radial
evaporation from the stem. Artificial ‘suberization’ by wrapping the stem of maize in plastic
film was found to be effective in minimising fractionation. While both *H and "®0O have been
used to identify sources of water used by plants, ?H may be better for this purpose, while '*0
may be more useful for examining relationships with climate.

Ideally, the isotope technique should be used in conjunction with other measurements
of system water status, including the spatial and temporal distribution of volumetric soil water
content, so that estimates of the soil water balance can be obtained. If the soil water balance is
known, total uptake from individual soil layers can be estimated. If leaf water potentials,
transpiration by the tree and crop and root distributions are measured, partitioning of uptake
from individual soil layers by trees and crops can be modelled, and the information generated
can be used to quantitatively assess the extent of competition and complementarity in
agroforestry under various management regimes.

2.1.4. Movement, storage and competition for water

A comparison of 3 year tree fallows, natural fallow and continuous maize at Msekera
in Zambia showed marked differences in infiltration of water at the end of the fallow period.
Cumulative water intake increased significantly in the order Sesbania (non-coppicing) >
natural fallow > maize + fertilizer = Gliricidia (coppicing) > maize — fertilizer. This result



may be explained by the higher mortality of Sesbania compared with the other species,
leaving more dead root channels to aid water infiltration.

Volumetric water storage (mm) to 165 cm depth (measured with the soil moisture
neutron probe) at the end of the fallow was greater under non-coppicing Sesbania than under
the coppicing species (Leucaena and Gliricidia) and continuous maize with or without
fertilizer. This could imply that that non-coppicing tree fallows are less efficient at using soil
water than maize (1 crop a ') or coppicing fallows that are pruned and re-sprout several times
each year, but the result was inconclusive due to the greater mortality of Sesbania coupled
with the greater potential for water infiltration.

Only one study addressed the competitive aspects of water use by crops and trees. An
alley cropping system in China, consisting of Choerospondias axillaris trees and peanut
intercrop (6 m alleys) was monitored for runoff and soil loss, spatial variation of soil water
(measured with the soil moisture neutron probe), and tree sap flow. Plant and root growth
were also recorded to evaluate competition. The trees competed with peanut for water in the
surface soil only during periods of seasonal drought, as indicated by the spatial variation of
monitored soil water content. Peanut consumed from 21-63 mm less water when grown in
alleys compared with the sole crop. The tree used deep soil water and reduced deep drainage,
as indicated by modelling of soil water fluxes and direction of water movement. The
magnitude of the reduction of deep drainage increased with tree age. Estimated amounts of
water consumed were 694 mm (sole peanut), 1683 mm (peanut + 4 year old tree) and
1652 mm (peanut + 9 year old tree). Therefore, the alley cropping system increased system
water use efficiency by using deep soil water inaccessible to peanut. The productivity of the
alley cropping system is addressed in Section 3.

2.2. Carbon

Soil organic matter plays a significant role in the biological, chemical and physical
aspects of soil fertility. Agroforestry aims to maintain or enhance soil organic matter in order
to sustain soil fertility. In order to assess the efficacy of agroforestry systems in terms of
carbon (C) sequestration it is necessary to measure temporal changes in soil organic
C concentration and soil bulk density over the entire rooting zone.

2.2.1. Soil organic carbon

Sampling in many studies has been confined to the surface soil layers and organic C is
generally expressed as concentration (%, g C kg™ soil) without taking into account changes in
soil bulk density (g cm™) and hence changes in soil organic C over a given soil volume. A
higher % organic C in surface soil (0—15 cm) was measured under 6 year old Leucaena
hedgerows (1.23%) compared with cropped alleys with hedgerow prunings (0.94%) and
controls (no hedgerows, 0.59%) in west Africa. In a long-term study (16 a) in Nigeria with
leguminous hedgerows (Senna and Leucaena) soil organic C at 0—5 cm (ave. 9.9 g kg™') could
not be maintained at the original concentration (12.4 g kg™"), but was significantly higher than
controls (ave. 5.8 g kg™'). On the other hand, % C in a degraded soil in Sri Lanka after 4 a of
alley cropping was higher at both 0.7 and 3 m from Gliricidia hedgerows compared with the
control at each of 3 depth intervals (0-15, 15-30, 30—45), showing that the beneficial effects
are not confined to the surface soil.



2.2.2. Residue quality

Studies on the relationships between residue quality parameters and decomposition
under controlled conditions (France) showed that during the initial phase of decomposition,
the principal factor determining decomposition kinetics was the nature of the added C, which
strongly affected the nature and activity of the decomposing microbial biomass. Initial C
mineralization (after 3 d of incubation) was significantly related to the percentage of soluble
compounds in the residue, while after 142 d, an inverse linear relationship was observed
between cumulative C mineralization and the percentage of the lignin-like fraction (> = 0.73,
P <0.05).

C mineralized from roots was 20 to 30% less than for leaves and stems, and this was
assumed to be related to the high lignin-suberin content in roots. The lower decomposition of
root-C translated into higher stabilisation of root-derived C into the soil, suggesting a higher
contribution of root systems than above ground parts to the soil organic C pool. This suggests
that inputs of C from roots contribute proportionally more than other plant parts to the long-
term build up of soil organic matter.

2.2.3. Soil organic C derived from residues

If the 8"°C signature of plant residues differs from that of soil organic C, it is possible
to estimate the percentage of soil C derived from the residues after a period of decomposition.
In Sri Lanka, Gliricidia residues (leaves, stems and roots) having a 81C value of —25.93%o
were added to soil having a 8"°C value of —23.22%o. The percentage of soil C derived from the
residues was 36% 4 weeks after addition and 31% at maize harvest. These data show the
substantial contribution of residues to the soil C pool, but this percentage declines with time
due to decomposition, and therefore continued residue addition is required to maintain soil C
levels.

The addition of *C-enriched residues to soil also permits the residue-derived C to be
differentiated from the background soil organic C. In France, the placement of '*C-enriched
residues of oilseed rape either as surface mulch or incorporated had a marked effect on
decomposition during 3 wet/dry cycles over a 9 week incubation period under controlled
environmental conditions. Decomposition (as shown by *CO, evolution) was more rapid for
incorporated residues. After 9 weeks, 73.5% of the residue-C remained in the mulch while
7.8% entered the soil fraction down to 10 cm (18.7% was evolved as CO,). When
incorporated, 20.7% remained as residue while 24.6% entered the soil fraction, of which
10.8% was leached down to 17.5 cm (54.7% was evolved as CO;). The migration of residue-
C into the soil fraction was rapid, occurring mainly in the first 3 weeks.

2.2.4. Soil physical properties

Studies in eastern Zambia have shown that trees and tree biomass can improve soil
physical properties, particularly on Alfisols. Alley cropping with hedgerow species can
reduce soil bulk density, increase porosity and increase water infiltration (Section 2.1.4). Soil
hardness or compaction as indicated by penetrometer resistance at 0—5 cm was least for
Gliricidia fallow (0.6 Mpa) and highest for unfertilized maize (1.7 Mpa). Compared with
traditional grass fallow, the percentage of water stable aggregates (>2mm diameter) under
Sesbania fallow was less, but was much greater under Sesbhania than under continuous maize.
These differences were inversely related to time-to-runoff measurements. The role of roots in
the development of structure was also emphasised by the study in Kenya, where the °N



recovery from labelled roots and foliage in water stable aggregates (>20um) was 39 and 31%,
respectively.

Runoff and soil loss were measured over a 3 year period in China in a tree-peanut
alley cropping system on a gentle 5° slope. Runoff in the first year was greatest in 4 year and
7 year old monoculture tree plots (280-300 mm) and was least for the alley cropping systems
(120-140 mm). In contrast, soil loss was highest in the peanut monocrop (6800 kg ha™) and
lowest in the tree monocrops in the first year (1500 kg ha™'). The greater runoff in the
monoculture tree systems may be due to surface seals that decrease infiltration. Tillage for
peanut cropping can increase infiltration, but it also predisposes the soil to erosion. The lower
soil losses in the tree monocrops (years 1, 2 and 3) were due to the absence of tillage, and the
lower losses in intercrops (years 2 and 3) were due to the protection of the tilled soil by
surface mulch.

In West Africa, alley cropping using Leucaena was able to reduce runoff from 67% in
the tilled control to 3% in a 2-m tall Leucaena alley crop treatment. Soil loss was similarly
reduced from 6.2 t ha™' to 0.2 t ha™' in the same treatments.

2.3. Nitrogen
2.3.1. Soil organic N

Changes in soil organic N would normally follow the same trend as changes in soil
organic C. For example, in the long-term study (16 a) in Nigeria with leguminous hedgerows
(Senna and Leucaena) soil organic N at 0—5 cm (ave. 0.81 g kg‘l) could not be maintained at
the original concentration (1.45 g kg™'), but was significantly higher than controls (ave. 0.43 g
kg™). On the other hand, % N in a degraded soil in Sri Lanka after 4 a of alley cropping was
higher at both 0.7 and 3 m from Gliricidia hedgerows compared with the control at each of
3 depth intervals (0—15, 15-30, 30—45), showing that the beneficial effects are not confined to
the surface soil. For the 0—15 cm interval, % N at both 3 and 7 m from the hedgerow was
0.09% compared with the initial concentration of 0.05%.

2.3.2. Residue quality

Studies on the relationships between residue quality parameters and decomposition
under controlled conditions (France) showed that the amount of N mineralized was strongly
related to the initial N content of the residues (rzmotS =0.93, P <0.05; rzleaves =0.93, P <0.01;
Poems = 0.91, P <0.01) . No specific interaction with the origin of the residues (agro-, pasture
or forest ecosystem) was observed, indicating that concepts for describing crop residue
decomposition may be generalized for the decomposition of grass roots and tree leaves, and
therefore for mixed residues in agroforestry systems.

2.3.3. Residues as a source of N for crops

The recovery of tree biomass N by crops was measured in Costa Rica, Chile, Kenya
and Sri Lanka by labelling the tree biomass with '°N by a stem injection technique. In Kenya,
six tree legume species were enriched with '°N and treatments were imposed to separate the
contribution of foliage + roots, foliage alone and roots alone to the N nutrition of 4 crops of
maize grown over 2 a (2 crops a ). Total above ground N (leaves, wood, litterfall) ranged
from 7.6 g tree”! (Crotalaria) to 23.1 g tree” (Calliandra), with shoot to root ratios varying
from 1.2 (Senna) to 3.2 (Crotalaria). Maize recovered only a relatively small percentage of
the labelled legume residues, with recoveries consistently in the order: foliage + roots >



foliage alone > roots alone. Recoveries ranged from 4.0% (Calliandra) to 21.5% (Sesbania)
for foliage + roots, from 2.4% (Senna) to 7.0% (Tephrosia) for foliage alone, and from 1.1%
(Cajanus) to 4.5% (Tephrosia) for roots alone. In a similar N tree injection study in Sri
Lanka with Gliricidia, maize recovered 12.9% from pruned foliage + roots and 2.5% from
roots alone. In Costa Rica, coffee plants recovered 3.1 and 4.2% of N from Erythrina and
Gliricidia prunings, respectively, after decomposition for 60d.

In Chile, the contribution of the tree legume, Tagasaste, and a sown pasture legume
(Medicago polymorpha) to the N nutrition of wheat grown in rotation with the pasture phase
after 1, 2, 3 or 4 years of pasture was assessed using a combination of "N tree labelling by
injection and "°N soil labelling in the pasture. Sheep were allowed to graze the pasture and the
Tagasaste and all faeces and urine were collected, weighed, analysed and returned to the
pasture. The treatments consisted of natural pasture, sown pasture, natural pasture in
Tagasaste alleys and sown pasture in Tagasaste alleys. The legumes contributed from 4.3 to
11.0 kg N ha™' to wheat after 1 a of pasture, 13.4 to 28.7 kg N ha™" after 2 a of pasture, 20.6 to
45.6 kg N ha ' after 3 a of pasture, with no additional contribution after 3 a. Tagasaste
contributed less N than the improved pasture, and the combination of Tagasaste + improved
pasture was superior to improved pasture alone only after 1 a of pasture. The percentages of
wheat N derived from the legumes ranged from 6—16% after 1 a pasture, from 16-31% after 2
year pasture and from 22—45% after 3 a pasture, with no additional benefit conferred after 3 a.
Thus, the pasture legume was able to supply about one-half of the N requirement of wheat
after 3 a. The contribution of N from Tagasaste (6—23% of wheat N) was suboptimal due to
root fungus attack.

In Malaysia, N transferred from the prunings of hedgerow legumes to maize was
estimated by an indirect "N labelling technique involving labelling plots with enriched
fertilizer and then measuring the isotope dilution of the treatment relative to a control. The
contribution of N from leaf mulch obtained from Paraserianthes falcataria hedgerows
contributed 15% to the N nutrition of one maize alley crop. The contribution of N from leaf
mulch obtained from Gliricidia sepium hedgerows to the N nutrition of four maize alley crops
showed marked seasonal variability (5 to 32% of maize N).

In China, the recovery of fertilizer N by a hedgerow tree (C. axillaris) and a peanut
crop was estimated in each of 2 years by placing '’N-enriched fertilizer at 3 depth intervals
(10-15, 30-35 and 50-55 cm) in peanut alone plots and alley plots bordered by 4- and 9 year
old trees. The results indicated that peanut mainly uses N in the surface soil (10—15 cm), but
the trees can use N in deeper soil (>40 cm). The tree competed with peanut for N in the
surface soil as indicated by the lower '°N recovery by peanut and the higher °N recovery of
the tree in the alley cropping system. The older trees were more efficient at recovering
labelled N than the younger trees at each placement depth. The alley cropping system
increased system N use efficiency compared with the peanut monocropping system. For
example, for fertilizer placed at 10—15 cm depth in 2001, "°N recoveries in above ground
biomass were 25% for sole peanut, 45% for peanut alley cropped with 4 year old tress and
65% for peanut alley cropped with 9 year old trees.

2.3.4. Soil inorganic N

In Zambia, concentrations of soil inorganic N (NH;" + NO3) in topsoil (0-20 cm)
during Oct.—Nov. (the so-called pre-season), spanning the several weeks preceding maize
planting, were positively correlated with maize yields (r* = 0.71, P < 0.05). Inorganic-N
concentrations (0-20 cm) under improved leguminous fallows were invariably higher than
continuous maize without N fertilizer or natural fallow, but were similar to maize with N



fertilizer. The improved available N status in topsoil associated with the leguminous tree
fallows may be attributed to N inputs from BNF and litterfall. In contrast, nitrate in subsoil
(150-200 cm) was higher under maize with or without fertilizer (2 mg N kg™ soil) compared
with coppicing Gliricidia and Leucaena tree fallows (0—1 mg N kg™ soil), indicating that the
trees utilized nitrate, which had leached beyond the maize roots. However, subsoil nitrate
under non-coppicing Sesbania was higher than the other treatments (6 mg N kg soil). Thus,
N resource use efficiency was improved by coppicing tree fallows but not under non-
coppicing Sesbania fallow. Mixing coppicing and non-coppicing species was effective in
reducing subsoil nitrate.

Studies conducted under humid tropical conditions showed the high potential for
leaching of fertilizer N (Costa Rica) and N derived from the decomposition of leguminous
hedgerow biomass (Malaysia). In the former study, less than 2% of urea fertilizer was
recovered in the 0-90 cm soil depth at two sites two weeks after N application. In the latter
study, the mineralization of "’N-labelled P. falcataria biomass was very rapid with 20% of
leaf N released in 1 d. Thus, it may be difficult for crops to capture fertilizer N or N released
rapidly from high quality residues under warm and moist conditions with a high leaching
potential.

2.4. Soil pH, Ca, Mg, K and P

Biomass transfer can increase surface soil pH due to the transfer of ash alkalinity. The
magnitude of the pH shift will depend on the soil pH buffering capacity and the amount of
alkalinity transferred. In Malaysia, the pH of surface soil (0—10 cm) increased following the
transfer of P. falcataria biomass, but the effect was transient, and biomass transfer had no
effect on subsoil pH.

Improvement in the organic matter content of the soil through biomass transfer can
also increase effective cation exchange capacity (CEC) and the concentrations of
exchangeable cations. For example, in the long-term study (16 a) in Nigeria with leguminous
hedgerows (Senna and Leucaena) exchangeable Ca™ under Senna mulch at 0-5 cm was
3.4 cmol™ kg™ compared with the original grass fallow of 2.8 cmol™ kg™, Leucaena mulch
(2.2 cmol™ kg ™) and the control (ave. 1.4 cmol™ kg™). Values for exchangeable Mg™ and
K" in mulch treatments were higher than the control soil, but were less than the original grass
fallow. Effective CEC was improved or maintained under mulch (3.5-4.7 cmol™ kg™)
compared with the original soil (4.1 cmol™ kg™) but was significantly less in the control (ave.
2.4 cmol™ kg™). In the same study, there was no improvement in soil available P status
(Bray-1) due to biomass transfer.

3. PRODUCTIVITY OF AGROFORESTRY SYSTEMS
3.1.  Tree fallows

In East Africa, maize grown after leguminous tree fallows in Kenya and Zambia
showed highly significant yield responses when compared with the control treatment
(continuous maize). In Kenya, maize yield (second crop) increased from 118 to 242 g plant™
for the control and Senna fallow, respectively, and from 130 to 160 g plant™ for the third
maize crop in the same treatments, but maize yields for the 4™ crop were much reduced (52—
71 g plant™") with no significant difference between the control and the fallow treatments.
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In Zambia, planted tree fallows significantly increased maize yields over the no-tree
unfertilized control. However, planted Sesbania (non-coppicing) fallows significantly
improved maize yields only in the first three post-fallow years (4.5-3.5 t ha'). After 3 a,
Sesbania post fallow maize yields were 1-2 t ha', equivalent to no-tree (no fallow)
unfertilised control. Maize yields after 9 post-fallow cropping years following Gliricidia and
Leucaena (coppicing) were similar to those in the no-tree fertilized control (3.5-5 t ha™).
Mixing a coppicing fallow species with a non-coppicing species significantly increased maize
yields compared with single-species fallows. However, mixtures of non-coppicing species did
not increase maize yields compared with sole species.

3.2.  Alley cropping
3.2.1. Crop yields

In a 10 year study of alley cropping maize with Leucaena and Dactyladenia in West
Africa fertilized maize yields were consistently higher in the alleys (2.5-5.6 t ha™") compared
with the control with (1.7-2.5 t ha™') or without (1 t ha™) fertilizer. In a 3-season study in Sri
Lanka, yield of cowpea in Gliricidia alleys was consistently higher when Gliricidia prunings
were applied and when cowpea residues were retained compared with the control (no addition
of prunings or retention of crop residues) or Gliricidia prunings alone.

Studies conducted in Malaysia with P. falcataria and Gliricidia hedgerows and maize
as the alley crop or sole crop gave variable results. There were no significant treatment effects
on the yield of 2 crops of maize with or without (i) P. falcataria hedgerows (ii) leaf mulch
and (iii) 50 kg N ha™' fertilizer addition. For the Gliricidia hedgerow with the same
treatments, the control treatment gave the highest maize yield for the first crop, with the
hedgerow treatments giving the lowest yields. For the next maize crop, the treatments with
hedgerow plus mulch gave the highest total dry matter production.

In China, the yield of peanuts over 4 years was consistently less in C. axillaries alleys
compared with sole crops, but the differences were very variable between years (range of 8—
60%). Yield of peanuts and above ground dry matter increased with distance from the
hedgerow to the alley centre, indicative of competition for resources. The same result was
observed in Sri Lanka, where cowpea grain yield was higher in the middle rows (9-11 g
plant ™) compared with 4-5 g plant ™' near the hedgerows.

3.2.2. Physiological response of the crop

Studies in Sri Lanka showed that the hedgerow has a marked effect on the
physiological response of maize (C4 plant) and cowpea (C; plant). Hedgerows may influence
1-3 adjacent crop rows negatively, possibly due to competition for light or water resources.
For example, the leaf chlorophyll content (SPAD readings) of 2 maize rows adjacent to
Gliricidia hedgerows was 35 compared with a reading of 42 for the 3 rows in the centre of the
alley. The leaf photosynthesis rate of cowpea at 10.00 h was significantly lower near the
hedgerows (10 umol m?’sh compared with the centre of the alley (45 pmol mZ’s?).

3.3.  Agro-silvo-pastoral

In the study conducted in Chile in a Mediterranean environment, a traditional system
of natural pasture was compared with sown legume-based pasture, and with traditional and
improved pasture between hedgerows of Tagasaste (tree lucerne). Sheep were allowed to
graze the pasture and trees, and all faeces and urine were collected and returned to the plots.
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The pasture phase of 1, 2, 3 or 4 a was followed by a crop of wheat. Grain yield of wheat was
lower in the traditional system after 2 or more years of pasture (1560—1847 kg ha™') compared
with the other treatments (2240-3380 kg ha™), but there was no additional advantage when
Tagasaste was included with improved pasture. There was also no advantage in increasing the
length of the pasture phase beyond 2 a. However, the inclusion of legume trees confers
additional benefits not quantified in the study. The presence of trees in this environment is
crucial in terms of providing shelter during the hot, dry summer, and the rainy and windy cold
winters when sheep are lambing.

3.4. Shade trees

The use of leguminous shade trees (Erythrina) for coffee in Costa Rica is a traditional
agronomic practice. Both coffee and shade trees are pruned. By increasing the shade tree
density from 238 to 500 trees ha ' and introducing a staggered tree pruning schedule so that
one-third of the shade trees were pruned at any one time, it was possible to increase tree
biomass from 2400 to 4500 kg ha™' and biomass N content from 110 to 190 kg ha™'. Yields of
coffee beans in the fertilized control, low tree density and high tree density were 20 300, 19
400 and 23 500 1 a™', respectively. Thus it was convincingly demonstrated that improved
management of leguminous shade trees could replace the large amounts of N fertilizer
currently applied to coffee in Costa Rica, which constitutes a serious environmental hazard
due to the high leaching potential and low uptake efficiency on the young, permeable volcanic
soils under humid tropical conditions.

3.5. Windbreaks

Soil degradation and damage to crops occurs in the Sahelian zone of West Africa, due
to erosion of the predominantly sandy soils by strong winds preceding rainstorms.
Windbreaks are recommended to ameliorate wind erosion where the natural savannah trees
have been lost through drought or cutting. Studies conducted in Niger in a water-limited
environment demonstrated that millet yields in fields sheltered by windbreaks increased when
the trees had access to groundwater (6—10 m deep), but were adversely affected when
groundwater was inaccessible, and both species were forced to compete for the same limited
water supply in the top 2 m of the soil profile.

4. CONCLUSIONS

The present CRP has added to the existing body of knowledge by applying nuclear
techniques to gain insight into resource use efficiency in agroforestry systems. A sealed
radioactive source (soil moisture neutron probe) and stable isotopes at both enriched (°N,
() and natural abundance levels (°C, '*0, *H) were employed to obtain data on water and
nutrient dynamics that could not be easily or accurately obtained by using traditional non-
nuclear techniques.

Knowledge of the spatial and temporal variations in the relative abundance of the
naturally-occurring stable isotopes of H, and O, (8°H and '®0) in groundwater, soil water,
rain water and plant sap provided a powerful tool for identifying sources of water used by tree
and crop components of agroforestry systems. However, caution is required in both the
sampling and data interpretation aspects of the methodologies. For example, significant 5'*0
isotopic discrimination can occur in the ascending sap of herbaceous species due to radial
evaporation from the stem. Artificial ‘suberization’ by wrapping the stem of maize in plastic
film was found to be effective in minimising fractionation.
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Ideally, the isotope technique should be used in conjunction with other measurements
of system water status, including the spatial and temporal distribution of volumetric soil water
content, so that estimates of the soil water balance can be obtained. Volumetric soil water
content is most accurately measured with the soil moisture neutron probe. If the soil water
balance is known, total uptake from individual soil layers can be estimated. If leaf water
potentials, transpiration by the tree and crop and root distributions are measured, partitioning
of uptake from individual soil layers by trees and crops can be modelled, and the information
generated can be used to quantitatively assess the extent of competition and complementarity
in agroforestry under various management regimes.

Extensive use was made of the stable isotope "N to quantify the contribution of tree
roots and prunings to the N nutrition of crops, and to track movement of N in the soil profile.
The stable isotope >C was also used to quantify the contribution of tree roots and prunings to
soil carbon stocks, and to track the movement of carbon into different soil physical or
chemical fractions that are important in terms of soil structure and chemical fertility. Without
the use of residues with N or '*C isotopic signatures different from that of the soil organic N
and C pools, it is impossible to accurately follow the pathways and estimate the recovery of
residue N and C in soils and crops, since the background concentrations of soil organic N and
C are large relative to the amounts of residues added.

A fundamental requirement of agroforestry is that the trees and crops should
complement each other in terms of resource use and not be competitive for resources. Thus
climate plays an important role in the efficacy of agroforestry systems. Under humid tropical
conditions where rainfall is high, water is usually not a limitation to either trees or crops.
However, under limited rainfall conditions, trees may compete for water to the detriment of
the crop, since tree and crop roots are abundant in surface soil. Improved water use efficiency
in agroforestry systems requires that the tree can access groundwater that is not accessible to
the companion crop. Improved nutrient use efficiency in agroforestry also requires that the
tree can access nutrients at depth, which are then recycled to the crop through tree prunings.
Leguminous trees can improve the N nutrition of crops through the cycling of prunings with a
high N content. The study in China clearly demonstrated that an alley cropping system
increased water and N use efficiencies almost 2.5-fold compared with the sole crop, but this
was achieved at a cost in reduced peanut yields.

The adoption of agroforestry systems by farmers will depend on a variety of socio-
economic factors. Agroforestry systems are labour intensive and require careful management.
They will be more attractive to farmers as a soil fertility management tool where
manufactured fertilizers are unavailable or too costly, or where the soils have become
degraded through continuous monocropping. However for optimum production in
agroforestry systems it will be necessary to provide small amounts of fertilizer to overcome
severe nutrient deficiencies, such as phosphorus deficiency. The goal of agroforestry to
increase resource use efficiency was convincingly demonstrated in the CRP. There are clear
environmental benefits to increased water use and recovery of subsoil nitrate by trees, but this
should not be at the expense of reduced crop yields.
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Abstract

Maize was grown between hedgerows of leguminous trees (Paraserianthes falcataria and Gliricidia
sepium) in an alley cropping system from 1999-2004, and the tree prunings were used as a source of nutrients
for the maize crops. The relative contribution of the nitrogen released by the tree prunings and the amounts taken
up by the associated maize crop were measured using the "N dilution method in six maize crops (two crops with
P. falcataria, and 4 crops with G. sepium as hedgerow trees). Rain, groundwater and water at 30, 60, 150 cm soil
depth were collected at the flowering stage of the maize crop, and the '*0 signatures determined to elucidate if
there was competition for water by the maize and hedgerow trees. Leaf prunings from these two tree species
were easily decomposed and nutrients were released at a rapid rate. The leaf prunings contributed up to 15% of
the N taken up by the maize. Hedgerow trees were found to contribute N to the maize, possibly through root
decomposition. The 'O tracer study showed that these hedgerow trees compete for soil water with the
companion maize crop during the early establishment period. However, as the trees grew older, this competition
was minimized.

1. INTRODUCTION

Alley cropping systems, where food crops are grown between hedgerows of
leguminous trees or shrubs and their prunings used as a source of nutrients to the cereals have
been reported to sustain grain yields and improve soil fertility [1, 2]. Tree pruning are known
to improve soil physico-chemical and biological properties by directly providing plant
available nutrients through mineralization [1, 3], and can ameliorate heavy metal toxicities in
acid soils through complexation reactions by the organic acids and other byproducts released
in the process [4, 5]. The Ca and Mg released are widely believed to reduce Al saturation on
the exchange complex [6].

A direct relationship is known to exist between decomposition rate and initial N or
lignin and soluble polyphenols in leguminous litter. High initial N, low C : N, low (lignin +
polyphenol) : N or low polyphenol : N ratios generally favour high rates of decomposition of
fresh leguminous leaves [7, 8, 9, 10, 11]. These biochemical characteristics have been
observed to vary with the age of the plants [12], growth conditions [13], and the plant part
[14]. Thus, both plant residues and the nature of the decomposers influence the process to
considerable extents [15, 16]. As such, nutrient release by organic inputs is expected to differ
in extent and pattern.

Consequently, the objective of this study was to estimate the contributions of labelled
fertilizer N, hedgerows of the leguminous trees Paraserianthes falcataria and Gliricidia
sepium, leaf prunings of P. falcataria and G. sepium applied as a surface mulch, and
supplementary urea N fertilizer in 8 treatment combinations to the N nutrition of 6 crops of
maize intercropped within the legume alleys. '*O signatures of the water in the plants and
from the possible sources (rain, groundwater and soil water at 30, 60, 150 cm soil depth) were
also measured in order to establish the level of competition for water or nutrients between the
trees and the crops.
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2. MATERIALS AND METHODS
2.1. Experimental

A field experiment was carried out at the Puchong experimental site of the Universiti
Putra Malaysia, under humid tropical conditions, with a mean annual rainfall of about 2000
mm, a temperatures range between 19 and 36°C, and with relative humidity ranging between
80 and 90%. The area is dominated by soils of the Bungor series (Typic Paleudult). Specific
soil physical and chemical characteristics of the experimental site are shown in Table 1. The
plot size was 4m wide and 5 m long and a total of 32 plots were prepared with legume tree
seedlings planted as hedgerows in one half of the plots with four replications completely
randomized. The 8 treatments were:

- No hedgerow (control)

- Hedgerow

- No hedgerow + leaf mulch

- Hedgerow + leaf mulch

- No hedgerow + 50 kg N ha™' harvest™

- Hedgerow + 50 kg N ha™' harvest™

- No hedgerow + leaf mulch + 50 kg ha™' harvest™
- Hedgerow + leaf mulch + 50 kg N ha ' harvest™

TABLE 1. CHARACTERISTICS OF THE 0-20 CM SOIL DEPTH IN THE STUDY AREA

Soil characteristics Value

Organic Carbon (Walkley and Black) 1.44%

Total N (Kjedahl) 0.15%

Cation Exchange Capacity (NH,;Ac pH7.0) 7.0 cmol kg
pH (Water) 4.8

pH (KCl) 3.9

Clay 26.4%

Silt 4.3%

Sand 69.2%

Bray—1 P (0.01N HCI + 0.03N NH,F)) 5.1 mgkg

For each crop, "°N labeled ammonium sulfate fertilizer (10.27 atom % °N excess) was
applied to a 1 x 3 m micro-plot (covering 13 maize plants at the center row of each of the
32 plots) at the rate of 40 kg N ha ' one month after sowing. At the same time, 100 kg P ha™'
(first crop), and 50 kg P ha™' (in subsequent crops) as Triple Super Phosphate (TSP) and
120 kg K ha™' as Muriate of Potash (MOP) were applied to all plots for all crops to alleviate
the likely nutrient deficiencies. Nitrogen was applied as urea at the rate of 50 kg N ha™ to all
the respective land-use systems in two split applications; the first application was at one
month after planting and the second application at two months after sowing. The trees were
trimmed to a height of 1m (hereafter called hedgerows or H) and their foliage was used for
application to the plots. Fresh legume leaves were applied to the leaf mulch (LM) plots at the
equivalent N rate of 120 kg N ha™' that was split equally into two applications, one at one
month, and the other at two months after sowing. This rate will be used in calculations of N
use efficiency by maize in this study. During the second crop, the survival and growth of P.
falcataria trees was low due to fungal and other pest infestations, and therefore most of the
leaf material applied was collected from sources outside the experiment (biomass transfer).
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After two maize crops, the hedge row trees were replaced with G. sepium, and four crops of
maize were grown using their leaf prunings as the N source. At maturity, the centre nine
maize plants from the 5N labelled area were harvested, separated into stover and cobs, and
the stover was chopped into 3-cm pieces, mixed thoroughly and quartered. Two quarters were
again mixed and two quarters were taken as a subsample for each plot. The subsamples were
oven dried at 70°C until constant weight, ground to pass a 1 mm sieve and sent for '°N
analysis to the IAEA Seibersdorf laboratory. Water samples were also collected at the grain-
filling stage for each of crops 3, 4 and 5 and sent for '*O analysis. Groundwater was collected
from a tube-well located outside the experimental field, while water samples from 30, 45 and
60 cm depths were collected from tensiometers placed inside each plot. Sap was extracted
from each plant by attaching the cut end of the plant into a flask attched to a hand operated
suction pump. Suction was applied manually for 3—5 minutes, and then the top 5 cm of the
plant was removed or cut. More suction was applied and another 5 cm of the plant removed or
cut. This was continued until a few mL of sap was extracted from the plant. All the water and
sap samples collected for the day were placed and transported in an ice box and transferred
into the freezer in the laboratory until analysed.

2.2.  Calculations and data analysis
Percent N derived from treatment (%NdfrT) was calculated using the following formula: [17]

%NdrfT = (1-[atom% "°N excess of maize in residue treatment + atom% "N excess of maize
in control treatment]) x 100

NdrfT (kg ha™) = %NdrfT x Total N uptake by maize in each land-use system

Differences between treatment means were tested for significance using Duncan’s New
Multiple Range Test (DNMRT) at the 5% level of probability [18, 19]

3. RESULTS

The chemical and physical characteristics of the soil and the plant prunings are shown
in Tables 1 and 2, respectively.

TABLE 2. RESIDUE QUALITY OF P. FALCATARIA AND G. SEPIUM

Characteristics P. falcataria G. sepium
Moisture content (%) 57.3 73.0
Organic Carbon (%) 41.9 26.8
Total N (%) 3.47 4.87
Lignin (%) 25.6 15.1
Polyphenol (%) 1.73 1.68
(Lignin + Polyphenol):N 7.9 3.5
Lignin : N 7.4 3.1
Polyphenol : N 0.50 0.34
Carbon : N 11.2 5.5
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3.1. P. falcataria hedgerow

No significant yield differences were obtained between treatments for the different
yield components in both crops 1 and 2 (Table 3).

The N concentrations (%) present in the different yield component for the two crops
showed significant differences between treatments in the stover for crops 1 and 2, and grain
for crop 1, while the husk did not show any significant differences between treatments in both
crops (Table 4).

There were no differences in the total N yield of the grain and husk for both maize
crops (Table 5). The N yield in the stover showed significant responses due to the different
treatments. Mulching with leaves alone showed the lowest N yield in all the maize
components in crop 1, while in crop 2, there were no significant responses in the total N
accumulated by the maize crop for all treatments.

TABLE 3. DRY MATTER YIELD (mg ha') OF GRAIN, HUSKS AND STOVER OF MAIZE
CROPS 1 AND 2

CROP 1 CROP 2

Treatments Grain Husk Stover  Grain Husk Stover
No hedgerow (Control) 5.06 1.82 4.13 4.40 1.15 4.00
Hedgerow 4.52 1.84 4.51 3.92 1.00 3.11
Leaf mulch 4.59 1.62 4.32 4.64 1.17 4.35
Hedgerow + leaf mulch 3.89 1.59 4.28 4.35 1.05 3.99
Control + 50 kg N ha™* 3.72 1.50 4.16 3.92 1.20 3.25
Hedgerow + 50 kg N ha™' 5.03 1.02 4.97 4.94 1.12 3.55
Leaf mulch + 50 kg N ha™' 4.58 1.73 4.88 4.16 1.40 4.11
Hedgerow + leaf mulch + 50 kg N ha™' 4.93 1.87 5.37 4.39 1.10 3.75
LSD P =0.05 ns ns ns ns ns ns

TABLE 4. N CONCENTRATION (%) IN THE STOVER, GRAIN AND HUSKS OF MAIZE-
CROPS 1 AND 2

Treatments CROP 1 CROP 2

Stover Grain Husk Stover Grain Husk
No hedgerow (Control) 124ab 1.52b 0.52a 1.21 be 1.71a 1.74 a
Hedgerow 1.34ab  1.70 ab 0.49 a 1.21 be 1.73 a 1.97 a
Leaf mulch 1.10b 1.74 ab 0.49 a 1.35 ab 1.69a 1.82a
Hedgerow + leaf mulch 1.32ab  1.71 ab 0.49 a 1.33abc 228a 2.64a
Control + 50 kg N ha™! 1.48 a 1.74 ab 0.61a 147 a 1.73a 1.82a
Hedgerow + 50 kg N ha™* 141ab 1.83a 0.44 a 127bc  2.15a 299a
Leaf mulch + 50 kg N ha™' 142ab 1.81a 0.49 a 1.19¢ 143 a 1.65a
Hedgerow + leaf mulch + 50 kg N ha™' 1.51a 1.72 ab 0.49 a 1.32abc  1.50a 1.54 a

TABLE 5. N YIELD (kg ha™') IN STOVER, GRAIN AND HUSKS OF MAIZE CROPS 1 AND 2

CROP 1 CROP 2
Treatments : -
Stover  Grain Husk  Total Stover  Grain Husk Total

No hedgerow (control) 30.8cd 76.2a 9.1a 116.2b 313D 73.8a 69a 112.0a
Hedgerow 359cd 762a T4a 121.1b  384b 66.0a 54a 109.7a
Leaf mulch 249d 80.1a 79a 1129b 599a 775a 78a 1422a
Hedgerow + leaf mulch 357cd 772a 75a 121.2b  52.0a 66.0a 59a 1239a
Control + 50 kg N ha™' 333cd 80.5a 86a 1263b 469ab 673a 75a 121.7a
Hedgerow + 50 kg N ha™' 483ab 105.1a 6.7a 171.0a 446ab 79.7a 82a 1323a
Leaf mulch + 50 kg N ha™' 418bc 873a 76a 143.0ab 498ab 73.1a 85a 1314a

Hedgerow + leaf mulch +50  564a  89.8a 11.1a 1559ab 499ab 81.0a 7.1a 138.0a
kg N ha'
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The "N enrichments in the stover showed the highest values with the grain showing
the lowest values (Table 6). For all the maize components, the '°N enrichment obtained from
the treatments with leaf mulching and the control showed the highest values in crop 1, thus
showing that there was no N contribution from the leaves of P. falcataria mulch. All values
lower than the control treatment in each column showed N being contributed by the added
amendments.

The highest percentage of maize N derived from the treatments in crops 1 and 2 did
not exceed 20%, and was highest for both crops in the Hedgerow + leaf mulch + 50 kg N ha™!
treatment (Fig. 1).

TABLE 6. "N ENRICHMENT (ATOM % EXCESS) IN THE STOVER, GRAIN AND HUSKS OF
MAIZE CROPS 1 AND 2

Treatments CROP 1 CROP 2
Stover Grain Husk Stover  Grain Husk
No hedgerow (Control) 2.508a 1.786a 2.06la 2.054b 1.888a 1.814ab
Hedgerow 2.243a 1.516a 1.752a  2.746a  1.521b  1.970a
Leaf mulch 2.688a 1.853a 2.125a  1.675bc 1.696ab 1.583ab
Hedgerow + leaf mulch 2.092a 1.586a 1.888a  1.905bc 1.706ab  1.860ab
Control + 50 kg N ha™' 2.330a 1.794a 1.940a  1911bc 1.649ab 1.707ab
Hedgerow + 50 kg N ha™' 2.034a 1.544a 1.802a  1.818bc 1.533b  1.648ab
Leaf mulch + 50 kg N ha™' 2.048a 1.657a 1.858a  1.895bc 1.515b  1.558ab
Hedgerow + leaf mulch + 50 kg N ha™' 2.018a 1.478a 1.666a 1.561c  1.495b  1.535b
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FIG. 1. Percentage of N in maize crops 1 and 2 derived from the treatments (%NdfrT): P. falcataria
hedgerow (H), leaf mulch (LM) and urea fertilizer (Fert) and combinations of H + LM, H + Fert and
H+ LM + Fert.

Nitrogen contributed by the amendments accumulated in the grain, followed by the
stover and husk (Table 7). When 50 kg urea N was added, only 4.9 kg ha' unlabelled N was
utilized by the maize (Table 7), but when urea N was added in the presence of P. falcataria as
hedgerows, the utilization of unlabelled N increased to 35.0 kg ha' in crop 1. In crop 2,
hedgerow + leaf mulch + fertilizer showed the highest total N derived from the treatments
(32.2 kg N ha™). The presence of hedgerow with and without leaf mulch improved the amount
of unlabelled N taken up by the maize crop.

19



BCCE e[l eS91 B9yl qe[¢€c el'C aLe Begll 1_BU N 3Y 0§ + yonui Jes| + MoI3paH
99181 el BOSI 2q0°¢ qa6°1 1 BLO 298¢ qey’L BU N 3Y 0§ + yo[nu jea
991°0¢ BL0 BYl oqe6' Y BQ'G¢ ee] €9'CC BTl |-BU N BY 0§ + M0I93paH

Tl eS°0 qeg’8 0qr°e a6’y €S0 NIy %0 ,-BU N 3Y 0§ + [onuo)
P30°01 B20°0 qe6’s oqQe['Y qar's €80 990 2999 yo[nw jea| + MOIdZPIH
qecec el qey'8 qeL ¢l %00 ®0°0 200 200 yonu Jes]
99691 €00 B6'91 200 a9yl eeo qa’L ol qQ9°¢ MOI133paH

P00 €00 200 900 900 €00 900 200 (JonuoD)) mo1a3pay ON
g0 Jsny urein 10A0)S [el0] Jsny urein 10A0)S -
¢ dO¥D 1 dJOYD

CANV | SdOY¥D dZIVIA

40 SYMSNH ANV YJAOLS ‘NIVID NI YAZITILLYFA N ANV HOTOW dVAT ‘MONADAAH FIIVIVOTVA ‘d WO¥A AIARAd ('Y 8Y) N 'L 914V.L

20



3.2. G. sepium hedgerow

The highest total dry matter yield (DMY) in crop 3 was obtained from the control
treatment (no hedgerows and without 50 kg N ha '), and the treatment with leaf mulch + 50 kg
N ha' (Table 8), while the hedgerow treatments showed the lowest grain yield. This is
probably due to the hedgerow competition for nutrients, water and even light. A previous
study at the same location using **P showed the competition for nutrients between Gliricidia
hedgerows and the associated maize crops [20]. For crop 4, the treatments with hedgerows
with the addition of leaf mulch showed the highest total dry matter production.

The highest total N yield for crops 3 and 4 were from plots with leaf mulch and
additional N fertilizer treatments, with the hedgerow treatments showing the lowest N yields.
In general all the treatments with additional N fertilizer showed between 30-39% more N in
the stover and grain, respectively (Tables 9). The same observation was seen in crops 5 and 6
for yield and total N uptake (Tables 10 and 11).

TABLE 8. DRY MATTER YIELD (kg ha™') OF GRAIN AND STOVER IN MAIZE CROPS 3 AND 4

Treatments CROP 3 Total CROP 4 Total
Grain Stover DMY Grain Stover DMY
No hedgerow (Control) 2184 a 1783 b 4520a 1225b 1960a 3185 ab
Hedgerow 1209 ¢ 927 ¢ 2470 c 1377 ab 1128 ¢ 2505 be
Leaf mulch 1858ab  1997b 4369 ab 917c¢ 1522 ab 2493c
Hedgerow + leaf mulch 1603bc  1134bc 3118bc 1814a 1282 bc 3096 ab
Control + 50 kg N ha' 1880ab  1567bc 4022b 1042b 1615b 2657 be
Hedgerow + 50 kg N ha' 1985ab 1624 bc 4054b 1209b 1508 ab 2717 b
Leaf mulch + 50 kg N ha™' 2243 a 2025a 4853 a 1335ab 1837 ab 3172 ab

Hedgerow + leaf mulch + 50 kg N ha™’ 1776 bc 1496 bc 3633 bc 1839a 1848 ab 3687 a

TABLE 9. N YIELD (kg ha™') OF GRAIN AND STOVER IN MAIZE CROPS 3 AND 4

Treatments CROP 3 cRoP4
Grain Stover  Total Grain Stover  Total

No hedgerow (Control) 344ab 26.7ab 61.2ab 14.8bc 25.1a 399bc
Hedgerow 173¢  132c¢  30.5c¢ 16.7bc 16.1c 324c
Leaf mulch 28.7b 23.0b 51.7b 1l14c 22.6b 340c
Hedgerow + leaf mulch 264b 157c¢c 42.1bc 241a 157c¢c 399bc
Control + 50 kg N ha™' 346ab 209bc 55.6b 12.1c¢ 17.8¢c 30.2c
Hedgerow + 50 kg N ha' 36.5ab 23.1b 59.6ab 18.0b 183 bc 36.3 bc
Leaf mulch + 50 kg N ha' 394a 305a 70.0a 193b 235ab 445b

Hedgerow + leaf mulch + 50 kg N'ha'  30.4ab 25.1ab 55.5b 24.1a 241a 50.1a
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The highest % of maize N derived from the treatments (%NdfT) was obtained with the
addition of urea fertilizer. For the treatments without the addition of N fertilizer, only the leaf
treatments showed some contribution to the N nutrition of the maize crops. The hedgerow and
hedgerow + leaf mulch did not contribute any N to the maize crops (Fig. 2). However, as the
hedgerow trees grew older, hedgerow treatments started to contribute some N to the maize
crops (Fig. 3). This may be due to the larger root biomass that may have undergone
decomposition and thus, the released N was taken up by the companion maize crop planted
between the trees.
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FIG. 2. Percentage of N in maize crops 3 and 4 derived from the treatments (%NdfT): G. sepium

hedgerow (H), leaf mulch (LM) and urea fertilizer (FERT) and combinations of H + LM, H + FERT
and H+ LM + FERT.
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FIG. 3. Percentage of N in maize crops 5 and 6 derived from the treatments (%NdfT): G.
sepium hedgerow (H), leaf mulch (LM) and urea fertilizer (FERT) and combinations of H +
LM, H + FERT and H + LM + FERT).
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33. "o analysis of soil water and plant sap

Samples from the rain water, soil water and plant sap taken in 2003 and 2004 were
analyzed for '80 for maize crops 4 and 5 (Fig. 4 and Fig. 5, respectively). Both Gliricidia
trees and maize plants took up water mainly from the 30—60 cm depth, and seemed to
compete for water at this depth (Fig. 4). However, as the Gliricidia aged, the trees appeared to
be taking up water from lower soil depths, while the maize accessed water from the upper
layers of the soil (Fig. 5).
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FIG. 4. Variations in 6 "*O in soil water, rain water and plant sap for crop 4.
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FIG. 5. Variations in 6 "*O in rain water, soil water and plant sap for crop 5.

4. DISCUSSION

Leaf mulch did not contribute N to corn production in the first season (Fig. 1), but
contributed some to the subsequent crops (Fig. 2 and Fig. 3), and the integration of legume
prunings with either fertilizer or the hedgerow (or both), resulted in an improvement in the N
nutrition of corn (Figs 1, 2 and 3). The phenomenon of low N contributions to corn in
treatments with surface applied leaves was reported in the literature by various authors [21,
22, 23, 24, 25]. The low N uptake by corn from surface applied leaves is often attributed to
high N losses through ammonia volatilization [24] or lack of synchrony between N demand
by maize and N release from the legume leaves [26]. As it has been hypothesized that leaf
prunings of high quality, such as P. falcataria and G. sepium leaves, will mineralize N too
quickly to meet crop demand [24], especially in the hot and humid conditions such as those
prevalent in this experiment, it is likely that most of the mineralized N would be lost via
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nitrate leaching and ammonia volatilization. Where leaves were applied in treatments with
Hedgerow and urea, there was a tendency for improved N nutrition of maize derived from the
treatments imposed.

The other reason for the inconsistent results obtained between treatments for the
different cropping cycles may also be due to the short time difference between the time of
applying "N labelled fertilizers and the unlabelled residues which may have resulted in errors
associated with pool substitution [27]. Pool substitution has been described as the process by
which added labelled inorganic N (fertilizer N) stands proxy for unlabelled inorganic soil N
that would otherwise have been abstracted from the pool by one or more consumption
processes [28].

There is also a possibility that considerable amounts of soluble condensed tannins and
hydrolysable tannins (reactive polyphenolics) are released during legume leaf decomposition
in the field and these compounds may react with N compounds from the other components
such as roots, thereby immobilizing part of the N. Reactive polyphenols are known for their N
binding capacities [29] and hence form stable polymers once they come into contact with
proteins and other N compounds during plant tissue decomposition. Soluble compounds are
capable of travelling down the moist soil profiles from surface applied leaves (leaf mulches)
and would consequently react with N compounds of below ground biomass such as the
hedgerow in this study, as well as the N in the applied urea occurring in solution [24, 30].

It is important to state that the N contribution of root biomass was low, probably
because of the limited quantity as far as soil N build up and its eventual recovery by the crop.
The reduction in the percent N recovery from 13% (crop 1) to 4.8% (crop 2) in the H
treatment (Fig. 1) would offer some confirmation to this. Such a decline has been attributed to
effects of competition for the same nutrient resources between the trees in the hedgerow and
maize in the alley, especially where the trees are allowed to re-sprout during corn growth [20].

It is also worth noting that the N contribution of roots in the field study may be
underestimated because of the lack of quantitative data on root biomass and turn over,
especially where H was used with other unlabelled N sources. It was not possible to calculate
specific %N recovery rates associated with H treatments using NdfrT data of the H treatment,
because biomass input of roots was not known. Therefore, we emphasise the need for simple
and non-destructive methods for estimating below ground biomass and N.

The use of legume residue with inorganic N rather than the use of either individually,
seems a potentially more viable nutrient management strategy for improving N availability
and N use efficiency (Figs 1, 2 and 3).

The '30 results showed that, with time the competition for water between maize plants
and the trees decreased significantly (Figs 4 and 5). The water source for maize remained in
the upper (top 30 cm) layer of the soil profile while that of the trees shifted from the upper to
the deeper (below 30 cm) layers with time (or age). Chirwa et al. [31] observed that the
deeper tree rooting is an important attribute for complementarity in tree-crop systems, as the
tree and crop can access water and nutrients from difference soil volumes, thereby minimising
competition for such resources. Deep rooting may also entail mitigation of nutrient leaching,
as tree roots can act as safety-nets in the wet season and exploit the residual soil water during
the post-rainy period. The tree coppice biomass can be pruned 2 to 3 times and the prunings
can be incorporated in the soil as an N source to the alley crop during the cropping season.
Incorporating coppice biomass into soil every cropping season further recycles the subsoil
nutrients to the soil surface for the benefit of crops. Chintu et al [32] also found that
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inorganic-N in the topsoil under coppiced tree legumes was significantly higher than in
unfertilized maize mono-cropped plots. Subsoil N accumulation was evident under fertilized
maize mono-cropping [32]. Subsoil nitrate-N beneath planted trees was less than that beneath
mono-cropped maize plots indicating that trees probably retrieved subsoil N [32]. Continuous
N fertilization of shallow rooting crops may lead to N leaching and accumulation in the
subsoil, which is not only a loss for crops but may also pose serious environmental problems
[31]. Coppicing tree legumes with deep roots can not only potentially intercept nutrients
leaching down the soil profile, they can also access the nutrients accumulated in the sub-soils
below the rooting zone of annual crops [32]. Subsoil nutrients captured by planted trees in
farming systems become inputs when transferred to the soil surface in the form of leaf litter
and other tree residues [31]. Though considerable knowledge is available on the contribution
of trees to N supply through aboveground biomass in agroforestry systems, little is known
about the role of tree roots in N cycling. If water or nutrient stress occurs in the topsoil, the
uptake of subsoil nutrients and water by deep-rooted trees is enhanced, particularly if the
subsoil has accumulated nutrients and water. Chintu et al. [32] found that planted tree
legumes rooted much deeper than annual crops at Msekera in Eastern Zambia. Adequate
knowledge about the rooting depth of coppicing tree legumes is critical in designing
agroforestry systems. Integration of trees and annual crops with similar rooting depths in time
and space might result in competition for water and nutrients, resulting in lower crop yields
[32].

5. CONCLUSIONS

The overall challenge lies in developing ways and means of managing the
decomposition rates of organic matter to enhance N uptake by crops. Integrated use of
inorganic N and plant residues seems a more viable and attractive strategy for improving N
use efficiency. The economic advantage to resource poor farmers is that the rates of fertilizer
N application may be as little as or less than one half, since some N supplementation would
come from the plant residues as demonstrated in this study. Integration of legume leaves with
either or both a fertilizer or/and the legume tree hedgerow as source of N, resulted in an
improvement in the N recovery by the associated maize. Older tree legumes used in the alley
cropping system are unlikely to compete for water and nutrients with the maize or any annual
crop, as root system of older trees tend to be deeper than that of the annual crops. However,
adequate knowledge about the rooting depth of coppicing tree legumes is critical in designing
agroforestry systems. Tree legumes are known to improve soil fertility by increasing
inorganic-N availability mainly through biological nitrogen fixation (BNF), deep capture of N
from subsoil profiles and addition of leaf litter [31]. Thus, growing N fixing trees as an in-situ
source of N for food crop production in resource poor countries is a viable option. More
studies need to be undertaken to quantitatively establish the potential of a range of
agroforestry planted trees to intercept, retrieve and recycle subsoil N.
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Abstract

An important aim of agroforestry in water-limited environments is to enhance biomass production on
farms by increasing the productive use of rainfall. To protect the food security of farm households, water use by
trees should not be at the expense of crop growth because of competition. Successful use of agroforestry
therefore requires that trees utilise water that would otherwise be lost from cropped fields by evaporation, runoff
or drainage. Competition may be unavoidable in water-limited environments, however, unless the deep roots of
trees can exploit water that has drained through the crop rooting zone to the water table. Use of groundwater by
trees can be verified by comparing the concentrations of the naturally-abundant stable isotopes “H or '*0 in sap
and water from possible sources, as differences commonly exist in the isotopic composition of groundwater and
soil water. Use of this technique to compare the sources of water exploited by trees and crops in agroforestry can
indicate whether their water use is competitive or complementary. The technique was tested for windbreak
systems at sites in Niger with markedly different water table levels. Where the water table was 6—10 m deep, the
trees extracted groundwater or deep reserves of soil water during dry periods; where the water table was 35 m
deep, both the trees and crop relied on water from the top 2 m of the soil profile. Competition for water is
therefore less severe where trees can access groundwater, but may reduce crop productivity where they cannot.
Management strategies should be designed to sustainably maximise the economic returns on water use where
groundwater is accessible, but to limit water use by trees where it is not. Use of isotopes to determine sources of
plant water promises to become a key tool in the planning and management of agroforestry.

1. INTRODUCTION

There are a wide variety of agroforestry systems in use around the world [1], [2], but
each shares the goal of (a) protecting resources from degradation, while (b) sustainably
increasing biomass production. The former arises from, for example, the use of trees to
control soil erosion and to prevent nutrient depletion [3], [4]; Cannell et al. [5] argued that the
latter is possible if the water, nutrients or light utilised by trees for growth would otherwise be
left unused by crops. Thus, in the case of water limited environments, if rainfall is poorly
utilised, integrating trees into the farming system can increase farm productivity.

In arid and semi-arid regions, crops commonly utilise less than half of the annual
rainfall productively, with the remainder lost as runoff, soil evaporation or drainage. For
example, transpiration from traditionally-farmed maize amounted to just 15% of seasonal
rainfall in a semi-arid area of Zimbabwe [6]; on the Deccan plateau of India, 59% of rainfall
was lost as runoff or drainage from a traditional cropping system [7]; and 30—45% of rainfall
was lost from millet crops in semi-arid Niger by direct evaporation from the soil [8§].
Furthermore, significant quantities of rainfall may be wasted if rain falls outside of the
cropping season, as for example in Hyderabad, India, where 20% or 152 mm of rain occurs
outside the normal growing season [7]. Thus, rainfall is typically utilised very ineffectively by
rainfed agriculture in arid and semi-arid zones and there is great scope for enhancing biomass
production in these regions by increasing the utilisation of water by vegetation. A
fundamental hypothesis of agroforestry in drylands is that this can be achieved by combining
trees and crops [5].

! Current Address: TUCN-The World Conservation Union, Rue Mauverney 28, 1196 Gland, Switzerland.
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Introducing trees into cropped fields result in changes in the soil water balance. Trees
which retain foliage in the dry season can make use of residual water stored in the soil profile
and any rainfall received after the crop is harvested. On an annual basis, therefore, trees can
increase the productive use of water. Trees can also increase water utilisation during the
growing season. If they are more deeply rooted than crops, and seasonal rainfall is sufficient
to cause infiltration beyond the crop rooting zone, trees are able to utilise water that would
otherwise have been lost as drainage [9]. Shading by the tree canopy reduces evaporation
from soil [10] and may thereby enhance the availability of water to crops during the growing
season. Similarly, when planted along contours, woody hedges promote infiltration of water
into the soil and thus reduce runoff from sloping fields [11], making more water available for
crop growth. Further benefits of agroforestry can result from modifications to microclimate
by trees which increase the water use efficiency of crops [12]. Some or all of these advantages
of growing crops with trees can, however, be negated by evaporation of intercepted rainfall
from the tree canopy [12, 13].

A danger from combining trees and crops is that the hypothesis of Cannell et al. [5]
may fail, with the result that tree production is realised only at the expense of crop growth. If
trees deprive the crop of shared resources in limited supply, crop production in agroforestry
will be impaired [14] and the food security of the farmer threatened. It is therefore critical for
the success of agroforestry that competition for resources between trees and crops is avoided,
or at least minimised. Hence, a major challenge for management of agroforestry is to control
competition and encourage ‘complementarity’ between trees and crops in resource use.
Complementarity occurs when components of mixed vegetation utilise spatially or temporally
distinct sources of resources and consequently avoid competition [14].

A key to the successful design and implementation of agroforestry in arid and
semi-arid regions is understanding the sources of water used by the tree and crop components
of the system. This enables evaluation of the extent of competition and complementarity in
water use, which dictates the management strategies most appropriate for particular sites. The
nuclear sciences have provided environmental scientists with a vital means of assessing the
sources of water used by vegetation: the natural abundance of *H and '*O in water commonly
varies in the environment and the sources of water exploited by plants can, consequently,
often be identified by analysis of isotopic ratios in plant water. This technique has been
widely used in ecology, but it should become a key tool for agroforestry, because when used
in conjunction with other methods of investigating plant water use and soil water, it will
enable development of improved systems for managing water resources.

2. USING STABLE ISOTOPES TO ASSESS PLANT WATER SOURCES: THEORY

The stable isotopes *H and '*O comprise only about 0.015% and 0.2%, respectively, of
hydrogen and oxygen in water [15]. However, their concentrations vary between portions of
the hydrological cycle because of the effects of isotopic fractionation during evaporation and
condensation. Consequently, isotopic ratios of H and 'O are commonly different in
rainwater, soil water and groundwater [16, 17, 18, 19].

Strong enrichment of heavy isotopes occurs at sites of evaporation from plants, such
as leaves and herbaceous or immature woody stems [20, 21, 22]. However, without
evaporation, the isotopic composition of water in plant xylem is conserved; thus, isotopic
ratios for ’H and '*0 are unchanged during movement of water from soil into plant roots [23,
24, 25] and through mature, suberised stems [21, 26]. As a result, where there is sufficient
contrast in the isotopic composition of water from different sources, the source of water taken
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up by plant roots can be readily identified by comparing isotopic ratios for water from stems
and each possible source.

To determine the source of water used by plants, samples of stem tissue, soil and
groundwater must be taken; rainwater may also be collected. For trees and shrubs, suberised
twigs should be sampled, but for crops, the sampling strategy used must prevent fractionation
by evaporation from stem walls. Groundwater is most easily sampled from springs, wells or
boreholes and soil samples should be collected from a series of depths to enable determination
of the variation in the isotopic composition of water with depth. All samples must be
immediately sealed after collection to prevent evaporation and thus isotopic fractionation.

Sources of water may be identified be examining isotopic ratios for either *H or '%0;
in some studies, both isotopes have been used (for example, Brunel et al., [27]). Isotopic
ratios are measured using an isotope ratio mass spectrometer. Conventionally, all water must
be recovered by azeotropic distillation from soil or tissue samples prior to analysis [26]. For
analysis of '®0O ratios, however, an equilibration method can now be used which greatly
simplifies the analytical procedure, as it eliminates the need for distillation [28].

Isotopic ratios are normally expressed relative to a standard, using delta () notation.
For ’H and 18O, the common reference is standard mean ocean water, or SMOW. Values of
SH or 5 %0 are given by where Rg and Revow are the *H/'H or '®0/'°O ratios for the sample and
SMOW, respectively. Units for o values are per mil (%o).

S5°H 5180=(L—1j1000

SMOW

3. KEY RESULTS FROM ECOLOGICAL STUDIES

One of the first studies to use the natural abundance of stable isotopes in water to
identify sources of uptake by vegetation was undertaken by White et al. [29], for forest trees
in the eastern United States. Their analysis showed that trees with access to groundwater used
rainwater in the days following rainfall, but used increasing proportions of groundwater as the
rainwater in the soil was depleted. They quantified the fractional contribution of groundwater
and rainwater to plant sap by calculating the relative weighting of the isotopic ratios for the
two sources in tree sap using a two-ended linear mixing model [30, 31].

Dawson and Ehleringer [24] used stable isotopes in water to demonstrate that mature
riparian trees utilised deep groundwater rather than stream water, and Ehleringer et al. [32]
and Flanagan et al. [33] used the technique to compare utilisation of summer rainfall and
groundwater or stored soil water among species with contrasting growth habits in plant
communities in desert regions of the south-western United States. In Australia, the technique
was combined with measurements of sap flow in trees to quantify discharge from saline
groundwater by tree transpiration [34]. Brunel et al. [27, 35] and Walker and Richardson [25]
compared isotopic ratios of plant sap and water in the soil profile and identified soil layers
from which plants were taking up water. A similar analysis was made by Bishop and
Dambrine [36] for a forest in northern Sweden, but in addition to '*O at natural abundance,
they used enriched *H as a tracer to improve the resolution among soil layers.

Isotopic ratios for *H were used by Dawson [37] in an elegant confirmation of
‘hydraulic lift’, where groundwater is transferred within root systems to dry topsoil. Values of
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SH for soil water at 30 cm depth beneath an Acer saccharum tree were similar to values for
groundwater, but differed substantially from values for rainwater; furthermore, isotopic ratios
for the sap of shallow-rooted understorey plants showed that between 3 and 60% of their
water was supplied from groundwater by the trees via hydraulic lift.

Le Roux et al. [38] used isotopic ratios for water to test the hypothesis that shrubs and
grasses in tropical savannahs use water from different layers of the soil. Their analysis
showed that this was not the case for humid savannah in Coéte d’Ivoire, as both the shrubs and
grasses used water from the upper soil layers. Competition for water thus has a considerable
impact on the growth and distribution of the two components of the savannah in this region.

4. ROOT DISTRIBUTIONS AND COMPLEMENTARITY IN AGROFORESTRY

The conventional wisdom held among agroforesters is that complementarity in use of
below ground resources is achieved by utilising tree species with deep root systems that have
few superficial lateral roots. It is presumed that these trees have a low capacity for exploiting
resources in the crop rooting zone and instead act as a ‘safety net’ and obtain water and
nutrients that have drained or leached beyond the reach of crop roots. Such ideal trees would
show spatial complementarity with crops in use of below ground resources, thus avoiding
competition and fulfilling the hypothesis of Cannell et al. [5].

Unfortunately, there are few indications that such root distributions are found for trees,
at least when grown with annual crops. Rooting patterns for Grevillea robusta trees and
understorey maize are shown in Fig. 1 for a site in the semi-arid uplands of Kenya with a
shallow soil and no water table. Maximum root distributions for both species coincided at the
top of the profile and root populations were dominated by G. robusta at all times, all depths
and all distances from the trees [39]. Although the trees had deeper roots than the crop, there
was no spatial separation of their rooting zones. As the only source of water available was
rainwater stored near the soil surface, competition between the tree and crop was unavoidable.
Complementary use of water would only be possible if an alternative source of water such as
groundwater was available to the trees.

A wide variety of tree species that are popularly used in agroforestry in semi-arid
regions similarly have root distributions that do not conform to the ideal for agroforestry [40,
41, 42]; like crops, trees normally have their maximum root length densities at the top of the
profile [43]. The spatial differentiation of the root systems of trees and annual crops with soil
depth is, consequently, most likely unobtainable. If tree species share the same basic pattern
of root distribution, spatial complementarity for water in agroforestry cannot be obtained by
selecting one tree species over another. The extent of complementarity must, therefore, be
dependent on the distribution of water resources, not the distribution of roots. The key to
successfully fulfilling the hypothesis of Cannell et al. for water is thus knowledge of below
ground hydrology and identifying sites where trees can access groundwater, rather than
detailed information on root distributions. The use of stable isotopes to identify sources of
water used by plants provides a simple and expedient method of assessing complementarity in
water use in agroforestry and the contribution of groundwater to water uptake by the trees.
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FIG. 1. An example of tree and crop root distributions in agroforestry. Shown are vertical
distributions of root lengths for Grevillea robusta trees (solid lines) and maize (dashed lines) at a site
in Kenya [39]. Error bars show +1 s.e.

5. COMPARING TREE AND CROP WATER SOURCES IN AGROFORESTRY
5.1.  Sampling herbaceous stems for isotopic analysis of sap

To be applied to agroforestry, the isotopic method for determining water sources of
plants must be applicable to both woody and herbaceous vegetation, to ensure that the crop
component of agroforestry systems can be included in the analysis. To prevent any change in
the isotopic composition of sap in herbaceous stem samples because of evaporation from stem
walls, ‘artificial suberisation’ can be employed. Stems are wrapped in plastic film from the
soil surface to a height of about 10 cm for at least two hours prior to sampling, to prevent
radial evaporation from the stem; these pieces of stem are then cut and retained for isotopic
analysis. The efficacy of this procedure was tested using pot-grown maize (Zea mays) plants.
The plants were well watered and evaporation from the soil surface was prevented using
polythene sheets. On a hot, sunny day after tasselling, the lowermost internodes of four plants
were wrapped with several layers of plastic film and four other plants were left unwrapped.
The plants were allowed to transpire for two hours to ensure that sap in the lengths of stem
sealed in plastic was replaced by water from the roots. Pieces of stem were then sampled from
the base of each plant, at mid-height and from just below the tassel; samples of soil were also
taken. Values of 6'°0 for all samples were determined by direct equilibration [28].

Isotopic fractionation occurred as sap ascended the maize stems (Fig. 2); the
concentration of 'O in sap increased significantly (P < 0.05), because the lighter '°O
evaporated more quickly, causing 6'°0 values to become less negative. When stems were
wrapped in plastic film and sampled from the base of the plant, however, the & O value for
sap was unchanged from the value for soil (Fig. 2). Thus, the artificial suberisation procedure
successfully prevented evaporative fractionation of sap in herbaceous stems, enabling the
sources of water utilised by crops to be identified using stable isotopes.
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FIG. 2. Values of 8 "°O for water in soil and pieces of maize stem sampled at the base of the plant, at
mid-height and from just below the tassel, with and without ‘artificial suberisation’ (see text) prior to
sample collection. Error bars show 1 s.e.

5.2.  Effects of windbreaks on crop production in the Sahel

In the Sahelian zone of West Africa, erosion of the predominantly sandy soils by
strong winds preceding rain storms is a severe problem, causing soil degradation and damage
to crops. Where drought and cutting have reduced the protective cover provided by savannah
trees, windbreaks are recommended as a means of controlling erosion and providing fuelwood
and other tree products [44]. In addition, amelioration of the microclimate of crops sheltered
by windbreaks has been shown to result in increases in crop yields [45]. Such positive effects
of windbreaks on crop growth can, however, be negated by competition for water with the
trees [46]. To understand the extent of competition for water in windbreak systems, sources of
water used by windbreak trees and crops were investigated at two sites in Niger; at both sites,
pearl millet (Pennisetum glaucum) was sheltered by neem (Azadirachta indica) windbreaks,
but the depth of groundwater at the two locations was markedly different.

In the Majjia Valley, in central Niger, the water table occurs at a depth of 610 m and
studies have shown that the production of millet has increased by 20-25% in fields sheltered
by the network of windbreaks established there since the 1970s [47]. At Sadoré, where
groundwater is found at 35 m, however, the establishment of windbreaks has not resulted in
enhanced crop production [48]. Van den Beldt [44] suggested that such differences in the
impact of windbreaks on crop productivity may have arisen because competition for water is
less severe at locations where groundwater is accessible to tree roots.

To test this hypothesis, the sources of water used by the neem trees and millet at the
two locations were determined by comparing 8O values for groundwater, water in the soil
profile between the surface and 3 m, sap from neem twigs and sap from the stems of millet
plants. Samples of groundwater were taken from wells and boreholes within a few hundred
metres of each site. Soil samples were collected by augering below the windbreak canopy and
beneath the crop, 30 m from the trees. Only mature twig samples were collected, from a 100
m length of windbreak. Samples of millet stem were taken 30 m from the trees, after
employing the artificial suberisation procedure. Values of &'%0 for the samples were
determined using direct equilibration [28] and water contents of soil samples were measured
gravimetrically. Full details of the sampling regime used are provided by Smith et al. [49].
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5.3.  Sources of water used by windbreak trees and crops in the Sahel

Results of the isotopic analyses for samples collected on two occasions during the
cropping season are summarised in Figs 3 and 4. When the soil surface was wet after recent
rain, both the windbreak trees and millet utilised water from the top of the soil profile, at both
Sadoré and the Majjia Valley. For example, on the day after 44 mm of rain in the Majjia
Valley, the top of the soil profile was wet (Fig. 3(a), inset) and values of §'*0 for millet and
tree sap were not significantly different (P < 0.05) (Fig. 3(a)). They were, however,
significantly higher (P < 0.05) than the value for groundwater and both coincided with §°0
values for shallow soil water, indicating that both the trees and crop were obtaining their
water from the top 1 m of the soil profile. Similarly, on the day after 45 mm of rain at Sadoré,
the surface layers of the soil were wet (Fig. 3(b), inset) and values of 6'°0 for tree and millet
sap coincided with values for soil water from the top 1 m of the soil profile (Fig. 3(b)).
Although Fig. 3(b) suggests that the groundwater at Sadoré may have contributed to uptake
by the trees, this is improbable, as there was no indication that the trees at Sadoré had access
to groundwater, 35 m below the surface, even during the driest period of the year [49]. The
neem windbreaks were able to utilise water in the surface layers of the soil when it was
abundant, regardless of the proximity of the water table.

Differences in the exploitation of water resources between the two sites arose during
dry spells in the cropping season, when the soil surface was drier than underlying layers (Figs
4(a) and 4(b), inset). In the Majjia Valley, only the 5'%0 value for millet sap coincided with
values for soil water near the surface (Fig. 4(a)); the 50 value for tree sap coincided with
values for soil water from below 2 m and was not significantly different (P < 0.05) from the
value for groundwater. Thus, when water was not abundant near the soil surface, windbreak
trees in the Majjia Valley were able to extract water from below 2 m, probably including
some groundwater, while the millet crop relied on water from near the top of the soil profile.
By contrast, at Sadoré during a similar dry spell, the §*0 values for millet and tree sap were
not significantly different (P < 0.05) and both coincided with values from the top 2 m of the
profile (Fig. 4(b)), where the soil was wettest (Fig. 4(b), inset). During dry periods, therefore,
the windbreaks and millet in the Majjia Valley used spatially distinct sources of water, while
at Sadoré, they probably competed for water in the rooting zone of the crop; spatial
complementarity is consequently enhanced when the trees have access to groundwater.

Proximity of the water table to the surface thus has important implications for the
severity of competition for water between trees and crops when windbreaks are established in
semi-arid regions such as the Sahel. Where trees have access to groundwater, as in the Majjia
Valley, they are only likely to obtain large amounts of their water from the surface layers of
the soil during periods when water there is plentiful, for example after rain, so that
competition for water is unlikely to have a large impact on the crop. Where access to
groundwater by trees is not possible, the evidence from Sadoré indicates that competition for
water could be severe during dry periods, potentially causing a reduction in the productivity
of adjacent crops. The observation of improved complementarity between windbreaks and
crops where groundwater is accessible to tree roots may help to explain why Long [47] found
increases in millet production in fields in the Majjia Valley sheltered by windbreaks, while
Brenner et al. [48] found that windbreaks did not enhance millet production at Sadoré. Hence,
it appears that the hypothesis of Cannell et al. [5] was fulfilled in the Majjia Valley because
the trees utilised water resources that would not otherwise have been used by the crop; at
Sadoré, their hypothesis appeared to fail because both the trees and crop were forced to
compete for water from the same source.
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FIG. 3. Values of 8 "°O for the sap of Azadirachta indica trees in windbreaks (m ) and adjacent millet
(® ), and for groundwater (GW) ( a ) and soil water beneath the trees (w—) and millet (v—) on days
after rainfall at (a) the Majjia Valley and (b) Sadoré. Inset: the gravimetric moisture content (6,) of
soil beneath the windbreaks (V) and crop (V). Error bars show £1 s.e.
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FIG. 4. Values of 6 '°0 for the sap of Azadirachta indica trees in windbreaks (w) and adjacent millet
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5.4. A strategy for windbreak deployment in the Sahel

Productive use of rainfall is enhanced in rainfed agricultural systems where trees can
utilise groundwater, because water extracted from the water table was lost previously by
drainage from the rooting zone of the crop. Competition with crops for water is avoided and,
provided that extraction by tree roots does not exceed annual recharge, the consequent
increases in biomass productivity on farms are sustainable (although the availability of water
to downstream users may be affected and should be evaluated). Access by tree roots to
groundwater is therefore a crucial consideration when designing strategies for establishing
and managing windbreaks — and other agroforestry systems — in water-limited
environments such as the Sahel.

If accessibility of groundwater is used as a key criterion in planning windbreaks, a
strategy for windbreak deployment can be outlined that aims to minimise the impact of
competition for water between trees and crops, but maximise the opportunity for increasing
biomass production provided by complementary use of water [50]:

e Where groundwater or other deep reserves of soil water are not accessible to
windbreak trees, the main benefits of establishing windbreaks are likely to be control
of wind erosion and provision of tree products. However, to ensure that the food
security of farmers is not threatened, it is vital that management strategies are
employed to reduce water use by the trees. Tree species known to have low water use
should be chosen and they should have root systems that do not spread laterally for
long distances in the crop rooting zone; if warranted by the returns on labour invested,
trenching can be used to prune lateral roots [43, 51]. Once established, demand for
water by windbreak trees should be reduced by pruning of the canopy. The timing and
severity of pruning and the desired shape of the canopy should be optimised by
on-farm testing, but the goal of pruning windbreaks should be to minimise demand for
water by the trees while maximising control of wind erosion.

e Where windbreaks have access to groundwater or other deep reserves of soil water,
strategies for limiting transpiration by the trees are not necessary (unless conservation
of groundwater is a concern). Benefits of windbreaks at these locations will be control
of wind erosion, provision of tree products and increased crop production in sheltered
zones where microclimate is ameliorated. At these locations, an array of tree species
should be used to provide people with a broad range of tree products and to maximise
the economic value of the windbreaks. The tree species selected must have rooting
habits that enable them to reach the groundwater and hydrological analyses should be
used to ensure that extraction of groundwater by the trees is sustainable.

Alternatively, where groundwater is not accessible to tree roots, competition between
trees and crops might be reduced by using an agroforestry system that requires a lower
density of trees. For example, it may be that parkland trees dispersed over a wide area are as
effective in controlling wind erosion as windbreaks, but require lower amounts of resources
and therefore have less impact on crop production.

6. ANALYSIS OF SOIL WATER PARTITIONING BETWEEN TREES AND CROPS

Isotopic analysis of plant water sources is an ideal tool for diagnosing competition or
complementarity for water in agroforestry systems. However, the isotopic method is unsuited
to circumstances where there is little distinction in the isotopic ratios of different sources of
water and may sometimes give ambiguous results. The technique is also incapable of
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quantifying the partitioning of water in any particular soil layer between tree and crop
components of agroforestry. Consequently, to aid interpretation of results and to enable
partitioning of soil water to be quantified, isotopic analyses should not be undertaken without
collecting other supporting data, ideally including measurement of soil water and plant water
relations.

The minimum data required to support interpretation of isotopic analyses are soil
water contents, as they show where most water is present in the soil profile. It is preferable,
however, if profiles of soil water potentials are known, because they indicate water
availability in the soil [35]. These data can be used to clarify ambiguities in the analysis of
uptake where, for example, soil layers have similar isotopic ratios for water but one is very
dry and the other wet [27, 49]. If the soil water balance is known, total uptake from individual
soil layers can be estimated [52]; if leaf water potentials [53], transpiration by the tree and
crop [54] and root distributions [39] are measured, partitioning of uptake from individual soil
layers by trees and crops can be modelled [55]. Such models can be used to assess
quantitatively the extent of competition and complementarity in agroforestry under various
management regimes. If these models can be adequately parameterised, they thus provide
another tool for assessing the exploitation of water resources that can be used alongside
isotopic methods.

7. CONCLUSIONS

In rainfed agricultural systems in semi-arid regions, water is often used ineffectively,
with only a small proportion of rainfall used productively by crops. An aim of integrating
trees into cropping systems is to increase the utilisation of rainfall by vegetation, to enhance
biomass production on farms. However, water use by trees should not be at the expense of
crop growth because of competition for water, as this would threaten the food security of
farmers and their families. Thus, as Cannell et al. [5] hypothesised, successful use of
agroforestry to increase biomass production in water-limited environments requires that the
trees utilise water that would not otherwise be used by the crop; trees should therefore use
water that would be lost from cropped fields by evaporation, runoff or drainage. As maximum
root lengths for trees and crops can be expected to coincide in the topsoil, competition for
water is unavoidable in water-limited environments, unless the deeper roots of trees can
exploit an alternative source of water below the crop rooting zone. If trees exploit
groundwater, they avoid competing with the crop for water and increase the effectiveness of
rainfall utilisation, because water taken up from the water table was previously lost by
drainage from the crop rooting zone.

Where differences exist in the isotopic composition of groundwater and soil water,
stable isotopes should be used to compare the sources of water used by trees and crops in
agroforestry, to enable assessment of the extent of competition or complementarity in water
use. The results of isotopic analyses of water utilisation should then be used in conjunction
with information on the soil water balance and tree and crop water relations to plan
appropriate strategies for the management of water resources at particular sites. Where
groundwater cannot be used by trees, steps must be taken to limit the impact on the crop of
water use by the trees. Where trees are able to exploit groundwater, provided that uptake is
less than annual recharge, economic returns from the trees should be maximised.

To fully understand the impacts of below ground interactions between trees and crops
on agroforestry, it will be necessary in future to integrate analysis of water resource use with
studies of nutrient acquisition by plants. Movement of water to roots is required to facilitate
nutrient uptake and thus strategies designed to make effective use of water resources have
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implications for nutrient acquisition. For example, if trees utilise groundwater and the fertile
topsoil is extremely dry, how do they obtain nutrients? Does hydraulic lift facilitate nutrient
acquisition from dry soils, and if so, does the release of water from tree roots into the topsoil
enhance the availability of water to shallow-rooted crops? A powerful means of exploring
such interactions is provided by isotopic tracers for water and nutrients, both at natural
abundance and using enriched sources, particularly if they are used in conjunction with other
experimental techniques. Results from analyses of the interactions between water use and the
acquisition of nutrients by trees and crops will enable integrated systems of nutrient and water
management to be developed for agroforestry; such systems should enhance rates of success
in using agroforestry to sustainably increase biomass production while protecting resources
from degradation.
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Abstract

Stable isotopes are a powerful tool for examining relationships between plants and their environments.
Knowledge gained from studies using isotopes of H, C, N, O and S can inform decisions about management of
agroforestry systems — in particular management of water and nutrients. Isotopes of carbon, oxygen and
deuterium are now widely used to determine patterns of water use and environmental adaptations. Dual analysis
of carbon and oxygen isotopes continues to provide new opportunities to gain a more detailed understanding of
variation in ecophysiological processes of plants. For example, coupling a dual isotope approach with other
disciplines, particularly dendrochronology, has expanded our ability to examine and compare short- and long-
term temporal relationships between plants and their environment. Correlations between carbon and oxygen
isotopes of tree rings of Callitris glaucophylla, growing in semi-arid, north-west Australia, reveal an apparent
shift in the balance between photosynthesis and stomatal conductance. Between 1920 and 1960, the two isotopes
are negatively correlated, while after 1960 they switch rapidly to a positive association. The shift to a positive
correlation strongly suggests an increase in stomatal control to regulate water use, possibly a reflection of
changes in rainfall patterns in north-west Australia. Detailed modelling of climate-isotope relationships also
reveals a number of unusual relationships. Contrary to most studies, we found a significant correlation between
8'%0 values and climate of the preceding year. This suggests reduced oxygen re-exchange during cellulose
synthesis than reported for other species. Variation in oxygen isotopes largely reflects relative humidity and
rainfall early in the growing season, and temperature late in the preceding and current growing season. Again in
contrast to other studies, carbon isotopes of tree rings of C. glaucophylla appear less useful than oxygen as a
climate proxy, but reveal fundamental information about differences in physiology between conifers and
broadleaf species. While carbon and oxygen are commonly used to examine relationships between trees and
climate, deuterium isotopes are more commonly used to examine water sourcing by plants. In arid regions,
dependence on rainfall or groundwater is largely a reflection of landscape position. For example, species adapted
to growing in and along creek lines have access to groundwater and are less dependent on stored soil water.
Conversely, species growing on floodplains are highly dependent on rainwater. A difference in access to water
translates into differences in physiology and water use: rates of transpiration of creek line species varies little
between seasons. These findings have implications for management of mixed systems and their adaptability to
long-term changes in rainfall and groundwater supply.

1. INTRODUCTION

Agricultural systems that combine woody perennials (trees and shrubs) with
herbaceous annuals (crops and pasture) are increasingly being adopted in Australia and
elsewhere [1]. Such systems are implemented as part of efforts to optimize resource
utilization, while also addressing issues of land degradation due to water logging, erosion and
salinization. Fundamental to developing sustainable agroforestry systems is knowledge of
how trees and shrubs function both in agricultural and natural systems. Key questions that are
being addressed to help develop this knowledge are: how do trees and shrubs adapt to

* New address: Laboratory for Ecology and Ecosystem, University of New South Wales, Australia.
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variation in environmental conditions? How important are differences between species in
their ecophysiology and resource utilization? How do long-lived species respond to
disturbance? Stable isotopes are a powerful tool which can assist in answering these questions
[2, 3]. In particular, stable isotopes of carbon (5"°C), oxygen (8'%0) and deuterium (8°H)
allow comparison of patterns of water use within and between species, between contrasting
environmental conditions and through time with changes in water availability.

Increasing use of stable isotopes to understand natural and managed ecosystems over
the last decade is a direct result of improvements in analytical capabilities, and, more
importantly, a better physiological understanding of isotope fractionation. Discrimination
against °C is directly related to the ratio of internal to ambient CO, concentration of leaves
(ci/ca) [4]. Stomatal closure during periods of drought reduces c;, reducing discrimination
against °C which is evident as less negative 8'°C values. Therefore, the factors that influence
stomatal conductance, relative humidity and rainfall, are often strongly correlated with 8"°C
of plant materials [5]. Similarly, §'%0 ratios are negatively related to stomatal conductance,
which is largely dependent on the ratio of water inside and outside the leaf (expressed as a
difference in vapor pressure) and the 8'®0 of source water [2]. As humidity, which is the
dominant control on evaporation through its influence on stomatal conductance and vapor
pressure deficit, declines, 8'80 values increase [6]. Enrichment of &°H of leaf water is
controlled by the same factors that control enrichment of 8'*0. The final 8'0 and &°H
signature of plant carbohydrates is a balance between further fractionation processes during
photosynthesis and post-photosynthetic metabolism [7].

Because of the relationships between isotopes and measures of water stress, many
studies now use stable isotopes of carbon and oxygen to infer drought tolerance and plant
responses to changes in water availability. In Australia, a detailed understanding of the
drought tolerance of native woody species is largely limited to a few angiosperms, such as
Eucalyptus and Acacia. Angiosperms typically have higher rates of hydraulic supply, stomatal
conductance and transpiration than conifers [8, 9] and are likely to respond differently to
changes in water stress than conifers. Callitris species (Cupressaceae) are the only widely
distributed conifers in low rainfall environments in Australia [10] and provide the potential to
significantly expand our understanding of plant adaptations to drought in Australia both in
terms of short-term (seasonal) and long-term (decadel and longer) responses to water stress.
Expansion of studies to a broader range of environments and species, particularly those that
more closely match the interests of agroforestry, are needed to fully characterize how isotopes
can be used to infer plant-environment relationships.

Increasingly, 8"°C and 8'%0 ratios are being used to examine relationships between
tree growth and climatic variation over decades to centuries with the aim of improving our
capacity to reconstruct past climates [11, 12]. These isotope pairs help quantify tree responses
and adaptations to environmental variation and allow predictions of plant responses to future
climate change. Tree ring studies have so far largely focused on identifying appropriate
sampling methods, e.g. [13, 14]. An increasing number of studies are, however, using isotope
signatures in tree rings to examine or reconstruct variables such as drought indices [11],
water-use efficiency [15] and temperature and rainfall [12]. The most successful of these
studies recognize that ratios of trees from dry sites will be more sensitive to variations in
climate than those of moist sites, further emphasizing the need to expand the range of
environments sampled in isotope studies. No studies in mainland Australia have attempted to
reconstruct long term growth trends using stable isotopes, although Callitris appears to have
good potential for stable isotope dendroclimatology. Ring formation in Callitris is mostly
annual and largely driven by rainfall and water availability [16]. Furthermore, Callitris is
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widespread in semi-arid and arid Australia, providing the opportunity to develop a network of
sites and therefore proxy climate data. Measurement of stable isotope signals in tree rings
may provide the key to improving our ability to extract proxy climate data from Australian
trees, including Callitris. Stable isotope ratios of tree rings appear to be a more accurate
record of environmental or climatic effects on annual growth than tree ring width, with little
retention of non-climatic information that is common in tree-ring width chronologies [17].
Stable isotopes have proved extremely useful in developing tree-ring chronologies from
tropical trees, many of which exhibit little or no formation of annual rings [18].

Coupled with tree ring and foliage isotope data, understanding where and when trees
access water is critical to selecting appropriate species for agroforestry, as well as developing
management strategies. Stable isotopes of water (8'°0 and 8°H) have proven remarkably
robust tools in identifying and quantifying plant use of ground and soil water. The key
assumption of these isotope techniques is that the isotopic composition of xylem sap is an
integration of the isotopic signatures of water from varying soil zones and depths (including
surface waters, water in different soil horizons, groundwater sources [19]. Such techniques
have also already provided us with an understanding of the range of the active rooting zone
and biogeochemical processes, e.g. [19]. Furthermore, it is evident that some plants switch
rapidly between different sources of water, a clear advantage when water is in short supply
and of some help in explaining the co-dominance of grasses and trees in semi-arid and
savanna systems, e.g. [20]. While a number of assumptions are needed when applying stable
isotopes to determine sources of water for trees, using the signal in xylem sap of branches or
twigs to infer rooting depths and water sourcing has many advantages:

e The water can be collected easily and quickly in the field;
It is a quantitative and objective measure;

e It can be applied to species where digging is not possible, or is expensive or
dangerous;

e Large shrubs and trees can be measured repeatedly building knowledge of temporal
and spatial variation in water sourcing by trees.

Here we present recent work undertaken in the Pilbara, north-west Australia
examining carbon, oxygen and deuterium signatures of plant material to determine
relationships between tree growth and climate, and variation in access to water sources.

2. METHODS

2.1. Environmental controls on stable isotope signatures of tree rings and foliage
of Callitris glaucophylla

2.1.1. Field site description

In the central Pilbara, C. glaucophylla is primarily confined to south-facing gullies and
gorges, where it is protected from the frequent fires of the floodplains. The climate of the
Pilbara region is semi-arid and sub-tropical [21]. Day time temperatures at in summer (late
November to March) range from 26°C to 40°C, while in winter, temperatures are between
12°C and 26°C. Average yearly rainfall in the area is around 300 mm; over 60% of this falls
between December and March, often associated with cyclones or rain-bearing low pressure
systems [22]. Soils are skeletal, and gully sites extremely rocky with low water holding
capacity.
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2.1.2. Foliage sampling

To examine seasonal integration of the effects of water availability on growth of C.
glaucophylla, we collected foliage samples for carbon and oxygen isotope analysis on four
occasions spanning the dry and wet seasons of 2003 and 2004. At the same time as the foliage
collection, we measured rates of gas exchange (net rates of carbon fixation, A; of
transpiration, E), leaf water potentials (as a measure of soil water availability) and variables
necessary to calculate leaf-to-air vapor pressure deficits (LAVPD). Gas exchange parameters
were calculated according to [23] and are expressed on a dry mass basis, a common approach
when measuring gas exchange of non-needle conifers, e.g. [24, 25]. Foliage samples were
analyzed for the abundances of isotopes of C and O as described below.

2.1.3. Developing isotope chronologies
2.1.3.1. Field sampling

To develop isotope chronologies from C. glaucophylla, we extracted cores from c¢. 70
trees within the gully site. Once the cores were dried and sanded to reveal the annual rings,
cross-dating was undertaken to assign a calendar date to each ring [26]; both particularly
narrow and wide rings were useful in matching ring width patterns between cores. Of the 70
trees, 12 could be cross-dated back to 1919; cores which could not be cross-dated were
excluded largely because of a very high frequency of false growth bands, missing rings and
unclear ring boundaries. Wood from each year was separated using a razor and combined.

2.1.3.2. Test for necessity of extracting cellulose

We determined the necessity of extracting cellulose for developing isotope
chronologies from C. glaucophylla by comparing the relationships among whole wood,
cellulose and climate for the period 1979-1999. We used the cellulose extraction methods
described in [14]. Isotope analysis is described below (2.1.4.).

2.1.3.3. The final isotope chronologies

The results of our preliminary study above indicated that cellulose chronologies of C.
glaucophylla had more stable relationships with climate through time. Therefore, we
extracted cellulose from the remaining tree rings [14], which was analyzed for the abundances
of isotopes of C and O as described below to produce both carbon and oxygen isotope
chronologies extending back to 1919.

The raw 8"C chronology exhibited a decline (more negative) in 8'°C beginning
around 1955, reflecting the lowering of 8°C of air by 1 to 2%o since 1850 due to
anthropogenic-related increases in CO; [5]. We used the data provided in [27] and [5] to
remove the atmospheric 8'"°C trend from the carbon chronology.

2.1.4. Isotope analysis

Finely ground, oven dried sub-samples of 2—2.5 mg were weighed into tin capsules for
8"C analysis and 0.2-0.25 mg were weighed into silver capsules for 8'*0 analysis. All
isotope analyses were undertaken at the Western Australian Biogeochemistry Centre, UWA.
8"C values were measured using a Roboprep-Tracermass or ANCA S/L-20/20 mass
spectrometer system (PDZ Europa, UK). The precision of both systems, calculated as the
mean standard deviation of at least five replicates of an internal laboratory reference
(radish/collegate; §'°C = —28.61%o), was always <0.2%o. 5'*0 values were measured using a
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TC/EA coupled to a Finnigan DELTA+XL mass spectrometer (Thermo Electron Corporation,
Bremen, Germany). Internal laboratory standards for 8'0 analysis were lab-sucrose (8'%0 =
35.35%o, precision <0.78%o) and lab-benzoic acid (8'*0 = 20.05%o, precision <1.15%o). For
each batch of analyses, c. 10-15% of the samples were analyzed twice to check homogeneity
of sample preparation: mean standard deviation of sample replicates was 0.18%o for 8'*C and
0.11%o for 8'%0. 8'°C values are reported as the *C/"*C ratio relative to PDB and 8'%0 are
reported as the '*0/'°0 ratio relative to Vienna MSOW.

2.1.5. Data analysis

We used linear and non-linear regressions and correlations to examine relationships
between gas exchange variables, and among gas exchange variables, isotope ratios of foliage
and leaf-to-air VPD and water potential.

Climate data were obtained from Newman, the nearest long-term climate station
(1965-ongoing). Relationships between isotope chronologies and monthly climate variables
were modeled using bootstrapped correlation analysis [28]. Climate variables included in the
correlation analysis were: average monthly temperature; average minimum monthly
temperature; average maximum monthly temperature; total monthly rainfall; and average
monthly relative humidity. Twenty monthly predictors from February of the preceding growth
year to September of the current growth year were included in the correlation functions. We
defined the growth year as being October to September.

2.2.  Understanding water use by native trees in semi-arid Pilbara

At the landscape scale within the central Pilbara, water availability is the most
important factor affecting the distribution of species and communities. In turn, water
availability is partly a function of topography and consequently depth to water tables, but also
variability in soil types. Therefore, within the central Pilbara there is the opportunity to
undertake spatial and temporal comparisons of water use by differing trees and shrubs across
landscapes. For example, the genus Acacia is largely dominant on the floodplains. Acacia
xiphophylla grows adjacent to the major creek lines, but where soils are shallow Acacia
aneura grows in groves. Large trees such as Fucalyptus camaldulensis and E. victrix are
mostly restricted to riparian zones, although Eucalyptus leucophloia is widespread on basalt
hills and surrounding ranges.

2.2.1. Field site description

Hamersley Station in the central Pilbara lies within a large basin that forms part of the
plateau of the Hamersley Ranges. The Station encompasses basalt hills (depth to groundwater
= 75 m), floodplains (38 m) and riparian zones (21 m) in close proximity, such that
differences in depth to groundwater and soil types are likely to be the main drivers of species
distributions and water use. We measured deuterium signatures of the following species:

Species Landscape position
Eucalyptus leucophloia Hill
Acacia aneura Floodplain
Hill
Acacia xiphophylla Floodplain
Hill
Eucalyptus victrix Riparian
Eucalyptus camaldulensis Riparian
Acacia citrinoviridis Riparian
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2.2.2. Sample collection

In order to identify temporal and spatial variation in sources of plant water, samples
were collected before the summer rains (November) and following summer and winter
rainfall (August) at different points in the landscape. Xylem water of branches and roots was
extracted under vacuum at the time of collection. The potential for evaporation was
minimized by preventing bubbling during collection and sealing all containers as soon as
possible. It was assumed that there was no fractionation during extraction [29]. All branches
were selected in full sun and all leaves were removed as soon as the branch was cut from the
tree to minimize water loss. Collected water was transferred to 1.8 mL cryotubes and stored in
a freezer until analysis. Soil water was cryogenically extracted from samples collected at a
depth of 2 m; this depth corresponds to the maximum depth of lateral roots of all species
sampled. Groundwater samples were collected from nearby bores and rain water was sampled
opportunistically. Collected rain water was also transferred to cryotubes and stored in a
freezer until analysis.

2.2.3. Deuterium analysis

All extracted water samples were analyzed using the zinc reduction method [30].
Briefly, 10 ul of the water sample was reacted with 0.5 mg of zinc at 490°C for 1 h in sealed
pyrex tubes. The mass to charge ratios of *H to 'H of H, gas trapped in the head space of the
tubes were calculated using a SIRA 9 VG Isogas Dual-Inlet Mass Spectrometer. The molar
ratio of H/'H was expressed in delta notation (5°H).

3. RESULTS
3.1.  Seasonal variation in isotopes of Callitris foliage

8"°C decreased by ~ 0.5%o between the late dry and late wet sample periods (LSD P <
0.05; Fig. 1) indicating an increase in discrimination against *CO, and reduced water use
efficiency. Trends in 8'0 did not match those of 8'°C: we observed a significant increase in
8'80 values between the early dry-2003 and late dry, where 8'*0 peaked at 39.20%o, before
values decreased again to 36.43%o by the early dry-2004 (LSD P < 0.05; Fig. 1). 8"°C and
8'80 were weakly and positively correlated (r* = 0.11, P = 0.011) for the early dry-2003
period, but the two isotopes were not correlated for any other periods. When the four

sampling periods were combined, 8"°C and 8'*0 were poorly but significantly correlated (r* =
0.03, P =0.015).

Carbon isotope ratios were significantly and negatively correlated with stomatal
conductance (r* = —0.38, P <0.001; Fig. 2), while variation in stomatal conductance across
seasons was driven by soil water stress as measured by pre-dawn leaf water potentials (data
not shown). However, 8"°C was not well correlated with pre-dawn water potentials (1I* = —
0.09, P = 0.065), which is largely a reflection of the highly skewed distribution in ypq values
(data not shown). In general, discrimination against °CO, increases with greater stomatal
conductance, a consequence of higher internal CO, concentration and therefore, a decrease in
water stress. Surprisingly, there was little evidence of a relationship between 8'°C values and
instantaneous water use efficiency (iWUE = ratio of net carbon fixation to rate of water loss,
A/E; r* = —0.092, P = 0.057) and there was certainly no relationship between 5"°C and cj/c,
ratios (P = 0.456). 8'30 values were not related to g (P = 0.587), LAVPD (P = 0.872), iWUE
(P =10.197), E (P = 0.605), or total or average rainfall for the three months prior to sampling
(both P = 0.842) or average relative humidity for the month prior to sampling (P = 0.387).
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FIG. 2. The relationship between stomatal conductance, g, (mmol kg 's ) and & "C (%s). Linear
regression: 6°C =—0.003g — 26.566.

3.2. Long-term variation in isotopes of tree rings of Callitris glaucophylla

3.2.1. Cellulose versus whole wood

Overall, the isotopes series for whole wood and for cellulose isotope exhibited similar
patterns. Carbon isotopes of whole wood and cellulose were significantly correlated (r* =
0.64, P < 0.001), as were those of 8'%0 (r* = 0.68, P < 0.001; Fig. 3). Whole wood &"C
values were, on average, 1.17 + 0.4%o more negative than those of cellulose, while 5'%0 of

cellulose was 7.59 + 1.1%o0 more enriched than whole wood.
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FIG. 3. 5§ °C and 6 "0 cellulose (closed circles) and whole wood (open circles) chronologies of
Callitris glaucophylia.

Regardless of wood or isotope type, there was considerable temporal instability in
correlations between isotopes of tree rings of C. glaucophylla and climate (Figs 4 and 5).
Nevertheless, 5"°C of whole wood generally exhibited weaker and more variable correlations
with climate through time than cellulose (Fig. 4). For 8'80, there was less discrepancy
between whole wood and cellulose in their relationships with climate (Fig. 5). On occasions,
whole wood 830 ratios are more strongly correlated with climate than those of cellulose (e.g.
1990-1993, Fig. 6(a); 1997-1998, Fig. 6(b)). However, as for 8"C, 80 of cellulose
generally had a stronger relationship with climate than whole wood. The moving correlation
functions suggest whole wood records climate in a different way, and more weakly, than
cellulose. We postulate that the instability of whole wood-climate relationships reflects the
inclusion of a climate signal from lignin that is more variable between tree rings than
cellulose. Hence, extraction of cellulose is necessary when developing stable isotope
chronologies from C. glaucophylla to ensure an accurate and, more importantly, stable proxy
of past climate.
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FIG. 4. Moving 10 year correlation between & C of cellulose (closed circles) and whole wood (open
circles) and (a) average December temperature and (b) January rainfall. Correlation coefficients are
plotted for the last year of each 10 year period.
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FIG. 6. Stable carbon (a) and oxygen (b) isotope chronologies from C. glaucophylla from 1919 to
1999. The heavy line is the 11 year running mean.

3.2.2. Carbon and oxygen isotope chronologies

Carbon isotope values ranged between —18.8 (in 1957) to —25.0%o (in 1942), while
8'80 ranged from 29.5 (1999) to 39.3%o (1964; Fig. 6). High frequency variation appears to
be greater in the '30 chronology, which had a higher standard deviation than 8'*C (Table 1).
The 8'0 chronology also retains more long-term variation than the 8'°C chronology. First-
order autocorrelations were significant for both isotopes, but greater for the 'O chronology,
which also had significant 11- and 14-order autocorrelation coefficients (Table 1).
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TABLE 1. SUMMARY DATA FOR 8*C AND §'*0 TREE-RING CHRONOLOGIES

613C 6180
Mean (%o) -20.97 34.91
Standard deviation (%o) 0.95 1.98
1%-order autocorrelation 0.230 0.401

8'80 values are mostly well above average from the 1920s to mid 1950s, when they
switch to being mostly below average (Fig. 6). In contrast, below average (more negative)
8'3C values are evident from 1935 to 1950 and from 1979 to the present, while in between
these two periods 8'°C values are above average (more positive) (Fig. 6).

Curiously, examining the correlation between the two series in more detail reveals that
between 1955 and 1965, 8°C and 8'0 switch from being negatively to positively correlated
(Fig. 7). Prior to 1955 the average correlation between 8'"°C and 8'%0 is —0.302, while after
1965 it is +0.359.

The change in the relationship between 8°C and 80 coincides with a well-
recognized increase in rainfall around 1960 in the region (Fig. 8) [31]. The similarity of recent
rainfall trends at Newman and longer running stations such as Derby (18961987, c. 900 km
from Newman, r = 0.481) and Broome (1890-ongoing, c. 750 km from Newman, r = 0.354)
strongly suggest rainfall in the local area exhibits similar long-term trends to the rest of north-
west Australia. Further support for a change in rainfall influencing the correlation between
8"C and 8"%0 is provided when the running correlation between the two isotopes is plotted
against the 21 year running mean of rainfall at Broome (r* = 0.58) and Derby (r* = 0.38)
(Fig. 9). Positive correlations between the two isotopes are clearly associated with higher
rainfall, while negative correlations correspond to periods with lower rainfall.
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3.2.3. Climate relationships of isotope chronologies
3.2.3.1. Oxygen

The 80 chronology exhibited a number of significant correlations with monthly
climate variables of the current and preceding growth year (Fig. 10). The key relationships
between 8'*0 and climate were:

e Negative correlation with rainfall and relative humidity from November to February;

e Positive correlation with temperatures of current growth year from January to August;

e Positive correlation with temperatures of June and July of the preceding growth year;

e Positive correlation with temperature and negative correlation with rainfall and
relative humidity of previous growing year summer.

In summary, these correlations suggest higher evaporative enrichment of §'°0 is
associated with warmer and drier summers, but also that a climate signal following the
summer wet period (i.e. April to August) is incorporated into isotope abundances of tree
rings.

The relatively strong relationship between 8'*0 and climate of the preceding year is
consistent with the first-order autocorrelation exhibited by the 8'%0 chronology. For
temperature in particular, the correlation with climate of the preceding growth year is stronger
than that with current growing season conditions.
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FIG. 10. Correlations between & 'O and monthly climate parameters. Black bars indicate a
significant correlation (P < 0.05) from bootstrapped correlation function analysis; grey bars are not
significant (P > 0.05). Months in capitals are from the previous growth year, while the remainder are
from the current growth year.
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The positive relationship between 8'°0 and October and March rainfall was
unexpected and warranted further exploration. We used a moving correlation technique [28]
and the longer Derby rainfall series (that had a strong correlation with Newman rainfall; see
Section 3.2.2.), to investigate the temporal stability of climate-8'*0 relationships. Around
1960 the correlation between 8'%0 and October rainfall changes from negative to positive
(Fig. 11). Although the relationship between 8'0 and March rainfall is generally positive,
there is a poor correlation with 80 between the late 1950s and mid 1970s, which also
coincides with the timing of increased rainfall (Fig. 11). For October rainfall in particular, the
positive correlation with 8'%0 appears to reflect the increase in rainfall around 1960; it is less
clear if this also explains the positive correlation between March rainfall and 8'°0.
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FIG. 11. Moving correlations between &'°O and October and March precipitation recorded at Derby
(records ended 1986). Using DendroClim2002 [28] the correlation between two series was calculated
repeatedly with an advance each time of one year to produce a time-series of correlation coefficients.
The correlations were calculated for a 20 year period, with the first period being 1919—1938, the
second 1920-1939 and so on.

3.2.3.2. Carbon

Compared with 8'%0, 8'°C exhibited weaker correlations with climate parameters
(Fig. 12). Broadly, the key relationships between 8'°C and climate were:

e Positive correlation with temperatures of the previous growth year from June to
September;

e Negative correlation with temperature of March of the current growing season;

e Negative correlation with relative humidity and rainfall of February to May (wet
season) from the previous growth year;

e Positive correlation with relative humidity and rainfall of March to September of the
current growth year.

In summary, these correlations suggest that drier and warmer conditions in the
previous growth year correspond with less discrimination against the heavier *CO, (more
positive 8"°C) in the current growth year. However, during the current growth year, the
converse is true: warm and dry conditions, particularly in March, correspond to higher
discrimination (more negative 8"°C). Although this relationship is consistent with the positive
relationship between March rainfall and §'%0, it remains difficult to explain using currently
accepted theory. Models of carbon isotope discrimination predict that increased water stress
should reduce discrimination [4], and the negative correlation between 8°C of Callitris
foliage and stomatal conductance (Fig. 2) is consistent with this prediction. As with 8'%0
(Fig. 11), it is not clear that changes in rainfall since 1960 are responsible for the positive
relationship between 8"°C and climate conditions in March. Although there is a switch from a
negative to positive relationship between March rainfall at Derby and 8'°C around 1960, it has
changed back to a negative relationship since 1975 (Fig. 13).
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FIG. 12. Correlations between &'°C and monthly climate parameters. Black bars indicate a significant
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FIG. 13. Moving correlations between 8 °C and March precipitation recorded at Derby (records
ended 1986). Using DendroClim2002 [28] the correlation between two series was calculated
repeatedly with an advance each time of one year to produce a time-series of correlation coefficients.
The correlations were calculated for a 20 year period, with the first period being 1919—1938, the
second 1920-1939 and so on.

3.3.  Water use of native trees

The mean 8°H of soil water at around 2 m depth was —24.4%o, while the mean 8°H of
groundwater was around —49%o; these values were used as the soil and groundwater signals in

subsequent comparisons. The 8°H signature of rainwater ranged from +11%o (November) to —
24%o (August).
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3.3.1. Landscape variation in water sources

Considerable variation in 8°H signatures between species and landscape positions is
evident in the Pilbara (Fig. 14). The most negative 8°H values were found for water of shoots
of Eucalyptus victrix and Acacia citrinoviridis in riparian zones; these values were
consistently similar to those of groundwater. In contrast, §’H signatures of water in shoots of
E. leucophloia, A. xiphophylla and A. aneura were considerably less negative than those of
underlying groundwater, reflecting the poor availability of water to these species (based on
leaf water potentials; data not shown). Species on the floodplain (4. aneura and A.
xiphophylla) also appear to have poor access to groundwater, with 8?H signatures dissimilar
to groundwater. Generally, the 8°H of water in shoots of A. xiphophylla was similar on the
floodplain as the hill slopes (Fig. 14).

E. leucophloia —35.2%o
A. aneura —21.8%o
A. xiphophylla —36.5%o

A. aneura —10.2%o
A. xiphophylla —38.2%o

E. victrix —46.4%o 150 m
A. citrinoviridis —51.7%o
| Groundwater = Groundwater =
-42.3 to -49.1%e0 -46.3 to -51.5%0
12.8 km

d »
< >

FIG. 14. §°H (%) of water in shoots of Acacia and Eucalyptus species at a riparian, floodplain and
hill site in November.

3.3.2. Temporal variation in water sources

Irrespective of landscape position, in August (after winter rains) 8°H of water in the
shoots of all species was substantially enriched relative to November (before summer rains)
(Fig. 15). August 8°H values of all species were similar to those of soil water (—24%o). In
contrast, November 8°H values of the riparian species tended to be similar to 8*H of

groundwater (—49%o), while those of the two floodplain Acacia’s were between the 8°H
values of shallow soil and groundwater.
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FIG. 15. 8 °H of xylem water in shoots of floodplain (A. xiphophylla, A. aneura) and riparian (A.
citrinoviridis, E. victrix, E. camaldulensis) species in November (dry, before summer rains) and
August (wet, after winter rains). Error bars are + standard error.

All species had dimorphic root systems with numerous lateral roots and a tap-root or
sinker root. The tap-roots of Eucalyptus victrix, E. camaldulensis and Acacia xiphophylla
were well developed and at least three quarters the diameter of the stem, while the tap-roots of
A. aneura were much smaller and approximately one tenth stem diameter.

Despite similarities in the development of tap or sinker roots, during the dry period
floodplain and riparian species differed in their 8°H signatures of water collected from tap-
roots. The 8°H signatures of tap-roots of the floodplain species, 4. aneura and in particular, A.
xiphophylla, were considerably enriched relative to groundwater in November (Fig. 16). In
comparison, 8°H signatures of water in tap-roots of the riparian species E. victrix and A.
citrinoviridis were strongly depleted in “H in November, with signatures very similar to
groundwater. By August, differences between floodplain and riparian species were less
marked, with 8°H signatures of tap-roots much more similar to that of soil water (Acacia
citrinoviridis, A. xiphophylla) or between that of shallow soil (< 2 m) and groundwater (4.
aneura, E. victrix). Regardless of season or landscape position, 8°H values of water in lateral
roots tended to be most similar to that of soil water (Fig. 16).

In November, shoot and fap-root 8°H signatures were strongly correlated (r = 0.947),
while in August, shoot and lateral root 8°H signatures were strongly correlated (r = 0.988),
confirming that shoot 8°H signatures reflects access to different water sources by roots.

58



Floodplain Creek

TR
< -10 ~ &
2 \
8 \
g \
-O(E -20 T D— \ I—
5 I S\ S O | I -——_——-¥ _____ NI 8%H of
@ - % N § % % soil water
g -30 - N N =
© L
£ N N
5 40 1 L
g
. L] 8%H of
— S04 - T T T TTTTTTTTTT T T T T T T T T T T T T T T groundwter
o
'60 T T T T
3 o
‘(\OQ‘(\‘!\\") \ e\)('a O \j\(\d\s . \l'\o\‘\
) A x(
6\’0%9 PGQG\ NG o o{(}\\l\)\
P&@ Po@ 6\)

[ November - lateral

1 November - tap root Species
KXY August - lateral

August - tap root

FIG. 16. 5°H of xylem water in lateral and tap roots of floodplain (A. xiphophylla, A. aneura) and
creek bed (A. citrinoviridis, E. victrix) species in November (dry, before summer rains) and August
(wet, after winter rains).

4. DISCUSSION

4.1. Mechanisms of drought tolerance in Callitris glaucophylla: evidence from isotope
analysis of foliage

8'3C isotope ratios of foliage provide strong evidence that the response of Callitris
glaucophylla to water stress is largely mediated by stomatal behaviour. Less negative §"°C
values during drought, as we observed in this study, are strongly indicative of stomatal
closure [32]. Drought tolerance by reducing water loss has been reported for other species of
Callitris [33]. However, when water availability increases, Callitris glaucophylla switches to
a less conservative water-use strategy (8'°C becomes more negative). This response appears
widespread in species growing in arid environments with strong seasonality in rainfall, [34,
35]. Brodribb and Hill [36] suggest that water use efficiency under optimal conditions is not a
reliable indicator of drought tolerance, which is supported by our findings. Rather it is the
ability of genera such as Callitris to control their water use and improve their water use
efficiency during drought which is the key strategy to tolerating seasonal drought in arid
environments.

In our study, isotope and gas exchange measures of drought (iWUE, ci/c,) were poorly
correlated. Kloeppel et al. [37] attributed the poor correlation between iWUE and carbon
isotope discrimination for species of Larix, Pseudostuga, Picea and Pinus to high diurnal and
seasonal variation in iWUE. A poor correlation may also be due to the difficulty in accurately
measuring rates of gas exchange of non-needle conifers and small-leaved plants with unusual
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stomatal distributions, such as Callitris. For C. glaucophylla at least, 8°C values, rather
point-in-time estimates of drought tolerance, appear to be more indicative of plant adaptations
to drought in terms of water use.

The assumption that humidity is the main driver of stomatal conductance has led to an
expectation that 813C and 8"%0 will be strongly correlated [38]. Yet, we found little evidence
of a strong relationship between 8'*0 of foliage of Callitris glaucophylla and measures of gas
exchange, atmospheric and soil water stress or 8"°C. Scheidegger et al. [38] suggested a
positive correlation between 8'°C and §'30 is more likely where water is not limiting and that
the expected relationship between the two isotopes may not be applicable to all environments.
Our study supports this suggestion and it appears that the commonly supposed model of
humidity driving 8"°C and 8'0 in the same way may not be true for trees growing in
relatively dry areas with summer-dominant rainfall. In addition, 8'"*0 abundances in C.
glaucophylla growing in the Pilbara may retain a stronger source water signal than elsewhere
owing to a combination of factors, including: little access to groundwater; poor soil structure
so that water is quickly lost from the soil profile; and consequently, a high dependence on
rainfall events for growth.

Implications for agroforestry

e Species adapted to arid environments can tolerate drought through minimizing water use
and maximizing water use efficiency when water availability is low, but rapidly increase
gas exchange and (presumably) growth with increased water availability — therefore,
species from arid environments may be adaptable for use in agroforestry systems in areas
with strong seasonality in rainfall.

e  One-off measurements of isotope abundances may lead to incorrect conclusions as to
mechanisms of drought tolerance; measurements over several seasons (and preferably)
years are needed to fully characterize species’ response and adaptability to changes in
water stress.

e Need to question assumptions about what variation in 5'*0 reveals about water use and
drought tolerance.

4.2. Inferring relationships between climate and tree growth using isotope signatures
of tree rings

Dual analysis of isotope abundances of tree rings revealed long-term shifts in
ecophysiological processes in response to changes in climate. The shift to a positive
correlation between 8'"°C and 8'%0 abundances of tree rings after 1960 strongly suggests an
increase in stomatal control of water use [38]. We suggest that this increase in range over
which stomata operate directly reflects the increase in rainfall around the same time.
Conversely, prior to 1960, when rainfall was lower, the negative correlation between the two
isotopes indicates stomata were operating within a more limited range. Prior to 1960 then,
variation in 8"C is more related to drawdown by photosynthesis [38]. Our cautious
interpretation of the 8"°C-5"%0 relationship assumes that variation in 'O is mostly driven by
changes in relative humidity, which appears to be true on an annual time scale (Fig. 10), if not
for abundances of '®0 within foliage (see 4.1).

Variation in 8'%0 of tree rings corresponds to changes in temperature and humidity,
mostly during the summer. These relationships are generally consistent with isotope theory
and have been reported previously, e.g. [39]. The 8'%0 isotope time series implies that
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between 1919 and 1955, summers were relatively dry and warm, but since then summers have
become cooler, more humid and wetter (Fig. 6). Although not as strong, the relationship
between 8'°C and climate confirms the importance of humidity and temperature in driving
isotopic variation in tree rings and, therefore, tree growth. The unexpected positive
relationships among both isotopes and rainfall or relative humidity in some months may
reflect long-term changes in rainfall, a change in the way climate parameters drive isotopic
variation [12], a real ecophysiological response to climate, or the effect of autocorrelation on
apparent climate-isotope relationships. Further analyses are required to establish whether
these or other factors are involved.

For both isotopes, we found strong correlations with climate conditions from the
previous growth year, in part a reflection of using the whole annual ring rather than just
latewood. The formation of earlywood often utilizes carbohydrates produced the previous
year (see also Macfarlane and Adams [40] for discussion of the role of wood type in isotope
signatures). During the metabolic processes involved in transforming stored polysaccharides
into new cellulose there is little alteration of 8'°C abundances; so, lags in 8'°C isotope series
are common [41]. In contrast, oxygen isotopes of tree rings are expected to reflect only the
water used that year because of the re-exchange of oxygen atoms of photosynthates with
xylem water prior to cellulose formation [12]. Callitris glaucophylla trees in gully sites are
likely to have shallow root systems due to site constraints, so that dampening of the soil water
signal by access to homogenized groundwater does not explain the high autocorrelation in our
oxygen chronology. Again, because of site constraints, there is very limited soil water storage.
Rather, and in contrast to inferences made from 8'%0 of foliage (see 4.1), the lagged oxygen-
climate relationship may be due to less re-exchange of oxygen atoms of photosynthates
during the synthesis of cellulose in Callitris than previously reported for other species (up to
50% [42]).

Implications for agroforestry

e Isotope abundances in tree rings of semi-arid trees are a useful means of obtaining data
on past climates in areas where long records of climate are lacking.

e Over the long-term (decades), trees exhibit shifts in their ecophysiology in response to
climate variation.

4.3. Water sourcing by native trees

Seasonal variation in where trees source their water from is largely dependent on their
location in the landscape and therefore, access to deeper water sources. The riparian species
Eucalyptus victrix and Acacia citrinoviridis are similar to other riparian vegetation in that
following rain they use moisture from surface layers of the soil profile, e.g. [35], switching to
groundwater as soil water is depleted [43]. This switch in water source supports continued
transpiration and water use throughout the dry season (based on sap flow and gas exchange,
data not shown). Although the floodplain species, 4. xiphophylla and A. aneura, also switch
from deeper to shallower soil layers following rainfall, they are much more reliant on stored
soil water with no access to groundwater. Consequently, these acacias are reliant on soil water
recharge from rainfall and have to ‘chase’ water down the drying soil profile. The extraction
of water from greater soil depths during dry periods most likely explains the poor relationship
between 8°H signatures of xylem water of Acacia and those of groundwater and soil water at
a 2 m depth in November. E. leucophloia and A. xiphophylla growing on the hill site did not
have access to groundwater at any time. The growth of E. leucophloia and A. xiphophylla
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trees, like other species with little access to ground or stored soil water, may be supported by
water that collects in cracks within the basalt [44].

Woody species, once mature, typically extract water from deeper in the soil profile
than grasses, creating a two-layered system [20] that can be exploited for agroforestry
systems. Although tree species with an ability to use shallow soil water following rainfall may
periodically compete with grass species for water, this competition is relatively short-lived
and unlikely to affect the sustainability or productivity of agroforestry systems [45]. In the
semi-arid Pilbara, for example, the co-occurrence of woody perennials and grass species in
many areas appears to reflect mechanisms of water resource partitioning. Nevertheless, such
mixed ecosystems can change over time. In particular, modelling over long-time scales
suggest that increasing summer rainfall will favor grasses while winter rainfall will favor
shrubs/trees [46]. Potential shifts in species survival and community composition with
changes in climate represent a significant water management issue for agroforestry.

Implications for agroforestry

e The presence of roots deep in the soil profile is an unreliable indicator of actual zones of
water uptake, both spatially and temporally.

e Where trees access water from is largely a function of landscape position; use of
groundwater during seasonally dry periods is only possible where trees are able to access
such water.

e  Therefore, development of areas with little access to groundwater for agroforestry may
present problems for sustainable tree growth without periodic recharge of soil water by
rainfall.

e However, variation in depth to groundwater and soil water volume can be managed by
adjusting tree composition of agroforestry systems.
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Abstract

Tree and crop components of an alley cropping system may compete for nutrients and water in the
surface soil while the deeper-rooting tree may have better access to resources in the subsoil. The objectives of
the present study in an alley cropping system were to monitor runoff and soil loss, spatial variation of soil water,
and tree sap flow to determine competitiveness for water between the tree and peanut. Plant and root growth
were also recorded to evaluate competition. The tree competed for water in the surface soil at some critical
period as indicated by the spatial variation of monitored soil water content. The tree used deep soil water and
reduced deep drainage as indicated by modelling of soil water fluxes and direction of water movement. Trees in
the alley cropping system used less soil water than peanut, and more water than trees alone, as indicated by water
balance modelling. The magnitude of the reduction of deep drainage increased with tree age. The alley cropping
system increased system water use efficiency by using deep soil water as indicated by water balance modelling.
The alley cropping system promoted Choerospondias axillaris growth by 50 to 100% and reduced peanut
biomass and yield by 20 to 50%. Field management should aim to prevent water competition between trees and
crops in the surface soil.

1. INTRODUCTION

Under the increasing pressures of population growth and encroachment of cultivated
lands by industrialization and urbanization, China has launched programmes to extend arable
land by reclamation of low hills. However, uneven rainfall distribution causes runoff and soil
erosion in the rainy season and seasonal drought in the dry season in subtropical China [1, 2].
Alley cropping may be an alternative land use system to mono cropping as trees may prevent
soil erosion and use deep soil water [3].

Alley cropping is one agroforestry system that has been intensively studied in Africa
and Asia since the middle 1980s with respect to multipurpose tree screening, system
management and component interactions [4, 5]. Field researches have shown that alley
cropping systems may improve the system productivity and soil fertility [6], and prevent
runoff and soil erosion [7, 8]. Recent research has shown that alley crops may benefit from
the process of hydraulic lift, whereby water and nutrients from deep soil are captured by tree
roots and are transferred and released to the surface soil [9, 10].

However, the alley cropping systems also showed negative impacts on crop
production, through competition for light above ground and for water and nutrients below
ground if the intercropped components were not complementary in time and space [11]. Field
studies also showed that alley cropping systems might decrease crop yields even though the
system productivity improved overall [8, 9, 12, 13]. The net benefits of alley cropping
systems depended on the type of trees and management practices such as tree spacing and
pruning to minimize competition [14]. The relationships among water, fertilizer and light are
seemingly paradoxical because of differences in species, monitoring times and locations [15,
16, 17], which requires a thorough understanding of resource use, particularly water use
between the plant species.
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Many researches on water use in agroforestry were reported [4, 18, 19]. The
magnitude of water competition between the components in an alley cropping system
depended on root architecture, soil hydraulic properties and rainfall [18, 20]. Observations of
root structure, estimates of field water balance, water simulation models and a recently
developed method of sap flow measurement have been applied to identify the processes of
water competition between trees and crops and to quantify the competitiveness of tree roots
[21]. Livesley et al. [13] reported that soil water content beneath the alley system increased
with increasing distance from the tree row. This was attributed to preferential water uptake
beneath the canopy and reduced rainfall input through canopy interception, but was not
confirmed either experimentally or by modeling. Simulation models based on soil-plant-
environment interactions may be helpful in understanding the underlying processes and
functioning of alley cropping systems. Water balance models are well known and have been
summarized in a number of publications for forestry [22, 23] and agroforestry systems [24].

The objectives of the study were to monitor runoff and soil loss, seasonal and spatial
variation of soil water, and tree sap flow in an alley cropping system to determine
competitiveness between the tree and peanut for water.

2. MATERIALS AND METHODS
2.1. Experimental site and layout

The experimental site was located at the Red Soil Ecological Experimental Research
Station, Chinese Academy of Sciences (28°15'N, 116 55'E, 55 m asl). The climate at the
research station is representative of the subtropics in China (Table. 1). The monthly average
temperature was 5.9°C in January and 30°C in July. Rainfall concentrates from late April to
early July, accounting for about 50% of the annual average of 1795.0 mm. During the
observation period rainfall was 2003.5 mm in 1999, 1928.4 mm in 2000, 1614.5 mm in 2001
and 1690.5 mm in 2002.

TABLE 1. BASIC METEOROLOGIC PARAMETERS FROM 1950 TO 1999.

Climatic variables Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

TmeangC) 59 75 12.0 17.8 222 259 30.0 293 25.6 19.7 13.8 83 182
Tinax () 104 11.7 16.5 22.5 26.5 30.3 35.0 34.6 30.5 24.8 18.8 13.0 22.9
Tinin (C) 25 43 87 142 188 225 258 252 21.7 15.7 10.0 4.8 145

Wind speed (ms') 2.1 24 25 24 24 21 22 21 23 24 21 20 22
Relative Humidity (%) 77 79 80 80 80 80 71 72 74 72 74 76 76

Sunshine (hd™") 37 34 33 42 45 56 90 85 7.1 6.0 50 44 54
Rainfall (mm) 75 130 188 257 286 284 124 112 94 63 62 53 1729
ETo (mm) 43 45 65 90 112 126 183 174 135 109 69 50 1200

The experimental site was on a gentle slope of 5°C and the land use was grassland
with sparse Mason pine (Pinus massoniana L.) before March 1999 when the experiment
started. The soil is an Alumi-Orthic Acrisol according to FAO/UNESCO [25] or an Udic
Kandiusltult according to the USDA soil taxonomy [26]. The soil is 450 cm deep and is well
structured as indicated by the sub-angular aggregates in the soil profile. The soil is low in pH,
and nutrient and water retention capacity. Available soil water between pF = 1.0 and pF = 4.2
ranged from 18% in the surface soil to 7% in the subsoil as shown by Zhang et al. [27].
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The experiment included five treatments: peanut (Arachis hypogaea) alone (P), 4 year
old Choerospondias axillaris tree (T1), 9 year old C. axillaris tree (T2), 4 year old C. axillaris
intercropped with peanut (T1P), 9 year old C. axillaris intercropped with peanut (T2P). C.
axillaris is a multipurpose tree, which grows rapidly, produces edible fruits and readily
regenerates after pruning for forage and fuel wood [15]. Peanut is a cash crop, being widely
adopted by local farmers in the low hills. The C. axillaris trees were 4 year and 9 year old
when they were transplanted from the nursery, and were used to determine if water
competition changed with time as the tree grew. The trial plots were laid out in a randomized
complete block design with three replicates (Fig. 1). The plots, 6 m wide on the contour and
20 m along the slope, were enclosed by cement plates (inserted 50 cm into the soil with 30 cm
projecting above the surface), and spaced at 6 m to reduce interference between each other.
The C. axillaris trees were transplanted at 6 m row spacing along the slope and 2 m within the
row (Fig. 2). The trees were separated with a plastic sheet inserted along the tree row,
vertically buried to a depth of 70 cm to minimize interference of the tree roots within the tree
row. Peanuts were sown in early April along the slope at a distance of 75 cm apart from the
adjacent tree rows in the alley cropping system, at a density of 100 000 plants ha ' as adopted
by local farmers, and harvested in early August.

2.2. Measurement of runoff and soil erosion

A tipping bucket system was installed at the lower outlet of each plot to collect runoff
and soil loss (Fig. 2) [28]. The tipping numbers were recorded using a magnetic counter after
rainfall events. Soil and water were also sampled for laboratory analysis.
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FIG. 1. Layout of the field experiment.
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FIG. 2. Instrumentation in the field for monitoring the soil moisture regime. P, peanut row, T, tree
line; O, neutron access tube,; O, tensiometer; TB, tipping bucket system.

2.3. Measurement of tree sap flow

Tree sap flow was measured using a thermal dissipation technique [29, 30, 31] to
determine transpiration from April to October in 2001. Three trees in the block at the lowest
slope position were selected according to trunk diameter. The probes were connected to a
datalogger (Delt T2e, Delt T Inc., UK) and data were recorded every 30 min. The measured
temperature between the probes was used to calculate sap flux density.

2.4. Measurement of soil water regime

Soil water content and soil water potential were measured using a neutron moisture
gauge and stoppered tensiometers, respectively. Sets of tensiometers and neutron access tubes
were installed on either side of the central tree row in each plot, being 50 cm away from the
tree, at distances of 0, 1, 2 and 4 m from a tree row in the plots with 9 year old trees, and at
distances of 0, 1 and 2 m in the plots with 4 year old trees. In the peanut alone treatment, the
sets of access tubes and tensiometers were installed at the positions similar to those in the tree
alone and alley cropping systems (Fig. 2).

The neutron access tubes were 200 cm deep. Volumetric soil water content was
manually measured using the neutron moisture gauge every five days at an interval of 10 cm
within 100 cm depth, and at an interval of 20 cm from 100 to 200 cm after calibration in the
field. Additional measurement of soil water content in the top 20 cm was measured by
gravimetry. The depths of the tensiometers were 10, 30, 100, 150 and 180 cm. The
tensiometers were installed close to the access tubes and spaced 10 cm between each other.
Soil water potential was manually recorded at 09:00 h every two days with a reading meter,
which was equipped with a pressure transducer and was connected to the tensiometers by
inserting the fine needle into the stopper.
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2.5. Calculation of water fluxes and determination of directions along the slope

Considering to the slope, the total water flux (¢,) was composed of the water flux
along the slope and the vertical direction according to the geometrical relationship [32, 33].
The composite water flux and direction angle were calculated by the following equations:

4, =4, +4,5n@)’ +(q, cosa)’ W

y =cos '(q,cosalq,)

(2)
where, ¢, is the water flux (cm h™"), a is the slope angle in degrees, g, the water flow along

the slope; g4, the vertical water flow; y is the direction angle of ¢, (0360 degrees). Water
fluxes were calculated using the simple Darcy’s law (Eq. 3) [34].

g=-+0)

aZ (3)
where, ¢ is the water flux (cm h™), k@) is the unsaturated hydraulic conductivity
corresponding to the water content at the maximum depth reached by the roots, ¥ is the water
potential and z is the distance between soil depths corresponding in a tensiometer set or the
distance between the tensiometer sets. k(6) was determined in situ by the instantaneous profile
method and expressed as an exponential function (Eq. 4) [35, 36].

k(0)=a(£)' "

where, 6, is the measured soil water content, 6;, is the saturated water content, and a, b are
empirical coefficients related to soil texture.

The y values were classified into 7 classes anticlockwise to visualize the direction of
soil water flow, namely, = 0 (0 degrees), 1 (0 to 90 degrees), 2 (90 degrees), 3 (90 to 180
degrees), 4 (180 degrees), 5 (180 to 270 degrees), 6 (270 degrees), 7 (270 to 360 degrees).
Since 0 indicated the direction of slope, the values from 1 to 3 and from 5 to 7 indicated that
soil water moved upward and downward in the soil profile, respectively. The values from 7 to
1 and from 3 to 5 indicated soil water moved toward and away from the hedgerow,
respectively. Visualization of soil water flow direction was carried out using isolines of the y
values by ordinary Kriging.

2.6. Calculation of system evapotranspiration

The system evapotranspiration, ET was estimated using the soil water balance model
which is expressed as follows [37]:
ET=P-R-CI-R—D-AS 5)
where, P (mm), precipitation measured at the weather station; R (mm), runoff measured using
the tipping bucket system; AS (mm), change in soil water storage in the depth of 0-200 cm
according to the neutron moisture gauge measurement; C/ (mm), tree rainfall interception
estimated by an analytical model and statistical data in this area from the station [38, 39]; and

D (mm), net deep drainage (the difference of the drainage component and water supply) [36]
was estimated using the following equation:

0z (6)
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where At is the interval of time, the other symbols are given in Eq. 3; R; (mm), inner
horizontal flow, calculated according to Eq. 6, where z is the horizontal distance, and k(6) in
the horizontal direction is assumed to be the same as the vertical direction. Finally, the
evapotranspiration was calculated with the Eq. 5 after estimating the values of the other
components of the soil water balance equation.

2.7.  Crop coefficients and resource competitiveness

Crop coefficients (Kc) for peanut and C. axillaris were calculated using the relation Kc
= ET/ET), where ET) is the FAO reference evapotranspiration (mm d™') calculated by the
following equation [40]:

_ 0.408A(Rn—G)+ y(900 (T +273)u, (e, —e,)

ET,
A+ y(1+0.34u,)

(7

where, Rn is the net radiation (MJ m 2 d™'), G the soil heat flux density (MJ m>d™"), T the
daily air temperature (°C), u, the wind speed at a height of 2 m (m s ), e, the saturation
vapour pressure (kPa), e, the actual vapour pressure (kPa), A the slope of the vapour pressure
curve (kPa °C™"), and y is the psychrometric constant (kPa °C™"). The weather variables
needed for calculating ET) were measured with a fully automatic weather station located next
to the experimental site. The evapotranspiration rate (£7) was calculated using Eq. 5.

The net effect of trees on the availability of water resource A, 7, to the crop was
analyzed to determine the resource interaction between tree and crop in the agroforestry
system. 7 is defined by the following equation [19]:

T — Ayp = As

4 As Ta>-1 (8)
where, 4,47 is the availability of water resource 4 to the crop in the agroforestry system, and
Ag is the availability of water resource 4 to the sole crop.

2.8.  Measurement of plant growth performance

Tree height, trunk perimeter, canopy diameter and peanut growth performance and
yield were measured using a coring method each year. Trenching was applied to measure root
distributions of crop and tree in 2003. Root distribution is described as an average of 3 to 4
replicates in terms of total length, density and root weight varied with time and soil profile.
The biomass of leaves, branches, trunks and roots of C. axillaris in micro-plots were sampled
and calculated according to the relationship between tree performance and its biomass [41].

2.9.  Statistics

Analysis of variance (GLM Univariate, SPSS) was performed for the effect of alley
cropping treatment and space difference on water use. Differences between treatments were
assessed by the least significant difference (LSD) test.

3. RESULTS
3.1. Runoff and soil erosion

Runoff and soil loss showed the same trends in the three years, higher in 2000 due to
the higher rainfall (Fig. 3). Runoff was the greatest in the monoculture of trees (T1 and T2)
followed by the alley cropping systems (T1P and T2P) and by the mono-cropping of peanut

70



(P). Soil loss was in contrast highest in the P treatment and lowest in the T1 and T2
treatments. Compared to the P treatment, the alley cropping systems decreased runoff by 50—
60% and increased soil loss by 247-352%. Soil erosion occurred mainly during April to June.
The risk periods of soil erosion were during the first flowering period in early June and post
harvest of peanut after August. Those results were consistent with other report [1]. The
greater runoff in the forestry systems may be attributed to the surface seals, which decrease
infiltration. Tillage for peanut cropping can increase infiltration, but increased soil loss. The
lower soil loss in the alley cropping system resulted from the litter coverage in the tree rows,
which hindered soil loss from the crop alley.
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FIG. 3. Runoff and soil loss from 2000 to 2002.

3.2.  Sap flow

The sap flow of C. axillaris had diurnal variation and was affected by the cropping
system as shown in Fig. 4. The cumulative sap flow during the observation period amounted
t0 10.51d"in T1,26.91d"in TIP,29.0 1d™"in T2 and 39.8 1 d"' in T2P. The sap flow in the
tree alley cropping systems was greater than the tree alone systems even after peanut was
harvested on August 7. The magnitude of the difference was greater in the systems with older
trees. The sap flow was closely related soil water potential at 100 cm depth (R = 0.737*%*)
[42]. The results indicated that the alley cropping system can improve the root system of the
trees to use deeper soil water.
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FIG. 4. Sap flow in different treatments during the period June 15 to September 7, 2001.
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3.3.  Soil water regime

Soil water content in the soil profiles for the P, T2 and T2P treatments is illustrated in
Fig. 5. The volumetric soil water content at 30 cm depth was higher by 2% in the T2
treatment in the rainy season than in other treatments, and higher by 2 to 4% in the P
treatment than in other treatments during the dry period (150-200 days). With increasing soil
depth, the soil water content was higher in the P treatment all the time and the magnitude of
the differences increased with increasing depth, and was larger in the dry period than in the
wet period. These results indicate the systems with trees used deep soil water, and trees in the
alley cropping system competed for water only during the very dry period.

The isoline graphs of soil water suction in the soil profiles in the middle row of the
plots in replicate 2 (Block 2) are shown in Fig. 6. Soil water suction did not exceed 80 kPa
during the peanut cropping period in 1999. After peanut harvesting soil water suction was
over 80 kPa to the depth of 60 cm in the peanut monocropping system (P), while in the tree
controls, soil water suction over 80 kPa appeared at the depth of 30 cm in the T1 treatment
and at the depth of 120 cm in the T2 treatment. Compared with the tree controls, soil water
suction over 80 kPa was at the depth of 50—60 cm in the T1P and T2P treatments. The T2P
treatment had higher soil water suction of longer duration than the other treatments. The
temporal and spatial variations of soil water suction in the T1 and T1P treatments are shown
in Figs 7 and 8. The dimension of high soil water suction increased within the soil profile as
the trees grew, and increased more in the T1P than in the T1 treatment. Spatially soil water
suction over 80 kPa occurred to a depth of 60-90 cm at a distance of 1 m from the tree line in
the treatment T1, and at 2 m in the treatment T1P. The temporal and spatial variations of soil
water suction in the T2 and T2P treatments are shown in Figs 9 and 10. The trends of spatial
variation of soil water suction were similar to those in the treatments with small trees, but
high soil water suction extended to deeper depths. These results indicate that alley cropping
increased the use of deep soil water in the dry season, but trees and peanut competed for water
in the upper soil layer.
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in 2000.
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FIG. 7. Soil water suction at different distances (0, 1, 2 m) from the tree line in the middle of the T1
treatment from July 1999 to December 2001.
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FIG. 8. Soil water suction at different distances (0, 1, 2 m) from the tree line in the middle of the T1P
treatment from July 1999 to December 2001.
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FIG. 9. Soil water suction at different distances (0, 1, 2, 4 m) from the tree line in the middle of the T2
treatment from July 1999 to December 2001.

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

§38385550889588255555333 Y
SELLLEEREERLIEREERRI D

QGO

FIG. 10. Soil water suction at different distances (0, 1, 2, 4 m) from the tree line in the middle of the
T2P treatment from July 1999 to December 2001.
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3.4. Soil water flux and flow direction

Water fluxes changed dramatically in the rainy season, but remained stable in the dry
season. The horizontal water flux decreased with increasing canopy density, distance from the
tree row or soil depth (Fig. 11). The vertical water flux slightly decreased with increase of
canopy density and soil depth. The vertical water flux increased with increased distance from
the tree row in the subsoil and changed dramatically in the dry season in the topsoil (Fig. 12).

The flow direction was expressed with the water flux angle (Fig. 13). In the P
treatment, the flow direction was dominantly downwards in the rainy season in the whole
profile, while in the dry season downwards in the top soil, with the angle from 180 to 360
degrees, and upwards in the subsoils, with the angle from 90 to 180 degrees. In the T1 and T2
treatments, the flow angles ranged from 180 to 270 degrees in the whole soil profile,
indicating downwards water flow to the adjacent hedgerow along the slope. In the T1P and
T2P treatments, the flow direction in the top soil (0—30 cm) was dominantly downwards in the
rainy season, with the angle ranging from 270 to 360 degrees, and dominantly upwards in the
dry season as the angle changed to the range from 90 to 180 degrees. In T2P treatment, the
flow angle ranged from 0 to 90 degrees at 50 to 120 cm depth, and ranged from 90 to 180
degrees below 120 cm, indicating that water moved upward to the hedgerow.

3.5. System evapotranspiration (ET)

The water component ratios in different treatments and at different distances from the
central tree row are demonstrated in Table 2. The rainfall distribution indicated that the 10%—
15% of rainfall produced a surface water runoff, 5%—-20% was interception, 65%—85% was
infiltration, which 15%-20% was drainage, 5%—10% was water storage and others of them is
transition of evapotranspiration. Upward water flow from the bottom of the soil profile by
capillary rise accounts for 5%—-10% of rainfall. This would indicate that decreases in soil
water caused by evapotranspiration were partly compensated by capillary rise from the deeper
soil layers.

The water infiltration under the tree canopy (0 m) was lower than other positions (14
m) owing to tree interception. In general, compared with the mono system, the alley systems
(T1P and T2P) decreased the net drainage and increased the ET. Compared with the different
distances, D decreased with increasing distance but increased at 4 m, and ET increased with
increasing distance from the tree. In the alley system, the inner horizontal flow (Rs) moved to
the tree row. With increasing distances from the tree, the water flow direction changed to
negative, i.e. moved far away from the tree. The change in Rs showed that both the tree age
and spacing influenced the direction and dimension of horizontal water flow. Compared with
the T2 treatment, the T2P treatment lowered the changes in soil water storage (AS) under the
tree row throughout the year, especially in the dry season. The results indicated that the trees
in the alley system used more water than the mono system probably because of root
development. In addition, the effect of alley cropping treatment and space difference on water
use was evaluated through analysis of variance. Significant (P<0.05) differences in
evapotranspiration for different treatments were found in 2000, 2001 and 2002, and
significant (P<0.05) differences in evapotranspiration for different space distances in 2000,
but not in 2001 and 2002.

76



o8 o8
() —im b}

[FEE

1=
=
L

witor Bux (cm day '}
B

wintar Bux jem diy’}
L=
o

&
i

Ll

o % we 18 W0 K M0 Mo
day in a year

o

wwaberr B (e day ')

.l | - - - - “ae T T T T T T T
] L] e 1% e F-l] e o
dhay i a year
FIG.11. Lateral water fluxes at different distances from the middle tree row at 30 cm depth in the T2

(a) and T2P (b) treatments, and at 100 cm depth in the T2 (c) and T2P (d) treatment in 2000.

20 — S .
b

waler M (cenday )

wiher Ml oy )

{ 0 100 1% 200 50 W00 b] dary in @ year
day in a year

vealler fiue o day ")

i T T T T T T T 20 T T T T T T T
[ 55 150 1568 Ere 258 aoa asa ] 50 120 15 00 F) E 350
day in & yea divy v b e

FIG. 12. Vertical water fluxes at different depths at 1 m distance from the central tree row in the T2
(a) and T2P (b) treatments, and at 2 m distance in the T2 (c) and T2P (d) treatments in 2000.

77



deth @)

o} 50 100 150 . 200 250 300 350

50 100 150 200 250 300 350

o
]
]

-
%9,

]
|
i
o1
£33
%

J

-
BB
X

Y

o,

1%

50 100 150 200 250 300 350

day

FIG. 13. The direction of water flow at 1 m distance in the treatments P, T1, T2, TIP and T2P (from
the top to the bottom) at 30 cm soil depth in 2001.

78



TABLE 2. WATER BALANCE IN 2000. PRECIPITATION (PP), RUNOFF (R) AND STORAGE
CHANGE (AS) WERE MEASURED; INTERCEPTION (CI), INNER HORINZONTAL FLOW
(RS), EVAPOTRANSPIRATION (ET) AND NET DEEP DRAINAGE (D) WERE ESTIMATED.

Treatment Distance P (mm) CI R Rs ET D AS
P Om 90.4 191.0 12.9 1387.6  199.3 73.1
Im 90.4 191.0 12.2 1437.5 1555 66.5
2m 90.4 191.0 11.9 1491.3  105.5 62.5
T1 Om 279.2 222.0 85.8 1198.9  210.1 104.0
Im 167.5 370.0 9.7 1117.1  186.6 96.9
2m 41.9 481.0 -89.0 1032.0 1754 109.1
T2 Om 3223 197.3 138.0 1264.4  123.6 158.8
Im 225.6 394.7 105.5 1131.8 1393 142.6
2m 1928.4 128.9 552.5 -97.8 941.4 99.7 108.0
4m 16.1 592.0 -93.2 879.7 232.6 114.7
T1P Om 279.2 151.8 87.0 13475  142.7 94.3
Im 230.0 121.4 11.9 1364.7  129.7 94.6
2m 146.2 197.3 -108.4 12689 94.1 113.5
T2P Om 3223 178.6 78.2 12603 993 146.1
Im 316.0 107.2 113.8 1341.5  138.0 139.5
2m 219.3 232.2 -111.6 11374 120.5 107.4
4m 106.5 250.1 -98.6 1214.0  189.7 69.6

* Negative values in Rs indicate horizontal soil water movement far away from the hedgerow.

3.6. Crop growth and tree root distribution

Peanut grain yield and biomass showed the same tendency among the treatments with
time (Fig. 14). Peanut yield ranged from 1250 to 2250 kg ha™' in the mono-cropping system
during the experimental period and the greatest yields were in 2001 and 2002. Peanut yields
decreased by 8 to 60% in the alley cropping system compared with the mono-cropping
system, with the greatest decreases in 2001 and 2002. The peanut biomass was greatest in
1999 and no difference was found among the treatments. The peanut biomass decreased by 25
to 60% in the following years and the difference was greater in the peanut treatment than the
alley cropping systems. Peanut yield and biomass increased with the distance from the
hedgerow to the alley center (data not shown).

Tree height, trunk diameter and canopy width increased in the alley cropping systems
compared with the mono-cropping treatments (T1 and T2) (Fig. 15). The magnitudes of the
differences in these parameters between the alley and the mono cropping treatments decreased
with time from 1999 to 2002. Compared with the mono-cropping treatments, the tree biomass
in the T1P and T2P treatments, respectively, increased by 50 to 100% in 2000 and by 17 to
18% in 2001.

The root distribution excavated in 2003 indicated that the roots of C. axillaris
concentrated in soil above 40 cm depth in the treatments with younger trees (T1 and T1P) and
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above 60 cm in the treatments with older trees (T2 and T2P) (Fig. 16). The root weight for the
older trees was twice that for the younger trees. The tree root weight was two-fold higher in
the alley cropping systems than the mono-cropping systems in the 0-30 cm depth. The tree
root weight was higher in the deeper soil in the alley cropping systems than in the mono-
cropping systems. The lateral roots of young trees accounted for 50% above the 30 cm depth,
for 15% at 30-40 cm and for 5% below 60 cm in the T1P treatment. The tree taproot reached
to 100 cm depth in the T2P treatment and the lateral roots were largely distributed in the
upper 60 cm, with 30% of root length density below 60 cm and less than 5% below 80 cm.
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FIG. 14. Peanut yield and biomass in the years from 1999 to 2002.
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3.6. Crop coefficients

According to the water balance equation, water consumption by peanut was estimated
as 694 mm, 673 mm and 631 mm in the P, T1P and T2P treatments, respectively. The water
consumption of C. axillaris was 912 mm, 1012 mm, 1010 mm and 1021 mm in the T1, T2,
T1P and T2P treatments, respectively. The crop coefficients (Kc) averaged 1.1 for peanut and
1.2 for C. axillaris. According to the water consumption by tree and crop, the relative net tree
effect on availability of water to the crop (7;,) was 0.03 in the T1P treatment and 0.10 in the
T2P treatment.

4. DISCUSSION AND CONCLUSIONS

The alley cropping system promoted C. axillaris growth by 50 to 100%, and reduced
peanut biomass and yield by 20 to 50% as compared to the peanut mono-cropping system.
The spatial and temporal variations of the soil water regime and soil water flux and flow
direction revealed that tree and crop in the alley cropping systems competed for surface soil
water, but the tree tended to use deep soil water.

The application of the water balance method in the alley cropping system was a
practical way to allow for the quantification of evapotranspiration, drainage and the other
components, and for the optimization of water use in the alley system. The results indicated
that C. axillaris competed with peanut for water in the alley cropping systems, especially
during the seasonal drought, when deep water is scarce, and soil water availability is restricted
to the upper horizons and transpiration is higher. Alley cropping systems could use deeper
soil water, which was also supported by the water movement in the soil profile. Soil water
tends to move downward during rainfall events and to the tree rows in the soil layers above
30 cm during the dry period. In addition, soil water tended to move to tree rows in the layer
from 100 to 200 cm in the alley cropping system, indicating that C. axillaris in the alley
system used deeper soil water beyond the crop root zone. In the alley cropping system the
water fluxes near the tree rows were higher than further out, indicating that the trees also used
the soil water in the alley and competed for water with the peanut crop in the alley. Trees in
the alley cropping system used less soil water than peanut and more water than trees alone as
indicated by water balance modelling. The alley cropping systems used deep soil water and
thereby reduced deep drainage.

The water flow and water consumption is consistent with the root distribution of the
tree and crop, which are the sources of competition for water and nutrient in the soil [43]. The
root analysis shows that both peanut and C. axillaris have a dense root distribution in the 0—
40 cm depth, which is the origin of competition for water. However, the tree roots are also
large and dense from 40 to 100 cm depth, which not only gave the tree a competitive
advantage, but also buffered the resource competition with the crop. Van Noordwijk and
Lusiana [18] indicated the ability of a tree’s root system to take up resources from depth
depends on the distribution of the tree and crop roots, soil hydraulic properties and rainfall
regime. The red soil has a high water storage capacity at depth, which can be accessed by the
tree [44]. In comparing treatment T2 with treatment T2P, the soil water content within the tree
rows shows little variation at the 30 cm depth, but a big variation occurred at the 60 cm depth,
showing that the trees, rather than peanut crops, can use soil water in the deep layers (>30-60
cm).

The below ground competition for water, as shown in the present experiment, can only
partly explain the decrease in peanut yield in the alley cropping systems, because analysis of
the relative net tree effect on the availability of water to the crop illustrated that little
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competition for water existed between the tree and crop. The alley system changes the
relationship of water utilization, which indicated that competition for water is related to root
architecture and the root absorption volume. Above ground competition is another important
factor. Willey and Reddy [45] reported that the influence of shade was greater than
competition for water on the yield of peanut intercropped with Pennisetum glaucum. Our
research also showed that tree shading had a significant effect on the yield and biomass of
peanut, and there was a good linear correlation between peanut yield and biomass and photo-
synthetically active radiation (PAR) [46]. Tree pruning decreased evapo-transpiration (ET)
[42], suggesting that management of trees in the alley cropping system can reduce the
competition for natural resources. However, more detailed work in several areas, including
root description, water use mechanisms by roots, interactions of water and light, and
interaction of soil fertility with root distribution, should be done in order to ensure that the
system could benefit from soil and water conservation through a lower tree ET to promote
crop production.
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Abstract

Achieving self sufficiency in food production continues to be a major challenge to agricultural research
in West Africa. The ever increasing population pressure on land, the consequent reduction in the fallow period
below a minimal period of time to allow for regeneration of soil fertility, and the low use of external inputs have
led to negative nutrient balances at the field as well as at the regional scale. A considerable number of long-term
experiments have been conducted in this region and have given valuable insights into soil processes and
management practices that control soil fertility. Practices such as alley cropping, living fences, fodder banks,
domestication of native trees and contour planting, improved fallows and combined use of organic and inorganic
nutrient sources continue to be demonstrated. These have shown mixed results in terms of their impact on soil
properties, food supply and adoption by farmers. This paper reviews the long term practice of agroforestry, with
a focus on the effects of different practices on soil fertility management in the derived savanna of West Africa.

1. INTRODUCTION

Increasing human population pressure has decreased the availability of arable land and
it is no longer feasible to use extended fallow periods to restore soil fertility [1]. Despite the
growth of cereal production in Asia and Latin America over the last 35 years, there has been a
reduction in per capita cereal production from 150 to 130 kg in Africa [2] High population
densities have necessitated the cultivation of marginal lands that results in environmental
degradation through soil erosion and nutrient mining. As a result, the increase in yield has
been due more to land expansion than to crop improvement potential [3] For example, the
7.6% yield increase of yam in West Africa was manly due to an area increase of 7.2% and
only 0.4% due to improvement in crop productivity itself (Table 1).

TABLE 1. PERCENTAGE ANNUAL INCREASE IN CROP YIELD DUE TO LAND EXPANSION
AND CROP IMPROVEMENT POTENTIAL IN WEST AFRICA

Crops Area (% a') Productivity (% a ') Production (% a™)
Cassava 2.6 0.7 33
Maize 0.8 0.2 1.0
Yam 7.2 0.4 7.6
Cowpea 7.6 1.1 6.5
Soybean 0.1 4.8 4.7
Plantain 1.9 0.0 2.0

Based on three year average for 1988—1990 and 1998-2000. Source: [3].

In West Africa as in the rest of the continent, removal of crop residues from the fields,
coupled with lower rates of macronutrient applications compared to losses, has contributed to
negative nutrient balances [4]. For nitrogen as an example, whereas 4.4 million tons are lost
per year, only 0.8 million tons are applied [5] (Fig. 1). Additionally, low and erratic rainfall,
high ambient soil and air temperatures, inherent poor soil fertility, low water holding
capacities and degraded soil structure lead to low crop productivity in this environment.
Consequently, the present farming systems have not been sustainable [6]. Transforming
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agriculture in West African agro-ecosystems and expanding its production capacity are
prerequisites for alleviating rural poverty, household food deficits and environmental
exploitation [5].

In the 1970’s, agricultural research focused on overcoming soil constraints to fit plant
requirements through purchased inputs [7]. This approach gained widespread success in
Asia/Latin America and in some African countries where subsidies on fertilizer and
agricultural inputs were provided.
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FIG. 1. Nutrient losses versus application rate in Africa

The mid-80s saw a paradigm change with the focus being directed to less use of
manufactured fertilizers. This was necessitated by the perceived negative impacts of increased
fertilizer use in Asia and Latin America as well as the structural adjustment programme (SAP)
that limited provision of subsidies on fertilizers and other farm inputs. Strategic research
organizations such as TSBF and ICRAF started focusing on biological management of
tropical soils and developed the concept of ‘low input sustainable agriculture’ (LISA). Alley
cropping formed an important technology under this concept.

The 90s saw more focus being directed at overcoming soil constraints by relying on
biological processes by adapting germplasm to adverse soil conditions, enhancing soil
biological activity, and optimizing nutrient cycling to minimize external inputs and maximize
their use efficiency [7]. Combined use of inorganic and organic nutrient sources aimed at
building soil organic matter (SOM) and maintaining soil physico-chemical health, while the
use of inorganic fertilizer was to ensure immediate nutrient supply. Under this paradigm
issues of synchrony, fertilizer use efficiency and soil biological health were emphasised.

Refinement of research has now led to the concept of integrated soil fertility
management (ISFM), a holistic approach to soil fertility research that embraces the full range
of driving factors and consequences of soil degradation — biological, chemical, physical,
social, economic, and political (Fig. 2). This approach also emphasises scaling up/out of
results of best bet soil fertility technologies to more farmers and communities using a wide
range of participatory dissemination tools. Other issues addressed include health, markets and
policy implications of the soil fertility management strategies.
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FIG. 2. Integrated Soil Fertility Management (ISFM) concept

2. SOIL FERTILITY STATUS IN WEST AFRICA

There is evidence of declining SOM and hence soil fertility as a result of continuous
cultivation of soils in West Africa [8]. Woomer [9] observed that total system carbon in
different land use types indicated that forests, woodland and parkland had the highest total
and aboveground carbon contents (Fig. 3) compared to cultivated and degraded lands. For the
sandy soils, average annual losses in SOC, may be as high as 4.7%, whereas for sandy loam
soils, reported losses seem much lower at an average of 2% ([10]; Table 2). However, such
declines are site-specific and depend heavily on management practices such as the choice of
the cropping system, soil tillage and the application of mineral and organic soil amendments

[11].
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FIG. 3. Soil carbon variations in different landuse systems in West Africa [9]
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TABLE 2. ANNUAL LOSS RATES OF SOIL ORGANIC CARBON MEASURED AT SELECTED
RESEARCH STATIONS IN THE SUDANO-SAHELIAN ZONE OF WEST AFRICA (SSWA)

Place and Dominant cultural Observations Clay + Annual loss rates of soil
Source succession Silt (%) organic carbon (k)
(0-0.2 Years of k (%)
m) measurement

Burkina Faso With tillage

Saria, INERA-  Sorghum monoculture ~ Without fertilizer 12 10 1.5

IRAT Sorghum monoculture  Low fertilizer (If) 12 10 1.9
Sorghum monoculture  High fertilizer (hf) 12 10 2.6
Sorghum monoculture  If + crop residues 12 10 2.2

CFJA, INERA- Cotton-cereals Eroded watershed 19 15 6.3

IRCT

Senegal With tillage

Bambey, Millet groundnut Without fertilizer 3 5 7.0

ISRA-IRAT Millet groundnut With fertilizer 3 5 43
Millet groundnut Fertilizer + straw 3 5 6.0

Bambey, Millet monoculture with PK fertilizer 4 3 4.6

ISRA-IRAT + tillage

Nioro-du-Rip,  Cereal-leguminous FOTO 11 17 3.8

IRAT-ISRA Cereal-leguminous FOT2 11 17 5.2
Cereal-leguminous F2TO 11 17 3.2
Cereal-leguminous F2T2 11 17 3.9
Cereal-leguminous F1T1 11 17 4.7

Chad With tillage, high

fertility soil

Bebedjia, Cotton monoculture 11 20 2.8

IRCT-IRA Cotton — cereals 20 2.4
+ 2 years fallow 20 1.2
+ 4 years fallow 20 0.5

FO = no fertilizer, F1 =200 kg ha™' of NPK fertilizer, F2 = 400 kg ha™' of NPK fertilizer + Taiba phosphate rock,
TO0 = manual tillage, T1 = light tillage, T2 = heavy tillage. Source: Pieri [10]

Trees form an important component of farming systems in West Africa. Most
subsistence farmers in semi-arid West Africa consider trees as an integral part of agriculture.
For centuries, they have maintained a traditional land use system known as the "agroforestry
parkland" system, in which trees occur scattered in cultivated or recently fallowed fields [12].

Through careful tree selection, farmers have deliberately shaped tree production on
their farmland to fulfill their specific needs; traditional medicines as well as basic food
commodities, including a variety of gums, oils, proteins, fruits and drinks, which are of
nutritional importance for a large number of people, especially in rural areas. Agroforestry
parklands are also a major source of wood and non-wood products, which provide significant
household income and appear to be important for local economies.

Biophysical interactions between trees and crops have shaped the physical
configuration of parkland agroforestry and are one of the primary determinants of the way
farmers manage trees in their fields. Faidherbia albida, one of the most extensively studied
parkland species, has a reverse cycle, shedding its leaves during the rainy season, and is