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Key queslions:

below-ground resources and limit competition?
ground inferactions?

systems{

1, Can plant species with complementary rool Characleristics be used to optimize the exploitation of
2. Under what conditions will farmers invest labour and resources in the management of below-

3. What practical options are available for manipulating below-ground interactions in agroforestry

17.1 Introduction

Below-ground interactions  (BGI)  among
component species in mived agroccosystems
encompass the temporal and spatial exploita-
ton of growth resources (water and nuri-
ents), soilborne pests and diseases, and
modification of the rhizesphere environment,
interactions can be either direct or indired,
depending largely on whether the system is
simultaneous or rorational. Previous chapters
of this book (Chapters 1 and 4) have provided
clear evidence of the imporiance of BGI for
the functioning of agroforestry and  other
land-use systems. OF the different BGL inter-
actions involving growth resources are by far
the most important, as they have the greatest
effect on productivity (which is where farm-
ers’ primary interests lie), Whereas competi-

tion for water is the dominant interaction in
sernlard environments and during dry sea-
sons or dry spells in humid dimates, competi-
tion for nutrients is important in many soils
across a wide range of environments. Mixed
or simultaneous systems in which two or
muore spedes are grown together on the same
picce of land are most common in the troples,
and traditional agroforestry systems often
involve many species. The BGI in such sys-
tems are much more complex than in mixed
annual systems due to the combination of
pereimtial and short-lived crops, which are of
very different sizes, and which occupy over-
lapping niches below ground. The interac-
tions among these componenis change over
both time and space as trees grow larger and
crops are planted, harvested and replanted. A
certain degree of competition is inevitable
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among species in mived systems when shar-
ing the often fixed and limited below-ground
resorces (BGR),

To some extent, BGI can be manipulated
through choice of plant spedies. and through
soil and plant management, Such manipula-
tion aims to minimize the negative of BGI
whilst maximizing their positive elfects. For
this, a thorough understanding of what hap-
pens at the interfaces of the component
species 18 mecessary. Unlike  above-ground
interactions, BG1 are difficuli 1w manipulate
a4 they take place unobserved and interven-
tions can be  labordous  and  expensive.
Recently  available  models  incorporate
soll-plant processes and  provide  powerful
ools  for  understanding  and  prediciing
cause—eHect relationships in simple tree—crap
agroforestry but not in traditional complex
systems. Because of the importance of mixed
systerns  for tropical fammers (in terms of
preater vields, the minimization of risks asso-
ciated with climatic variability and pests and
diseases, and better protection of the environ-
ment compared with monocrops) ways and
means have o be found for improving the
productivity of both the traditional and new
systems. Although the importance of BGI in
agroforestry associations has long been recog-
nized, progress in our understanding of them
has been hampered by methodological diffi-
culties. Nevertheless, considerable informas-
Hon is now available from the empirical
research of the past deaade which can help
both with our understanding of BGIL and with
the development of practical waols for their
management. In this chapler we discuss the
seope and limitations of differem practices for
managing BGT in agroforestry land-use sys-
tems. Although we confine this discussion o
the practices relevant at the plotor field scale,
readers are referred to Chaprer 18 for those
appropriate at the landscape scale,

17.2 When and Where are BGI
Important?

Use of below-ground resources can be opti-
mized, and BGI minimized, through the com-
bination of speces that explonn  different
niches. Most annual crops do not elfidently

utilize below-ground resources, because of
their shallow oo systems and short growth
seayon. This is particulary so in feriile sails
under irrigation or high rainfall, and in arcas
where acidic or compacted subsoils limitl root-
ing depth. Similarly, perennial crops grown on
their own do not fully exploit the inter-row
spaces during the early years, because ol slow
growth and wide spadng. In these situations,
total ool activity over depth and/or space and
time may be increased by: (i) [ntegrating
deeper rooling trees of economic value into
plots of annual crops 1o exploit resources al
depth and owver a longer period of time: and
(i) adding herbaceous cover crops or iner-
crops between rows of perenmial crops for
gpreater explotadon of  below-ground
resources thar otherwise remain unused or
are lost to the system je.g. through leaching or
erosion), Some examples of the introduction
of trees 1o annual crops ares planting of trees
in rice fields in South India and Bangladesh,
poplars in wheat in northerm India and
Grevillea robusta and Markhamia [uiea in East
Africa. In the case of sole systems of perennial
tree crops, such as oil palm (Elacis guineensis)
and rubber {Hevea brasilfiensis), patchy occupa-
tion of the soll space by the ree rool systems
and nutrient leaching in the imer-tree spaces
may still occur in mature plantations under
certain conditions, indicating that associations
with  shade-toleramt  understorey  specles
{intercrops and cover crops) could increase
the efficiency of water and nuirient use
within the system and increase per-area
vields {5chrotheral, 2000a). The exploiation
of resources by the perennial component in
agroforestry systems can be further enhanced
by assodating several speces of varving
gronvth cycles, so that some speces produce
early and are then thinned out as others grow
and occupy more soil volume.

It is important to consider the conditions
under which farmers may. or may not, take
Below-ground processes into account when
designing and managing their land-use sys-
terns, Four types of situations may be distin-
guished, which depend on the abundance of
soil resources, the value of the crop {and the
relative value of differem  components),
labour availability, and the objectives of the
land-use svstem.
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1. One situation in which farmers appar-
ently ignore BGI is when soil resources are
abundant, i.e. under conditions of high
rainfall and soil fertility or the application
ol sufficient [ertilizers. For cxample, on
sites with sufficient water and with ade-
guate fertilization in Costa Rica, coffee
arowers preferred o wse the very fast
growing Fucalyptis deglupta as a shade free
for coffee, because of its light and homoge-
neois shade and low pruning requirements
{Tavares ef al,, 1999). Recent research has
conlirmed that below-ground competitien
is in fact noe problem under these condi-
tions {Schaller et al.. 2003). Similarly, coffee
growers in eastern Java, where soils are
fertile and rainfall is sufficient, prefer to use
the very fast-growing Paraserfanihes fal-
cataria, planted at a high density; as a shade
iree for coffee rather than the slower-grow-
ing Pirous merkisii.

2. In other cases farmers may deliberately
choose to ignore negative BGI even i they
are blophysically relevant, because of socio-
economic considerations. Then. the decision
whether to invest in manipulating BGI
depends on the opportunity cosis of the
labour necessary for the purpose and the
present or future value of the alfected crop.
An example is the Sumatran “jungle rubber'
system, where rubber planters allow the
secondary vegelation o regrow  between
voung rubber trees that have not yel
reached the size required for rapping
instead of weeding the trees and establish-
ing a leguminous cover crop as s the rec-
ommended practice. Delayed weeding in
the early stages can actually protect the rub-
ber seedlings from damage by wild animals,
so reducing risk, Ol course. tree develop-
ment is reduced by the competition from
the secondary vegetation, so  that the
planters have to wait 10 years until the first
tapping as compared with 5 years in an
‘optimally’ managed system. Similarly, cen-
tral Amazonian farmers often abandon their
young tree-crop plantations after an initial
phase of -2 years of intercropping with
annual crops, The management of the plan-
tation recommences only when the trees
enter the productive phase, which i of
course also considerably delayed by such

‘puar’ early management (Sousa e al.
1999y, Siill, the decision not o manage
competition processes may be rational as
long as farmers arc mere consirained by
labour than by the availability of land, and
if larmers plant trees as part of 2 strategy 1o
acquire land, as is the case in Indonesia.

3. In rotational systems, and lor the rehabil-
itation of problem sites, maximization of tree
rool functions can be the objecive of man-
agement. For the amelioration of com-
pacted, waterlogged or saline soils, the
suppression of weeds and the recyding of
subsoil nutrients during fallow phases, farm-
ers may use trees with large and competitive
root systems at a high planting density and
may not be concerned about interactions
with crops (Schroth ef al., 1996; Mckonnen
ef al, 1997},

4. The management of BGI is most needed
and most complex where 1rees and crops
are grown in dose association, with the
objective of produdng muliiple products,
but where soil resources are limiting, at
least during some part of the year, Examples
are windbreaks or shade irees in seasonally
dry climates, and combinations of trees and
crops in the semiarid tropics and on infertile
soils, The objective of maximizing the
exploitation of soil resources whilst mini-
mizing below-ground competition bBas 1o be
achieved through complementarity of the
assoclated species in lerms of root distribu-
tion, phenology and function (&g use of
dilferent nutrient pools). Such complemen-
tarity can be achieved through the selection
of species combinations, in conjunction
with the management of the component
species and the soils, Under these condi-
tions; farmers may invesl considerable
amounts of fime and resources in the man-
agement of BGI (eg through weeding,
shoot and rool pruning). The discussion in
the Iollowing sectlon mainly concentrates
on this situation, in which oplimization ol
the use of below-ground resources s the
objective. It is assumed that farmers are
mainly constrained by land availability and
that their primary objective is 1o increase
yields ol crops and trees per unit area. This
gituation is representative ol increasingly
large areas in the tropics.
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17.3 Scope and Options for Managing
Below-ground Processes

I the surface soil horizon, water availabil-
ity can fluctuate widely and nutrient avail-
ability may be high, nutrients being
supplied through leal litter. mulching or
inorganic fertilizers. Plams tend 1o prefer-
entially exploit these surface layers and
shifti to deeper ones when the surface
resources become limiting. [n simultaneous
systems with mixiures of perennials and
short-lived crops, perennials occupy both
surface and deeper layers. whilst annuals
often occupy only the [ormer. Therefore, i
short-lived crops are not to be outcom.
peted, plant and soil management that
enhances the nuitient and water resources
for annual crop roots in the surface horl-
zon, and seleciion thal encourages niche
differentiation between specics — pariicu-
larly selection for deep rooting in trees - is
desirable. In the horlzontal dimension,
managemeni that restricts competitive ree
roots 1o areas close to the tree is olten pre-
ferred. Management should alse aim at
staggering root occupancy and activity in
strategic locations [or resource acquisition
in the soil profile. Other agroforesiry sys-
temms require different approaches to tree
rool architecture. For example, trees with
extensive toot development in lerms of
both vertical and lateral spread are prefer-
able for sequential systems as they enhance
nuirlent capture and transfer to subsequent
crops via organic pools. Trees with high
rool mass tend o osuppress understorcy
weeds, which ig an important function of
planted tree fallows but is not desirable on
sloping lands where soil protection is an
issue (Schroth et al, 1996}, As another
cxample, trees with high fine-root density
at shallower depths are suitable [or conser-
vation hedges and filter strips.

The [unctons of tree roors and theie
interactions with the soil and the roots of
assoctated plants can be influenced 1through
the selection ol species, thelr arrangement
in time and space {system design), and the
management of the plant-soil sysiem
through practices such as weeding, fertiliz-

ing, tillage and pruning (Table 17.1). Given
the large differences in root characteristics
between plant specles, species selection s
an important way of influencing below-
ground processes, although root properties
will normally only be one of several criteria
used when selecting tree species and will
rarely influence the decision aboul crop
species.  Systemn design determines  the
coarse patterns of below-ground processes
al the establishment stage of the system,
whereas managemeni can be uscd for fine-
tuning them on a more continuous basis as
the system matures, Some ol the manage-
ment technigues routinely applied by larm-
ers |eg weeding and soll tillage) have a
direet influence on roots, whereas others
{c.g. shoot pruning) have Indirect effecs.
Importantly, the more successful these mea-
sures are in manipulating  below-ground
processes, the more flexibility there is for
choosing tree specics with less-than-optimal
root  properties,  including  fast-growing,
competitive species,

17.3.1 Choice of species/provenances

Spedes and provenance selectlon is a suil-
able way of manipulating BGI in cases
where neither yield nor product quality is
sacrificed. However, uncompelitive spedes
are often also slow growing, and selecting
these for use may defeat the objective of
maimtaining the productivity of the system.
The use of species that demand less soil
pesources and/or are slow growing is cspe-
rially important for water- and nutrient-lm-
ited sites. In the West African  Sahel
savannah, a wide array of uselul tree specics
can be used in windbreaks ar sites where
ground water is accessible and competition
with crops for soil water therelore unlikely
{Smith et al, |998), By contrast, ar sites
where the water table is not within the
reach of tree Toots, the selection of trees
with low water requirements and a limited
lateral root spread is crucial in order o avold
competition with crops: [urthermaore, man-
agement measures o reduce the water con-
sumption of the trees, such as pruning, may
b reguired.
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Table 17.1. Practices for managing balow-ground competition in multispacies systems in differani
situations and the practicality of these practices.

Managemanit
matheod Aim/aftact Whera and when
Selection of To maximize Anywhere, at the
Species of comphementary establishment stage
provanances use of BGR ard when functional
temporally and niches are available
apatially
Spacing/ Brundary To confine negative  In drier climates
design plantings gffects ol BGlioa  where free/crop
amall araa compatition for
BGHA is high
Scattered To localize BGI Relavant for eroplands
trees or and pastures in all
tree climates but espacially
clusters in dry areas
HAow (trea To maximize In favourable soil and
or hedga) positive ettects of climatic conditions
intarcrapping BGI
Wider To reduce BGland  Apprepriate for dner
spacing of  force deeper rooting  areas
Iree rows of tree roots
Thinning ol To reduce negative  Where the negative
treas over  offacts of BGI gifects of trees at &
tirme given density
increase, and Teas
gain in value over
the years
Segregation  To avoid BGI Where tree/crop
aver space competition for BGR is
intense and trees
have to be plamed al
a high densily. Treas
and crops plarted in
saparate blocks mostly
in samiand iropics (2.9.
woodots and crops|
Segregation  Ta maximize For reclamation of
aver time positive affects of  compactad soils,
trea—soil saline and alkali soils,
interactions riutrient rephenishment
and lowering the water
table. Trees rolated with
crops in all climates
Root pruning  Trenching  To prevent the Alang tree lines in
presonce of traa boundary plantings and
rocts in the CRZ araund individual tfrees

in croplands

Practicality

Faasible, i rooting patterns
of spacies are known and
the species possass
cesirable above-ground
characterisiics, in

order o meet farmers’
needs

Feazibia, but other
managemsent practices nead
i be integrated within the
system

Feasibka

Feasible
Feasibe

Feasible

Feasible, Below-ground
compaetition still exists at the
interface of tree and crop
blocks

Feasible, if land and labour
{especlally al the tree
establishrent and clearing
stages) ara not limited

Unfaasible if constrainad by
labour. May be relevant i
combined with other
interventions (8.g. larilizer
placemeant)

Continued
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Table 17.1. Continued.

Management

mathod Aim/eflect Where and when Practicality

Root pruning  Tillaoe To reduce super- Appliad fo whola plot 81 Faasible. Dapth of root

jcontinued)
Saovaring of
suparficial
structural
roots
Shoot Pruning
pruning side
branches,
pollarding;
lapping
branches;
pruning ta
low height
Mulching
Mutrient Broadcast
supply Localized
fhrough placement
fertilizars or (- 5cm
mganics depih)
{gusantity and
method)
Barriars Physical
Chemical
Biological
Weead Manual
management  Machanical
Chemical
Biolog
{cover crops)

ficial traa roots at
015 cm depth

To prevant lateral
axtension of frea
roots inta CARZ, o
avosd conflict with
neighbours, and to
train roots of young
trees

To reduce demand
on BGR and root
growih

Te increase plant-
available water by
increasing water
infiltration Into sof
and redusing soil
evaporation

To confrol weeds
To decrease below-
ground comgeatition
for limiting niutrients

To reduce BGI by
pravanting the
infermingling of trea
and crop roots

To reduce betow-
ground competition
for water and
nutrients from
weeds, Cover
crops also add N o
soll and protect soll

the start of the crop
saason

Boundary plantings
and individual trees,
preferably executed
in the dry season 1o

oider and younger trées

depending on severity
of compeltition
Applicable in al

climates depending on
the system. Hedges are

repeatedly prured
within a year. Shade
traes in coffee are

pruned at the beginning
of dry season and trees
in cropland are prunad

before rains set in

Mulches are relevant for

water consarvation in
dry areas and for
confrofling weeds in
wet and dry areas

Whenever nuirients are

limiting. Locakzation
when nulrents are lor

valuable species and in
the case of less mobile

FLtHents

Installed between tres
and crop rows and at

the junction of tree and

crop blocks, before ar
togatner with plarting
of trees

Executed as part of
land preparation and
whenevar wead
competition exceeds
economic thresholds

pruning depends on degree
of mechanization

Feasible but constrainad by
fabour and is relevant for
anly high-value crops

Feasible. Primary purpcse
of these practices |s fo
reduce shading of crops by
trees but they
simulianeously affect tree
raat growih

Feasible whare anough
organic materizls ara
available. Certain mulches
may increasa tarmite activity

Feasible. However,
smallholders may be
constrained by lack of cash
and labour. Organic
residues are available in
limitad guantities

Phiysical and chemical
barriers invalve prohibitiva
cosis. Grass strips are easy
to establish but may onhy
hewve a temparary effect

Feasible, Constraints are
timaly availability of labour,
cover crap seed and cash
for herbicides

B, below-ground interactions; BGH. balow-ground resources; CRE, crop roo 1ome.
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Farmers can substitute one tree species
for another based on tree root competirive-
ness, if the trees are grown for low-value
products such as green manure, frewood,
soil conservation. etc, Howewver, il a tree
species is grown tor specific, valuable prod-
ucts {such as fruits, nuts, resins or timber)
the choice has to be made [rom among
provenances of the particular  speces.
Considerable variability exists among (ree
species in root system architecture, but the
extent of varability among provenances of
a species is not known f[or many agro-
forestry trees. Selection must not be based
solely on root architecture, as root function
is also Important, and the basis of compari-
s0m between species or provenances fst
be clear (for instance, comparing trees of
the same age or size), Lack of a simple and
reliable method o evaluate species or
provenances [or differences in root mor-
phology and [unction is a major constraint,
Hecently, the use of competition indices has
been explored as a shori-cul method for
gvaluating the competitiveness of the rool
architecture of different species, with mixed
results (Ong ef al, 1999 Mulatya, 2000),
Substantial differences among provenances
in terms of .ahtwr-gmumi growth are often
reporied  (e.g.  for  Gliricdia  sepiwer)
(Dundson and Simons, 1996), which may
be indicative of differences in root system
growth and architecture, but there is lile
evidence available to support this proposi-
tion. However, significant differences were
observed in the rooting characteristics ol
Faigherbia albide  from  dilferent  seed
spurces: at Niamey (Niger), material origi-
nating from East and southern Africa per-
formed poorly, comparcd with that from
Wesl Africa, due to poor root system devel-
opment (Vandenbeldt, 1991). The type ol
planting stowk is also important, n Kenya,
Melia volkensii plants raised from cutrings
wire more shallow-rooted than those raised
from seed of the same provenance [Mularya
eral, 2002).

Contrary to the general beliel, most trees
have a substamiial proportion of their fine
roots confined o the same soil horizon as
crops (see Chapter 4, this volume), which
inevitably leads to competition [or below-

ground growth resources between rrees and
adjacent crops. Distribution of the fine rodm
mass of 2Z-year-old Semra siamea, Fucalypius
ieresicarnis, Prosopis chilensis and Lewcaerna len-
cocephala trees was similar o that of maize in
the (=100 cm profile. Only Fucalyptus cemal-
dulensis had its roots evenly distributed up 1o
100 em (Jonsson e al, 1988). Similarly,
roots of 3-year-old Grevitlea robusta and G,
sepim possessed a very similar distribution
to those of maize in the 0-120 cm profile
(Odhiambo e al, 1999), although these
trees also pussessed roots that penetrated
more deeply, As trees age, thelr root densi-
ties increase and their roots spread over
ever-increasing distances. Tree rool densities
often exceed crop rom densities and, con-
comitantly,  competitlon  with  crops
increases. Although the absorption cenires
of tree roots may tend o become increas-
ingly distant from the rree trunk with
increasing tree age (Morales and Beer
1998), tree—crop competition is often char-
acterized by diminished crop yield cose o
the tree, correlated with high tree root
length densities and reduced soil  water
{Odhiambo er af,, 1999, 2001).

Notwithstanding these feamres of root
distribution, zones of high or low root den-
sity are not necessarily indicative of levels of
root activity. Tree roots at different depths
can adjust their lunaion according to water
availability. In the dry season, water uptake
by G. rebusta a1 a sembarid site in Kenya was
predominantly through deep tap roois: but,
after rewetting of the topseil lavers with the
start ol the rains, existing lateral roots
hecame immediately active, competing with
the associated crop (Ong & al, 199%). Thus,
even il a tree specdes with desirable root
architecture (fewer roots in surface layers) is
selected, competition will ultimately depend
on the activity of the roots In the surface
layers during the cropping season, and no
simply on their abundance.

To meet their demands for resources, fast-
growing rees tend 1o have more aggressive
roots than slow-growing trees (Jama et al,
1998a), although exceptions to this nile have
been reported (Schroth et af., [996). n west-
ern Himalayan valleys, the fasi-growing
exotic spedes E. fereticornis and L. lescocephala
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were found to have greater root biomass and
fine root length denshy than the slower-
growing indigencus trees Grewias opifva and
Bavhinia purpurea (Singh ¢t al. 2000}, Cherry
(Priens cerasoides) and mandarin (Citrs retic-
tlata) extended their fine roois up to 1.5 m
from the trunk and had a large number of
wondy roots close o the surface, which both
hindered cultivation under agroforesiry, and
made the trees more liable 1o be attacked by
pests and diseases when intercropped. In
contrast, Albizia {Paraserianthes faloataria) and
alder {Alnuy wepalernsis), which were also
classed as faster growing, had the most desir-
able roots [or tree=crop intercrop systems, as
their fine roots were confined 1o within 1 m
of the trunk., and they had fewer woody
roots (Dhyani and  Tripathi, 2000). In
Uganda, Fimus  watalensds is  preferred 1o
Evcalypius  deglupra  as shade for  coffee,
because below-ground competition with the
coffee crop is less (B.L. Orikiriza. personal
communication), In the semiarid nortbeas)
of Nigeria, per unit root length, Acada nilotica
had a greater negative effect on sorghum
above and below ground than did Prosopis
mliffera, a finding correlated with A. nfforica’s
higher rates of water extraction from soil lay-
ers shared with crop roots (Jones et gl
1998). Species selection for root architecture
is also possible for systems in which trees are
managed  intensively, such as  hedgerow
intercropping (HI) and conservation hedges,
Under a regular pruning regime, Acioa barverf
and Peltopharum dasyreachts had their fine
roots distributed deeply (van Noordwijk e
al, 1991b; Ruhigwa er al, 1992) compared
with L. lewwocephala, Alchornea cordifolia and
Gmelina arbovea, the fne roots of which were
found at a shallow depth (Rubigwa o al..
1992) and Envhrivg poeppigiana, the fine
roots of which were found ar intermediate
depths (Nygren and Campos, 1995), Of the
I3 woody species screened Tor HI in subhi-
mid south-wesiern Nigeria,  Lonchocarpts
sericens had the most desirable root architec-
ture, with only 21% of its Ane roots coloniz-
ing the 0=30 cm soil layer (as compared with
84% in the case of Tetraplenra teoraptera),
Although  Enterolobitem  cpclocarpum and
Naielea latifolia had superior tap rool systems
and fine root form, they alse exhibited

extensive root distributions and very large
lateral woody moot volumes, which may
interfere  with  tillage  (Akinnifesi e af,
19998}, As already indicated, there can be
seasonal variation in tree root activity in dil-
ferent soil layers, according to the availabiliry
of soil water. Root activity may also vary
according 1o specics. a fact that could be
exploited when sclecting 1ree species lor cer-
tain agroforestry applications (Broadhead e
al, 2003), Some variations are on a shon
temporal scale, eg. Faidherbia albide has a
‘reversed” above-ground  phenology  (with
leal fall during the rainy season), which
implies that the seasonal pattern of root
activity in this wee is different from that of
other tree spedes. £ fuliflora is a conservative
water user and does nor greatly vary its raie
of water uptake in dry and wet conditions
(Jones et al, 1998). Use of this species in
agroforestry systems may be less risky than
that of other species with more variable
resource demands, because of its greater pre-
dictability. Changes in competitiveness alse
occur on longer timescales, which must be
taken into account when selecting species,
For example, Gravillea robusta i5 least compet-
itive as a young tree but depresses crop yields
at the pole siage (Lot e al, 2000, 2003).
Conversely, trees that are initially competi-
tive may become less competitive when they
become older in certain situations. For exam-
ple. certain parkland trees, despite develop-
ing very deep and laterally extensive roo
systems. have e effect on crop growth and
are therefore wlerated by fammers in their
Helds because the improved soil fenility and
microclimate in their vicinity outweigh their
negative effects (Rao o al, 1998).

Owverall, spaval and temporal separation
of tree and crop fine roots and their func-
tions 15 not casily obtainable unless alterna-
tive sources of resources (such as subsail
water and nutrients at depth) are available
w trees. Bven where there is a certain
amount of separation, it is likely that species
choice will have to be supplemented with
lree management, o improve complemern-
tary use of below-ground resources, Plus,
management strategies 10 minimize compe-
tition will have 10 be changed over time, as
the tree component ages,
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17.3.2 Tree spacing and planting
arrangement

Tree spacing and planting arrangements are
among the most powerful means of manag-
ing roeot (and shoot) interactions in agro-
foresiry systems. Biophysically, the optimum
spacing and arrangement of trees in a crop
ficld depends on a somewhat elusive balance
between two confliciing objectives: the max-
imization of favourable tree rool effects on
spils and nutrient cycles on one hand and
the minimization of competition with the
crops for soil resources (and light) on the
other. If trees are planted at a high density
in the whole plot, thelr root systems inten-
sively exploit the soil, add organic matter,
improve the soil structure and reduce nutri-
ent leaching. High tree planting densities
also lead to deep tree root systems, as a con-
sequence of competition in the topseil, and
this increases the recycling of subsoll nutri-
ents. Such effects are successfully exploited
in planted fallows (Jama er af, 1998a) and
also in high-density plantings ol collee
(Barros ¢f al, 1995). However, in tree—crop
assoctations the potential {or increasing the
planting density of the irees to maximize
these beneficial effects is limited by simulta-
neously Increasing competition  with  the
crops for soil resources and light.

Increasing the spacing of trees in a crop
field or pasture reduces the influence the
rrees have on the soil and on assocated
plants simply because there are fewer trees
per unit area. It also increases the ‘patchi-
ness’ of the trees” influence. Another way ol
reducing interactions between trees  and
crops (or soilp is 1o concenirate the trees in
groups or rows in some part of the plot, such
as the plot boundary {i.c, changing planting
arrangement). Ultimately, decisions regard-
ing spacing and arrangement will often b
made on econmmic grounds, depending on
the relative value and role of dilferent com-
ponents of the sysiem, Low-value shade
trees need 1o be distributed throughout cof-
fee and cocoa plantations, and their interac-
tions will be regulated via spacing (ie. lrees
will be planied or removed as required).
However, if the trecs produce valuable prod-
ugts, then it is desirable to keep the tree

density high and interactions with the crops
{and soil) may be regulated via planting
arrangement, with trees often being planted
on plot boundaries or in contour rows on
slopes. Growing trees and erops in rotation is
a third form of reducing direct wree-crop
interactions. Root interactions between trees
and crops and the effects ree roots have on
the soil depend on lateral tree root spread,
which may be extensive. The root systems of
savannah trees may extend several ens of
metres from the mrunk (Stone and Kalisz,
1991}, and cropped alleys of a few metres
width between contour hedgerows can be
entirely permeated by tree roois (Schroth,
1995: Rowe et al, 2001). Where trees are
planted In rows, with a narrow within-row
spacing. the lateral root spread perpendicu-
lar to the row is likely 1o increase further
due to competition between neighbouring
trees, The decrease of tree root density with
increasing distance from a tree row may be
roughly logarithmic, but may also show pro-
nounced effects of local soil conditions, e.g
soil illage, nutrient-rich  patches,  etc.
{schroth ef al., 1995). Pronounced crop yield
depressions have been observed in the prox-
imity ol boundary plantings, especially on
shallow soils and in regions with a pro-
nounced dry season and a deep water table
iMalik and Sharma, 1990}. In such cases
other management options (such as the
selection of less competitive and ofien
slower-growing tree species) may be neces-
sary, assisted by management measures as
discussed below,

Some perennial crops incuding collee
and cocoa are commonly planted under the
shade of larger trees, which provide micro-
climatic protection, assist in nuirient cycling
and soil protection and reduce the inddence
of centain pests and discases. As the shade
trees are scallered over the whole plot area,
the root systems of trees and (iree) crops
necessarily interact. Tree spacing, thinning
of surplus trees over tme and regular shoot
pruning are the tools for regulating
tree—crop-soil interactions in these systems,
Although these measures focus mainly on
above-ground interactions, root processes
are cearly affected (see Secion 17.3.4
*Shoot pruning’). Since the root sysiems of
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shade trees and perennial crops necessarily
intermingle, one would expect that desirable
shade trees would be non-competitive below
ground. However, as mentioned above,
[armers use surprisingly compelitive (ree
species under conditions of adequate soil
moisture and fertilization, apparently with-
out negative effects on the crop. In a com-
mercial coffee plantation near Turrdalba in
Costa Rica, with 4- to S-year-old Encalypres
deqlupia shade trees planted at a spacing of 8
% & m. coffee yields were adequate with no
indications of reduced growth in coffee
plants in the proximity of trees, despite vig-
orous growth on the part of the irees
(Schaller e al, 2003}, Beside the high
resource availability in the soil, a further
reason for the compatibility of coffee with
this aggressive tree species was probably a
pronounced small-scale panitioning of the
spil space, with coffee moots concentraned
near the coffee rows and the tree roow in
the inter-row spaces. However, the compati-
bility of coffec with such fast-growing shade
trees is confined to sites with adeguate
water, as in another region with 6 months of
dry season, colfee cearly sullered from com-
petition with Eucalypius shade trees (Jiménez
and Alfaro, 19991 For very dry coffee-pro-
ducing sites in Bast Alrica, it has been rec-
ommended that trees be planted on the plot
boundary instead of spaced regularly within
the plantation, in order o regulate root
interactions  via planting arrangement
{Foster and Wood, 1963). This sttategy may
become Increasingly relevant in regions pro-
ducing perennial crops in the futare, if the
climate  becomes drier due 1o climate
change. When trees are scattered through-
out felds, below-ground competition may
not be recognized, as overlapping tree root
systems result in competition and reduce
yield throughout the cropped area, with no
areas being free of tree¢ roots for a compari-
son to be made.

17.3.3 Tillage and root pruning
Tillage is a standard method used by fanmers

10 manage BGI especially between crops
and weeds. Under agroforestry conditions, it

can also remporarily reduce tree root length
density in the crop rooting zone ar the
beginning of the copping season and stimu-
late tree root turmover, with a corresponding
release of nutrients imo the soll  from
decomposing reots, fero-tillage may there-
fore not be a suitable practice for agro-
forestry systems. In dry lands. tillage also
cxerciscs @ favourable effect on soil water
storage, A varety of different tillage meth-
ods are praciised o the tropics; in West
African savannahs the soil is mostly tilled
with a hand hoe, [orming ridges on which
the crops are sown, and the weeds covered
within these ridges; where animal traction is
available, the soil may also be ploughed w0
form ridges or a level surface, depending on
the equipment.

Tillage destrovs most of the ree roots in
the top 10-15 cm of soil. This should give a
temporary advantage te the erops, which are
usually sown shortly afier dllage. However,
tree toots recolonize the ploughed layer
within the cropping season, although the
speed with which this happens is not well
knowri, In an experiment in ceniral Togo on
a very shallow sandy soil, ridging did not
alleviate competition between the crop and
Sewna stamea {as conmpared with that on land
that was tilled to give a level surface). This
was because the tree roots invaded the
ridges (Schroth eraf. 1995),

Additional control ef tree roots can be
achieved through root pruning, either ac
part of the tillage process, or separately,
which can be achieved by decp tillage and
subsoiling along tree rows, This wechnigque
ls practicable and relevant, especially when
it is combined with and incorporates other
interventions, such as deep placement of
fertilizer for trees, water conservation in
dry arcas and the improvement of
drainage. Korwar and Radder (1994)
obtained positive results in south India by
ploughing several times per year between
hedgerows and adjacent crops, thereby
removing 1ree roots. Soill water contents
under the crops and yvields were increased,
sugpesting that tree rooft competition was
reduced. Another option s 1o cut the
superficial fateral coarse roots of trees close
to the runk with an axe, which eliminates
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large quantities of subiended coarse and
fine ree roots in the crop rooting 2ome.
This is olten practised when competition
from rowts of trees in boundary plantings
causes conflicts with a neighbours’ crops.
Farmers in Bangladesh were observed to
prunc tree roots in the first year alter
planting; root pruning o plough depth
became @ routine during  cultvation.
[ntensive and deliberate pruning of tree
rools as a separate operation tended 10 bes
neglected after the second and third year
{Hocking and Islam, 1998). Root pruning
combined with 1op pruning may reduce the
overall growth of trees depending on the
intensity of pruning. In the casc of trees
planted in rice ficlds, combined root and
wop pruning reduced stem diameter at
breast height (dblp and total volume
growth of trees by up 1o 19% anid 41%,
respectively  (Hocking and  Islam, 1998)
Rool pruning is also being tested as a man-
agement option in eastern Alrica. At the
start of the rainy season, lateral Toots were
severed with a machete or axe to a depth of
30 em, about 50 cm away from the trunk.
The yields of beans and maize within 5 m
of the trees increased in the first season by
between 0% amd 300%, depending on site
and trce species  (Raussen and Wilson,
2001). Rapid regrowth of roots indicates
that root pruning should probably Dbe
repeated every 1=2 years. Two years after
the pruning treaument, the dbh ol rooi-
pruned irees was 12% less than that ol
irees that had not been pruned. Although
the first root pruning ol mature trecs was
hard work, [armers have found that
repeated pruning became much easier, and
that it could be easily done at the time of
gite preparation (), Wilson, personal com-
munication), Digging renches along the
tree rows or around the trees, severing
roots and refilling the spaces with soil isa
sure way of avoiding tree rool competition
for a perod of time, In semiarid India, root
pruning to 0.5 m depth virtually eliminated
below-ground competition between trees
and crops (Singh et al. 1989). However
severing free roots up 1o such depth could,
in many situations, be laborious and
uneconomical.

17.3.4 Shoot pruning

Pruning the shoots of trees offers a conve-
pient way of managing below-ground com-
petition in dmultanenus  agroforestry
systems, provided that the trees are mol
being grown for their frabis, in which case
further considerations  concerning  the
impacts of management on the development
of flowering shoots are important. In addi-
tion to reducing compettion with crops,
farmers also benefit from the products ol
pruning (fuelwood,  poles, etc), and the
process  alse  provides ppportunities 1o
inrprove timber quality. Shoot pruning: (i}
controbs the water demand by reducing leal
arca: (i) reduces line roos by changing e
[unctional equilibrium between above- and
below-ground components; and (lii} alters
fine root distribution within the soil profile.
Shoot pruning also affects the timing of root
growth and tree demand o below-ground
resources. The voung leaves formed after
shoot pruning may alse be more suscepiible
1o drought than the old leaves of unpruned
trees, and a resulting midday depression in
their transpiration may further reduce com-
petition with crops for water (Namirembe,
1999}, Smilth & al (1998} reconnmended
strategic shoot pruning of windbreak wees in
the Sahel savannah, in order to reduce tree
water use and competition with crops under
dry conditions.

The severity ol tree pruning varies comn-
siderably with systens, from the side prun-
ing of trees in boundary tree plantings, o
the lopping of branches in the case of dis-
persed trees, w0 severe and frequent pruning
ito 0.3-1.0 m in height) in hedgerow inter-
cropping. Few studies have been made of
the extent of changes in ront morphology
and [unction as & consequence of above-
ground pruning, However, studies of scveral
species in Indonesia showed that a lowe
pruning height induced a shallow root sys-
tem with more fine and adventitious roots,
probably due o reduced carboahyidrate
reserves in the short stems andlor a hor-
monal imbalance {van Noordwijk and
Purnomosidhi. 1995}, This suggests, first,
that it may be appropriate o Initiate some
types of pruning only after a deep laproot
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has developed and. secondly, that irees
should not be pruned wo low; early and
severe shoot pruning may induce excessive
rool branching in the topsoil and conse-
gquently increase competition in the topsoll
and reduce tree oot interception of nutri-
ents in the subsoil,

Maoderate pruning of tree branches may
not make much difference to the tree’s
water demand, and hence may affect com-
petition  between trees and crops only
slightly. Only the removal of a substantial
amount of tree canopy reduces the water
demand of trees and allows recharge of the
soil profile for use by the assoclated crop
(Jackson e al. 20000, Severe pruning or
pollarding of trees to a height of 1.5 m
caused a decline in the fine root mass of
Erythrima poeppigiana (Nveren and Campes,
1995|, The effects of shoot pruning on fine
rools depend on the soil water conditions.
Under water stress, pruning cansed an
immediate increase in the fine roots of L
feicocephaia and 5. siamea in the 20-40 cm
soil layer (which was Tollowed by the death
of those roots). However, when waler was
not limitng, pruning caused a significami
reduction in fine root density and root bio-
Tass (Govindarajan et al, 19946;
Namirembe, 1999). Natural senescence and
leal fall in deciduous trees may have an
effect on fine roots similar to that had by
pruning. Intensive shoot pruning of
Gliricidia sepium hedges in alley cropping
during the rainy season also displaced the
root maximum of the trees into the dry sea-
son, indicating Increased temporal comple-
mentarity with the crops in the exploiiation
of soil resources (Schroth and Zech, 1995a).

The impact of pruning on competition
mavy vary with species. In semiarid Nigeria,
crown pruning substantially reduced the
competitive effect that P jufiffora had on
crop yield, but it did not reduce the compe-
titiom of A intercropped
sorghum (Iones ¢f al., 1998). In Kenya and
Uganda, pollarding was found to be an
effective means of reducing competition by
five tree species. In the first season alter
pruning, competition  was  vinually
removed, but the effects diminished as
crowns regrew, so that pruning necded to

milofica  on

be repeated every 2=3 seasons for the bene-
ficial effects on crop yield o be reliably
maimntained; also, the magnitade of the
interactions was  sensitive  to  rainfall,
Pruning of crown and root, separately and
in combination, were beneficial and had
different  effects over time (Fig. 17.1)
Although farmers benefited from an
improved crop yield and tree products,
there were trade-olls in terms of the long-
term impacts on tree growth, which pol-
larding reduced by about 15% in terms of
dbh, Accemability of this to farmers will
depend on  their short- and long-term
objectives and on the relative value of dif-
ferent farm products. In many instances,
farmers may not resort to above-ground
pruning for the sole purpose of reducing
below-ground competition. Bui, provided it
is severe enough, above-ground pruning
done for other purposes (such as to remove
shade, harvest firewood, remove pest- and
disease-alfected parts, et} simultaneously
benefits the assocdiated crop by reducing
below-ground competition.

17.3.5 Mulching

Mulching is a common practice in muld-
strata, perennial tree-crop and banana-based
agrolorestry systems and may influence BGI
in various ways. Its effects on rool processes
have, however. been little studied. Mulching
can reduce the formation of surlace crusts
and thereby increase water Infiliration into
the soil, especially when the mulch is
applied belore the onset of the rainy season.
It also reduces svil water evaporation. The
conscquent inaease in soil water availability
should  reduce competition for  water
between the associated species in dry areas.
On the other hand, a mulch layer is known
to promote the lormation of superficial fine
roots becauwse of increased water status in
the topsoil layvers. potentially leading 1o
increased competition (as there are more
roots in the superficial soil layers) after the
mulch has decomposed, It may therelore be
important to provide mulch on a continuous
basis, in order to aveid increasing root inter-
actions. However, experimental evidence for
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Fig. 17.1. Effects of different types of pruning on malize
yicld (% of no-tree plot with different tree species.,
Dhata are for the first 3 pears after pruning at Siayva,
wistern Kenya. LR and SR are long and short rains,
respectively. A Tefera et al, (unpublished results),

increased rool competition in (discontinu-
ously) mulched sysiems is not available. Ina
study in Togo, biomass application cither as
mulch or as green manure (i.c. ploughed inj

had no effect on competition (Schroth et al,
1995). Organic materials used as mulches
add nutrents o soll In the course of their
decomposhtion and increase soll biological
activity, and thus favourably affect BGL (see
Chapter 15, this volume).

17.3.6 Ferlilizer use and placement

The addition of fertlizer is an intuitive solu-
tion to the problem of below-ground com-
petition  for nutrients  between  dilferent
componenis of diverse tropical agroecosys-
tems. Fertilization of intercrops in a system
often results in increased growth of the
associated 1ree crops (see Williams, 2000,
for a review regarding rubber) and Schroth
et al. (2001) for other tree crops. However,
fertilization may have unexpected effecis, or
even no effect (Schroth, 1998). Also, many
management-related questions arise: Where
should larmers place fertilizer in a mixed
species system? When would be the best
time/season to apply fertilizer? How should
the leriilizer be applied (broadeast uni-
formly or with localized point placement or
tijected at depth or spread on the surface)?
Which species respond 1o patches or pulses
of added nuttients? In a multispecies sys-
tem, will all components benefit equally, or
will some species take a disproportionate
share? What other effects will fertilization
have on the system?

Feniilizer should be placed in the zones
where there |5 greatest demand for nutri-
ents by the target component species of the
system. These locations can be identified
either by systematically measuring nutrient
and water distributions In the soil within
the agroccosystem (in order (o identify
areas of depletion) or by studying the root
distribution  patterns  in the  system,
Knowledge of the location of fine roots and
of the occurrence of active root uptake for
different species will help target [ertilizer
application, especially for relatively immeo-
bile nutrients such as P. For example, in the
coffee—Eucalyptus system (Section 17.3.2)
coffee plants would benefit most from feril-
izer applied around their bases, as is com-
mon farming practice,
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If roots in a trée—crop system extend
across the area between tree rows (inter-row
area}, then it may be best 1o lertilize within
this area of assocated crops/yegetation
(where interactions are likely to vccur ar 1the
level of individual roos), Wycherley and
Chandapillai (1969) found, when studying
S-year-old rubber in Malaysia, that tree
girths were significantly greater when P fer-
tilizer was placed in the inter-row area dom-
inated by secondary vepetation than when
the P was applied to the cean-weeded rub-
ber tree rows. In a study in Jambi,
Indonesia, growth of rubber trees in three
different situations was compared: (i) ‘low
weeding. no N7 (i) low weeding, plus N
wherein N fertilizer was placed around rub-
ber trees. directly within a weedy inter-row
area a1 3-month intervals; and (iif) ‘high
weeding no N' treatments (Williams, 20009,
Al 21 months after planting, the mean rub-
ber tree height and trunk volume in the Towy
weeding plus N treatment was significamly
greater than in the low weeding, no N treat-
ment (LSD, .0, but not significantly diffee-
ent from the high weeding weatment i Fig,
17.2}. Thus, addition of nitrogen appeared 1o
partly compensate for the higher below-
ground competition in (he low-weeding
plots, so that tree growth reached levels
comparable  with  high-weeded  trees.
However, addition of fertilizer 1o plots of
early-successional vegetation in Costa Rica
decreased the dominance of wouody shrubs
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and trees and increased the deminance of
herbaceous species, relative to unfertilized
piots.  Therelore, increasing the below-
ground resource of mineral nutrients EAVE @
competitive advantage 1o the herbs, aver the
first year of colonization (Harcombe, 1977},
This may have important implications for
the fertilization of tropical ARTCCOSYSIEmS —
the desirable tree-crops/woody species may
be outcompeted by herbs or ApErESsive
grasses if the sysiem s fertilized oo early or
too intensively,

The degree of competiiion for added
nutricnts excried by different species in an
agroecosystem may also change with sea-
son, and this could be exploited by careful
timing ol fertilization. Seasonal change in
the uptake of '*N was ohserved in a mixed
[ruit tree plantation of Theobroma grandiflo-
rum (cupuagu) and Baetris gasipaes (peach
palm) with a legume cover crop {Puecraria
Phaseolatdes) (Lehmann o af 20000, In the
dry season, the highest N uptake by all
three components cocurred within the area
underneath their own canopies. Yet in the
wet season, Puerdria took up a greater pro-
portion of N from under the trees, and the
trees increased their N uplake from. the
area under Pueraria (although o a lesser
extent). Seasonal differences in uprake by
different componems of mixed SYSLETTIS,
related 1o periods of active root growth,
could thus be exploited by fertilizing the
specific components at strategic times, For
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Fig. 17.2. Size of rubber trees 31 manths after planting in response to weeding and fertilization treatments in
Jambi, Indonesia. ‘Low weeding’, strip-wieeding 1 m either side of the rubber rees at 3 and 6 monthe after
planting then no subsequent weeding: ‘Low weeding + N, as above, but with 50 £ urea per tree applied in
circle every 3 manths (equivalent 1o 55 kg Matyears; ‘High weeding', clean weeding of the entire plot, nine
times per year. Enor bars represent one standard ermor of the mear, Data froem Willianes (2000),
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example, Munoz and Beer (2001} found
that fine root preductivity of shade trees
was greatest ar the end of the rainy season,
whereas that of underplanted cacan was
preatest at the start of the rains, so they
suggested  early  fenilization  during  the
beginning of the rains immediately after
pruning the shade trees.

Fertilizer intended for one species within
an agroecosystem may actually be taken up
by the other associated species. For example,
Woods e af. (1992} found that weeds ok
up 68% of the N applied in one experimen-
tal treatment in an Australian Pinus radiata
plantation. Increased biomass production by
associated species in response o fertilization
may in turn lead to increased competition
with the target spedes, In an association of
hazel trees (Corplue avellana L) and a grass
{ Dactylic glomterata L.) in France, for instance,
surface application of N mainly benefited the
shallow-rooted grass, which increased in
biomass and thus competitive strength. This
caused severe competition with the trees [or
water as well as for N (de Montard et al.,
1999, However, applving N locally o the
grea around the tree stem (in addition to
surlace N appiicalinn] alleviated the effect of
competition for N by the grass, in 1erms of
tree girth increment. In this case. placement
of N fertilizer in deep soil horizons, close to
the tree stems, was recommended.

1f lertilizer is added 10 a system in order
to alleviate below-ground competition, and
roots profiferate in response to it, then once
the nutriem patch is depleted, intra- or
interspecific competition is likely 10 be even
greater than before, so lertilizer application
should be  repeated  regularly  (Schroth,
1998). However, if other nutrients or water
then become limiting the situation becomes
mare complex, Furthermore, if roots prolil-
erate in surface soll layers in response o
surface application of feriilizers, then it is
possible that during dry periods these plants
may become more susceptible to drough.

The physiological characteristics that die-
tate the response o added nuirients of many
of the tree species used in tropical agro-
ecosystems  arc, at present, incompletely
understond and the species’ response to this
in diverse systems is even less so,

17.3.7 Root barriers

As mentioned above, In most agroforesiry
situatioms it is desirable that trec roots have
access o the soil under the associated crops
{because these roots are expecied to have
soil-improving  and  nutrient-conserving
effects). However, there are situations ln
which partitioning the soil into tree and crop
root compartments can  be expected 10
improve the performance of the system. For
example, when irees are planted as wind-
breaks or shelterbelts (n crop fields in dry
areas, waler uptake from the cropped area
by lateral tree roots may counteract the posi-
tive microclimatic effects of the trees on the
crops. In such a situation, reduced root
imeractions between rees and crops would
lead to higher crop vields. Another example
is offered by the nvasion of crop fields by
lateral tree roots from adjacent tree-fallow
plots. It has been shown that fast-growing
fallow trees, such as Seshanfa seshan, can
extend their lateral roois to several metres
within a few months (Torqueblau and
Kwesiga, 1997}, Through these rools, the
[allow trees may redisteibute nutrients from
the eropped plot into the tree-fallow plot,
instead of recyeling putrients [rom the sub-
soll of the fallow plot itsell (van Noordwijk,
1999, A cerlain separation of tree and crop
rool zones in the crop/planted-fallow imer-
face may be beneficial in two ways: (i) by
increasing crop yields by reducing root com-
petition between trees and crops; and (i) by
allowing 1ree roots 1o penctrate more deeply
into the soil through lateral restriction of the
available soil volume, thereby increasing the
potential for nutrient recycling and physical
subsnil improvement,

Barriers to the lateral development of
ree ool systemys can be chemical, physical
or biological, Chemical root barriers can be
created inadvertently when trees are planted
in very acid and infenile soil and are only
locally supplied with fenilizer and lime, The
infertile soil surrounding the Tenilized plant-
ing hole can then impede lateral tree root
development. This configuration can be
observed in tree-crop plantations on add
soils {Schroth ¢ al. 2000a), burt is not a fea-
sible option [or managing tree rools in
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rec—crop associations as the soil under the
crops s generally fertilized to a greater
degree than that under the trees, The poten-
tial for using chemicals other than fertilizers
Ly restrict lateral extension of tree roots at
the field scale without causing any detri-
mental effects is not known.

Physical root barriers such as polyethyl-
ene or galvanized iron sheets have often
been used in experimental studies w sepa-
rale the rooting zones of tree rows and adja-
cent crop rows. Open trenches can he dug
along the tree line or around the trees, They
are effective only for a short period as. after
some fime, tree roots tend to pass under the
barriers and then grow upwards again, so
that the barrier's effect is decreased,

Biclogical root barriers consist of narrow
strips ol vegetation with competitive oot
systems  planted  alongside tree rows o
impede the lateral spread of ree roois,
Research into the potential of biological bar-
riers for manipulaiing tree root disuibution
is hased on reports that the roots of certain
trees could be laterally confined and forced
to go deeper if herbaceous intercrops or
cover crops with competitive root systems
are planted at a short distance from trees.
Schaller er al. {1999} hypothesized that a
similar cffect could be achieved by plaming
perennial grasses, with their typically dense
rool SYSLems, in narrow strips, in order o
manipulate the root systems ol recently
planted trees. The success of this wechnigue
depends on the degree of competitiveness of
the barrier strips with respect to trees and
crops: it could theoretically be used 1o mini-
mize the competition exerted on adjacent
crops by trees in boundary plantings, con-
tour strips or planted lallows,

In a series of experiments in Costa Rica,
it was found that the effect of grass barriers
depends on both the tree and the grass
species. Whereas grass strips induced dras-
tic altérations in the root architecture of
Cordia allipdpra scedlings (Fig. 17.3). the
roots of the faster growing, more aggressive
Eucalvptus deglupta trees were much  lesg
affected and generally passed through the
barders. Guinca grass |Panicm RUAXImLn)
and Brachiaria brizaptha formed more effec-
tive barrers than suparcane {Saccharinr

Sp. ). vetiver (Ververia zhzanioides) and lemon
grass (Citronella sp.). Increasing the barrier
width from one to three grass rows did mot
increase the barrier effect of the most com-
petlitve species (guinea grass) but tended o
increase the effectiveness of the Brachiara
barriers (Schaller. 2001). The sugarcane
barriers were ineffective against the aggres-
Sive Encalypius roows ar all the tested widths,
Contrary to expectation, and inexplicably,
the grass barriers led 1w shallower and not
deeper root systems in  the case of
Eucalyptus trees.

These carly results indicate that the tech-
nigue may have most potential when it is
used with tree species such as Cordla alliodora,
whaose root architecture can be strongly mod-
ificd & an early stage of development by the
presence of grasses. To what extent changes
in the oot architecture of wree seedlings
translate into a more desirable root distribu-
tion in older trees remains to be seen,

With regard w physical root barriers,
larmers may not be expected 10 plant grass
strips solely [or the purpose of tree oot
management. However, in sloping arcas,
grass strips also aid soil and water conserva-
tion, and the lodder value of the grasses may
provide additional benefiis. Thus, the roar
managemen effect is only one of several
functions biological barriers have. However,
many more long-term experiments are nec-
essary before it is possible to draw a [inal
conclusion as to their potential,

17.3.8 Managing interactions with weeds

Weeds affect BGI by appropriating resources
that would otherwise be uiilized by the
main cropis) in an agroecosystem, and so
limit their growth. Par example, in Sumatra
{Indonesia), the stem diameter and trunk
volume of rubber associated with a mixture
of woody and non-woody weeds at 2]
months after planting were 17% and 37%
lower, respectively, than thoese of dean-
weeded rubber (Williams, 2000, This signif-
icanl retardation of rubber tree growth was
mediated entirely by below-ground interfer-
ence. as the weeds were low-growing and
did not shade the rubber. This was borne ot
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Brachiaria brizantha

Cymbapagon nandus

Vetivena zizanioides

Fig. 17.3. Avoidance reaction of the root systems of 8-month-old Cordia alliodora saplings in response to
strips of different grass species, seen from above, at Turrialba, Costa Rica. The grey hars symbiolize the grass
strips that were planted at 30 cm from the trees; dots indicate the position of trees whose rool systems are
not depicted, The scale shown in each figure comesponds to 10 cm. In the case af Brechiaria brizantha, a
border tree is shown whose roots grew around the end of the grass strip. Modified from Schaller (2001,

by the fact that soil nlirate-nitrogen in the
unweeded rubber was 2.83 mg/kg compared
with 7.37 mg/kg under weeded rubber.
Biomass allocation  within  trees may
change in response to below-ground compe-
tition. For example, rubber trees thal experi-
enced competition, either from the noxious
weed Imperatae olindrica or from a pineapple
intercrop, were found to be signilicantly
smaller above ground (in terms of squared
stem  diameter, Dsg) than were clean-
weeded trees (Table 17.2). They were also
found to have allocated a greater proportion
of biomass to their roots than dean-weeded
trees. Competition, especally from the weed
fperata, also led to a shilt from horizonally
1o vertically oriented root cross-sectional
area (Table 17.2). Implications for manage-
ment are that regular weeding will favour

above-ground tree growth relative to below-
ground growth and may also result noa
greater concentration of roots in the upper
soil layers: This in turn may decrease the
severity of [uture weed infestations due 1o
increased  shading and the presence of
already well-established tree roots in the
surface soil.

Parasitic weeds should be considered as a
specific case in below-ground interactions.
Striga hermonthica and Striga astatica are two
major biological constraints to the produc-
tion of staple cereals (maize, sorghum and
millets) in sub-Saharan Alrica. The Striga
problem in smallholders’ farms is exacer-
bated by severe nutrlent-depletion as a
result of continuous cropping and limited or
no use of inorganic inputs. Smriga remaing a
pernicious problem as it produces millions of
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Table 17.2. Root and stem characteristics of 30-menth-old rubber trees grown under three inter-row
management ragimes: no competition (A), compatition from an intercrop (B) and competition from a
noxious weed (C), at Sembawa Rubber Fesoarch Station, South Bumatra, Indonesia. (Source; Willlams,

2000, )

Managemeant of Stem Dsq Shoat ; root % Hotizontally
Imter-row area (em®) ratio (Degs)?® ariented roots (Osgs)
A. Clean weedod 748 0.46 607

B. Intercrop (pinaappla) a8.4 0.23 A

C. Weed (Imperata cylindrics) 12.9 0.28 23.7
F-prabability = 0,001 o.022 0,008

SEDF 8.1 0.074 101

*Shoot : root ratio (diameter squares) = 20, % (£D, . * + TD,_2), Shoot - rool ratios were calculatad on
the basis of the cross-sactional areas of tree stems and ‘proximal’ rosis (the roats orginating from the
stem callar or tap root), as the lsfter can be used as a surrogate for total root gyslem size whan applying

a fractal branching method {see Chaptar 4),

"Parcent horizantal oot diameter squares = 100 < XD, _?/ (D, ? + D5,

“se0 = Standard error of differances between means.

tiny seeds each season, which remain viable
for many years in the soll. As the Striga-host
Interaction staris with the establishment of
haustorial connections soon after germina-
tion of the Sfriga seed, it causes considerable
damage to the host crop belore it cmerges
from the soil. Management prractices appro-
priate for small-scale farmers should he
based on the prindple of depleting the Striga
seed reserve in the soil, Therefore, rotation
of Striga-susceptible crops with trap-crops
that stimulate Striga seeds 1o perminate
without being parasitized (1o deplete the sol
seed bank) and repeated hand removal of
the weed before i1 seis seed (1o avord addi-
tions of seed to the soil) are recommended.
However, these practices are not widely
adopted for cconomic reasons, Obviously, an
integrated approach with a suite of practices
that deplete the soil seed reserve and replen-
ish soil fertility is required to overcome the
Striga problem and increase crop produciion
{Parker and Riches, 1993},

Agroforesiry sysiemns that replenish soil
fertility, such as biomass transfer (synony-
mous with green-leal manuring) and short-
rotation planted  fallows, have been
examined for their potential to reduce Striga,
Of the biomass ol a number of trees and
shrubs tested, only the high-guality biomass
ol Tithenia diversifolia and  Sechania teshan
{with a low C : N ratio and low concentra-

tions of lignins and polyphenols), reduced
the amount of Sirige present on continuous
application to the seil at 5 t/ha (dry weight)
over four years {Gacheéru and Rao, 2001).
The biomass of these species was rapidly
decomposed and mineralized 1o maimain a
high level of Inorganic N in the topsoil,
which has a negative elfect on Striga. There
was no evidence 1o indicate that dn sie
decomposition ol organic residues stimu-
lated Striga germination due 1o the produc-
tion of Srriga seed stimulant, None of the
organic materlals reduced Srriga a8 much as
inorganic N ferilizers, so use of organic
materials should only be considered w be
complementary 1o other methods.

A number of leguminous freefshrub
species have heen found to stimulate Striga
germination  in laboratory  conditions
(Oswald er al, 1996). Of the promising
species tested under Reld conditions; Senma
spp.. Sesharia spp. and Desmodiesm distortion
depleted Serige seeds in the soil after being
grown for 12 months, and decreased Striga
infestation in the subsequent maize crop.
However, only the planted fallows of 5. ses-
ban and Desmodium increased the vield of the
following malre crop in comparison with
that of monocropped maize. This is because
both these fallow species produced large
amounts of high-quality f{oliar biomass,
which has a direct bearing in terms of
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increasing soil fertility {Gacheru ef al, 1999},
Although  Tihonia and  Teplresia  also
improved maize yields, the decreases they
caused in Strige infestation were primarily
due to increased soil lertility. For use in [al-
lows, farmers will be imeresied o those
species that fix atmospheric nitrogen. pro-
duce a high biomass that has multiple uses,
and substantially improve maize yields, In
this respect, 1- w 2-year-old 5 seshan lallows
are more atiractive than others, as 5 seshan
produces firewood and iis [oliar biomass has
fodder value, In soils with moderate Striga
infestation, repeated cycles of Sesbania fal-
low—crop rotations may avercome  Sedga.
However, under conditions of high infesta-
ion, fallows alone may not greatly reduce
Striga infestation. In P-deficient soils (as, for
example, in western Kenya) use of phospho-
rus fertilizers is essential to cxploit the bene-
fits of Striga reduction gained by the use of
the planted-fallow  and  green manuring
technologies.

17.4 Conclusions

Optimum use of soil resources requires that
below-ground niches (vertical, horizontal,
temporal and functional) be exploited by
species and life forms with complementary
root  propertics (functional  diversity).
Exploitation of niches is maximized, for
example, by adding decp-rooted trees 1o
shallow-rooted crops or pastures, associating
annual crops with perennial trees, or adding
temporary intercrops 1o systems with young
tree crops. Whether, and o what extent,
farmers attempt 1o control negative  BGI
depends on site factors and socioeconomic
conditions. Where the availability of seil
resources 1§ high, farmers may assodate
rather [ast-prowing and competitive 1ree
species with their crops without negative
consequences lor crop yields, Where labour
is more limiting than land and tree-crops are
not yet mn the produciive phase, larmers
may also decide not to manage BGI that are
having adverse effects on trees, even though
technically it would be advantageous (e.g. in
the case of young jungle rubber). However,
when BGI are a limiting lacter in the func-

tioning of land-use systems (e.g. in dry
arcds| farmers need o consider BGI in their
decisions about tree (and crop) species,
planting designs and management,

Options for  managing BGI  include
germplasm selection, spatiotemporal
arrangement of species, planting density,
tillage/root pruning, shoot pruning, lerilizer
use and placement, weeding and possibly (as
an added benefit of anti-erosion strips) bio-
logical root barriers (Table 17.1). The more
successful planting design and management
are in terms ol manipulating BGL the more
flexibility larmers will have to choose tree
species with less-than-optimal root charac-
teristics for thedr systems,

BGI cannot be managed without affecting
above-ground interactions and the growth
of species, implying the need for a holistic
approach to the management of interactions
among species in complex systems. For
example, delayed weeding and pruning of
trees may promote deeper penetration ol
tree roots, but both eperations are likely to
reduce the growth of voung trees and associ-
ated crops. While systemn design in terms of
the spatiotemporal arrangement of trees and
iree density radically changes BGL tillage,
weeding, mulching and light shoot pruning
have relatively small and/or temporary
elfects on the root systems of rees and BGL
Severe crown pruning. however, can sub-
stantially reduce competition, and the bene-
fits of harvesting iree products can be
attractive, but how pruning allects overall
growth needs to be considered. Although
ool pruning is a safe, effective and direct
way of reducing below-ground competition,
it may be unanractive to larmers because i
invalves additional work, without the bene-
it of an immediate tree product (unlike
shoot  pruning}.  Farmers'  needs  and
resources and market forces dicate the
design of systems, and management of BGI
within the comext of a given system olten
demands that a combination of practices he
applied. There is much sill o be learned
about optimizing agroforesiry sysiems: we
must fimprove our understanding of how o
optimize resource use as well as our under-
standing ol the shor- and long-term effects
of such optimization: we must increase our
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understanding  of individual species; we
must improve our capacity o predic these
interactions, through modelling: and. we
must understand these systems within the
context of the socioeconomic drivers that
dictate what systems will be adopied and
how they will be managed. Field experimen-

tation with trees is tfime consuming, bul as
models have not been developed (o the stage
whereby they can be employed lor this type
of decision making in agroforestry, long-
term field experiments as well as the use of
indigenous knowledge are essential in order
o improve our understanding.

Conclusions

wrovwth

1, Optimum use of BGR requires the selection of specles that explail different soil resources, or the
same resayrce over different timeframes. Although enhanced interactions between soil and tee roots
may have positive effects on subsequent annual crops in rotational systems, increased BGI among
component species beyond a cenaln degree or stage wiould have negative effects in mixed systems.

2. A holistic approach is needed for managing BGI in mived systems, as most practices will have
concomitant and offen conflicting effecs on below- and above-ground processes, including plant

3. Of the different options for managing BGI, germplasm selection, spatictemparal arrangement of
species, planting density (especially of the tree componentl, and fertilizer use and its placement have
greater effects compared with lillagefroot pruning, shoot pruning, mulching, weeding, and Biological
rood harshers. In any given system a combinalion of practices may be desirable to manage BGL as
none would alone minimize the negative effiects of BGLL

4. The choice of whether or not o manage BGI depends on bath site factors and socioeconomic con-
ditins. The need to manage BGI is greater in sites characterized by low raintall and poor soils than in
sitees characterized by high ainfall and desp and fertile soils,

Fulure research needs

resource hase and on productivity!
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management factors be developed?

1. Howe much functional root diversity is needed foe a given agroforestry system?
2. How mamy and which types of species are needed 10 provide this diversiy?
3. What long-term Implications does optimizing the use of below-ground resources have on the

4. How do different tree species respond o management praclices in the short and long term; and,
what differences are there between species amd provenances in terms of their fexibilityability 1o

5. What are the costs and benefits of different strategios for manapging roots and bree crowns [in erms
of tree provwth, vieids, effects on soil properties, ete
6. Can simple predictors and models foe the prediction of tree root responses to environmental and




