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Abstract Farmers are facing serious plant protection issues
and phytosanitary risks, in particular in the tropics. Such
issues are food insecurity, lower income in traditional low-
input agroecosystems, adverse effects of pesticide use on
human health and on the environment in intensive systems
and export restrictions due to strict regulations on quarantine
pests and limits on pesticide residues. To provide more and
better food to populations in both the southern and northern
hemispheres in a sustainable manner, there is a need for a
drastic reduction in pesticide use while keeping crop pest and
disease damage under control. This can be achieved by
breaking with industrial agriculture and using an agro-
ecological approach, whose main pillar is the conserva-
tion or introduction of plant diversity in agroecosystems.
Earlier literature suggest that increasing vegetational
biodiversity in agroecosystems can reduce the impact of
pests and diseases by the following mechanisms: (1)
resource dilution and stimulo-deterrent diversion, (2)

disruption of the spatial cycle, (3) disruption of the temporal
cycle, (4) allelopathy effects, (5) general and specific soil
suppressiveness, (6) crop physiological resistance, (7) con-
servation of natural enemies and facilitation of their action
against aerial pests and (8) direct and indirect architectural/
physical effects. Here we review the reported examples of
such effects on a broad range of pathogens and pests, e.g.
insects, mites, myriapods, nematodes, parasitic weeds, fungi,
bacteria and viruses across different cropping systems. Our
review confirms that it is not necessarily true that vegetational
diversification reduces the incidence of pests and diseases.
The ability of some pests and pathogens to use a wide range of
plants as alternative hosts/reservoirs is the main limitation to
the suppressive role of this strategy, but all other pathways
identified for the control of pests and disease based on plant
species diversity (PSD) also have certain limitations. Improv-
ing our understanding of the mechanisms involved should
enable us to explain how, where and when exceptions to the
above principle are likely to occur, with a view to developing
sustainable agroecosystems based on enhanced ecological
processes of pest and disease control by optimized vegeta-
tional diversification.
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1 Introduction

Farmers, particularly in the tropics, are faced with dramatic
plant protection issues/phytosanitary risks resulting in:

& Food insecurity and reduced income in traditional low-
input agrosystems, e.g. in subsistence systems in Sub-
Saharan Africa

& Adverse effects of pesticide use on human health and on
the environment in and around intensive systems, e.g. in
French overseas islands in the Caribbean, the Indian
Ocean or the Pacific or in peri-urban horticulture in Africa

& Export restrictions due to strict regulations imposed by
importing countries concerning quarantine pests and
minimum limits on pesticide residues

To provide more and better food to populations in both
the southern and northern hemispheres in a sustainable
manner, there is a need for a shift from agrochemistry to
agroecology. Agroecology is based on the optimization of
biological interactions and regulations in agroecosystems,
and its application to crop protection can be referred to as
agroecological crop protection (Deguine et al. 2008).

The high vulnerability of modern intensive agroecosystems
to crop damage by pests and diseases is classically ascribed to
over-simplification of the systems (Tilman et al. 2002). The
hypothesis that the resilience of these intensive agroecosys-
tems can be increased simply by making their traits match

274 A. Ratnadass et al.



those of natural ecosystems or of certain low-input, diversi-
fied, traditional agroecosystems was therefore proposed
(Lewis et al. 1997; Dawson and Fry 1998; Jackson 2002).

Agroecosystem diversification at different scales is one
of the two pillars of the agroecological approach, alongside
soil quality enhancement (Nicholls and Altieri 2004; Ferron
and Deguine 2005; Deguine et al. 2008). In addition to
agronomic benefits (Malézieux et al. 2009), introducing
vegetational diversity in agrosystems may lead to different
pest and disease regulation processes.

But even though increased vegetational diversity and the
general biodiversity it induces at different trophic levels lead
to more efficient natural control of pests and diseases in
agroecosystems in perhaps the majority of cases (Andow
1991), vegetational diversification per se is no guarantee of a
reduction in the impact of pests and diseases (Helenius
1998). In addition, diversified systems are generally more
difficult to manage than the simplified ones (Malézieux et al.
2009). Wood and Lenné (2001) suggest that some sustain-
able natural systems consist of simple vegetation with a
single dominant species, e.g. wild relatives of rice, sorghum
and wheat in simple, extensive, often annual stands.

Hence, there is a need for caution when recommending
vegetational diversification to improve pest and disease control.
A better understanding of the mechanisms involved is critical to
explain how, where and when exceptions to this principle are
likely to occur. In addition, tools are needed to evaluate, develop
and monitor agroecosystems based on enhanced ecological
processes of pest and disease control by optimized, rather than
maximized, vegetational diversification or on “mimics” of such
mechanisms if need be. Our review addresses these issues.

We do not include results of studies on weeds, except
parasitic plants (Striga spp.) whose adverse impact on crops is
closer to that of herbivore pests and pathogens, while weeds
are basically competitors for the same resources. The effect of
mixing crops on weed suppression is well documented (see,
for example, Liebman and Altieri 1986; Weston 1996; Welsh
et al. 1999; Hauggaard-Nielsen and Jensen 2005).

This review is limited to the interspecific, or “between
species”, dimension of vegetational diversification (from
now on referred to as “plant species diversity”, PSD), as
opposed to its intraspecific, or genetic, dimension. Actually,
there are already extensive reviews of the ways intraspecific
crop diversity nearly always reduces yield losses caused
by pathogens (Smithson and Lenné 1996; Zhu et al.
2000; Wolfe 2000; Finckh et al. 2000; Ngugi et al. 2001;
Mundt 2002; Castilla et al. 2003; Cox et al. 2004), and
sometimes by pests (Bush et al. 1991; Teetes et al. 1994;
Johnson et al. 2006). Similarly, although addressed only
marginally in the present review, we recognize intra-
specific genetic variability in “service” or “companion”
plants and the way such genetic variability can influence
the effectiveness of pest management.

Integrating selected PSD plants in agroecosystems can
reduce the impact of pests and diseases via several causal
pathways either individually or in combination, namely: (1)
pest-suppressing effects via visual and olfactory cues:
resource dilution and stimulo-deterrent diversionary effects;
(2) disruption of the spatial cycle via non-host effects; (3) a
reduction in the inoculum/carry-over population thanks to
the absence of a host plant: disruption of the temporal
cycle; (4) below-ground bottom-up allelopathic effects; (5)
stimulation of specific below-ground antagonists of pests/
pathogens or induction of general soil suppressiveness; (6)
physiological resistance due to improved crop nutrition; (7)
facilitation of top-down effects on aerial crop pests via
natural enemy conservation and (8) direct and indirect
architectural effects, including physical barrier effects and
microclimate alteration (Fig. 1).

The relative importance of these effects depends on the
crop pest/disease/natural enemy complex, e.g. “bottom-up”,
i.e. from a lower to a higher trophic level, vs. “top-down”,
i.e. from a higher to a lower trophic level, and below-
ground vs. aerial dispersal processes, the type of PSD and
the scale of its implementation and effects, e.g. soil/plant,
field, landscape.

2 Bottom-up temporal cycle disruption of pests
and pathogens via non-host effects

2.1 Hosts and non-host effects on pests and diseases

Crop rotation with non-host plants is the first general
agronomic rule to avoid soil-borne diseases, and tables of
recommended rotations have been designed as decision
support tools (Messiaen et al. 1991; Messiaen 1998). Non-
host effects via increased PSD at the field level over time
disrupt the life cycle of soil-borne pests and diseases via
below-ground processes. The major effect targeted is a
reduction in inoculum or in carry-over population due to
the absence of the host plant, but these prophylactic
practices are not always effective, depending on the
broadness of the host plant range or the existence of forms
of conservation, e.g. in the case of the common scab of
potato caused by Streptomyces scabies (Weinhold et al.
1964). Concerning aerial pests, some insects use different
host plants as food in their larval stages from the plants they
eat in their adult stage (Schoonhoven et al. 2006). Thus, a
plant believed to be a non-host for an insect pest at one
stage may turn out to be a host plant at another stage.

2.2 Examples of positive effects of introducing PSD

In the case of soil-borne diseases, using lucerne (alfalfa) as a
break crop in cereal cultivation has been shown to influence
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the inoculum potential of Fusarium culmorum and help
prevent outbreaks of the disease (Knudsen et al. 1999).
Avena strigosa and the hybrid Sorghum bicolor × Sorghum
sudanense can be used for rotation with strawberries since
these plants are poor hosts for Pratylenchus penetrans
(LaMondia et al. 2002). Similarly, plants of the alliaceous
family including onion (Allium cepa), garlic (Allium sa-
tivum) and Chinese chive (Allium fistulosum) (Fig. 2) are
non-hosts for Ralstonia solanacearum (Fig. 3) and can
reduce disease incidence (Yu 1999) and soil inoculum.

Although air-borne diseases can also be avoided to some
extent through crop selection and crop rotations that include
some non-host crops, this strategy is more effective for soil-
or residue-borne pathogens (Krupinsky et al. 2002) with
reduced mobility and dispersal ability and a limited lifespan
of conservation forms.

2.3 Examples of alternate host-associated negative effects
of PSD

Cocoa (Theobroma cacao) grown under Leucaena shade
suffered more from attacks of defoliating Lepidoptera than
when it was grown under certain forest tree species because
the pests were able to use Leucaena as an alternative food
source (Room and Smith 1975). The same was true in the
case of Moniliophthora roreri, the fungal pathogen which
causes frosty pod rot disease in several species of the
genera Theobroma and Herrania, including Theobroma
bicolor and T. cacao (Evans et al. 2003) (Fig. 4). T. bicolor,
which is often intercropped with cocoa trees, especially in
Mexico, can be a source of inoculum for T. cacao.

Some pests sustain themselves on cover crops that thus
serve as hosts and favour the build-up of infestation. In
Benin, for instance, the cover plant species Canavalia
ensiformis and Mucuna pruriens were found to be good
alternative host species for the maize pest Mussidia
nigrivenella (Schulthess and Setamou 1999). So, in this
situation, the use of these particular cover crops was not
advantageous.

Fig. 2 Chinese chive (A. fistulosum) (Martinique) (© P. Fernandes,
Cirad)
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Similar complex relationships are also observed in rust
diseases (Uredinales). Wheat stem rust caused by Puccinia
graminis is a typical heteroecious rust which switches
between common barberry (Berberis vulgaris) and cereals.
Eradication of barberry in the USA reduced the risk of
emergence of new wheat stem rust races through sexual

recombination. Eradication also reduced the occurrence of
early, local epidemics caused by aecidiospores produced on
barberry but infectious on cereals (Peterson et al. 2005).

The effects of host plants on insect populations may
indirectly affect vector-borne diseases. This is the case of
Pierce’s disease on grapevine. The disease caused by the
bacterium Xylella fastidiosa became particularly problematic
in California after the introduction of a new vector, the
leafhopper Homalodisca coagulata. This sharpshooter
has the ability to disperse deeply into vineyards from
neighbouring citrus fields (another host for X. fastidiosa)
where it preferably overwinters and breeds. X. fastidiosa
has a wide range of host plants, which includes wild,
agricultural and ornamental plants, which also provides
different hosts for H. coagulata (Almeida et al. 2005).

3 Bottom-up resource concentration/dilution and spatial
disruption of pest dynamics/pathogen epidemics

3.1 Evidence of resource concentration/dilution effects

Most cultivated plants are derived from wild plants that are
generally not visible to herbivores in a diversified plant
community (Feeny 1976). Agriculture, which favours the
concentration of a particular plant species, means plants
that were formerly not very visible become highly visible in
true plantations. Cultural practices such as high planting
density and weeding particularly contribute to higher plant
visibility for herbivores.

This visibility principle is similar to the “resource
concentration” principle, which, in the case of monocrops,
means that cues from the resource (crop plant) are no longer
diluted by cues from other plant species (Root 1973).
Monocropped plants are thus more visible than they would
be in natural ecosystems or in systems based on intercrops
(Feeny 1976). Phytophagous insects are thus more likely to
find, and remain on, host plants growing in dense, nearly
pure stands because a second plant species disrupts the
ability of insects to efficiently attack their intended host
(Asman et al. 2001).

This is particularly true for aerial pests since, from an
above-ground perspective, the more non-host plants that are
removed from a crop area the greater the chance that an
insect will locate a host plant. For instance, bare soil
cultivation, which eliminates all plants except the crop,
ensures that it is exposed to the maximum insect pest attack
possible in that particular locality (Collier et al. 2001).
Conversely, there is evidence that, in high-trash situations,
apterous aphid vectors are unable to identify their host and
consequently colonization is reduced (A’Brook 1968).
Studies on the influence of crop background on aphids
and other phytophagous insects on Brussels sprouts

Fig. 4 Sporulating lesions of frosty pod rot of cocoa caused by M.
roreri (Costa Rica) (© J. Avelino, Cirad)

Fig. 3 Tomato bacterial wilt caused by R. solanacearum (Martinique)
(© A. Ratnadass, Cirad)
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suggest that the maintenance of some weed cover may be
useful in the integrated control of some Brassica pests
(Smith 1976).

For the same reason, polycultures usually support
lower specialized herbivore loads than do monocultures
(Helenius 1998; Altieri 1999). In particular, studies
showed that the number of insect pests found on a
brassica crop was considerably reduced when the crop
was undersown with living mulch such as clover, which
the authors attributed to the difficulty that the insects had
in locating their host plant (Finch and Kienegger 1997;
Finch and Collier 2000).

Plant species richness also tends to prevent the spread of
viral infection in crops: 89% of plant viruses with a known
transmission mechanism are transmitted by plant-feeding
insects (Brunt et al. 1996). Greater plant species richness
reduces the abundance of their insect vectors, and the
majority of viruses that are transmitted by insects tend to be
found at lower densities in polycultures than in mono-
cultures (Power and Flecker 2008).

Banks (1998) ascribed the variability of results pub-
lished in the literature to the different spatial scales at which
the experiments were performed. Using mixtures of
broccoli and weed patches in different proportions, he
distinguished the effect of spatial scale from that of simple
crop heterogeneity on crop herbivores. While cabbage
aphids (Brevicoryne brassicae), which colonize crop
patches from the air and are limited in their capacity for
directed flight, were influenced by vegetation composition
at all scales of fragmentation tested, cabbage butterflies
(Pieris rapae), whose female moths are highly mobile with
good sensory powers, were not affected by the scale or the
composition, and flea beetles (Phyllotreta cruciferae),
whose dispersal ability is intermediate, revealed a striking
dependence on the scale of fragmentation and an interaction
was found between the scale and the composition of the
vegetation.

3.2 Evidence of spatial cycle disruption effects

The richness of crop species in an agroecosystem has a
much less predictable effect on the prevalence of microbial
pathogens that do not rely on insect vectors, such as the
majority of fungi (Matson et al. 1997). However, an
increase in species richness was shown to reduce the
severity of host-specific foliar disease in 24 grassland plant
species by reducing host density (Mitchell et al. 2002).
These authors hypothesized that disease transmission
decreased with a decrease in host abundance due to the
interception of infectious propagules by non-host plants and
the production of reduced quantities of inoculum, which is
the principle used in multiline cultivars and cultivar
mixtures.

In a way similar to that observed in mixtures of wheat
cultivars, Vilich-Meller (1992) reported that wheat–barley
mixtures resulted in greater disease reduction in wheat than
did applications of fungicide, illustrating the potential
benefit of mixing cereal species in organic agriculture
(Kaut et al. 2008).

3.3 Drawbacks of species mixtures aiming at disruptive
effects on crop pests/diseases

One of the main drawbacks of polycultures—when they
involve non-harvestable cover crops or intercrops—is that
the quantity of crop produced (although its quality may be
improved due to lower incidence of pests and diseases) may
be reduced considerably due to competition. Such
conflicting effects were reported by Theunissen and
Schelling (1996) in the case of leek when undercropped
with clover (against onion thrips and leek rust), Smith
(1976) in the case of Brussels sprouts with weed cover and
Schellhorn and Sork (1997) in the case of collards
interplanted with weeds.

4 Pest deterrence or repellence

These effects mainly involve bottom-up and trophic effects
which can be used to control arthropod pests. The pests are
deterred or repelled from the resource (the crop) by “push”
stimuli which can be delivered by intercropping with non-
host plants with deterrent or repellent attributes that are
appropriate for the target pest (Cook et al. 2007).

Compared to only non-host effects or only reduction in
visibility (which are somehow “passive”), the effects
reported in this section involve deterrent or repellent
semiochemicals produced by a plant which is intercropped
or undersown. With such “active” (and more likely
effective) processes, the effects of competition may be
compensated by the reduction in the impact of the pest, and
in some cases, top-down effects may be superimposed on
bottom-up effects.

4.1 Evidence of positive “deterrent diversion” effects

Uvah and Coaker (1984) attributed the reduced attacks on
carrot mix-cropped with onion by carrot fly Psila rosae to
the deterrent volatiles in onion plants. Also, observations of
the flea beetle, P. cruciferae, indicated that tansy (Tanecetum
vulgare) inhibited colonization by adults (Latheef and Ortiz
1984).

Kimani et al. (2000) showed that airborne volatiles from
Melinis minutiflora repelled ovipositioning by the spotted
stem borer on intercropped maize. In the repellent molasses
grass and Desmodium, ocimene and nonatriene, which are
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semiochemicals produced during damage to plants by
herbivorous insects (Turlings et al. 1990), were produced
together with other sesquiterpenes.

It should be noted that, when molasses grass is
intercropped with maize, it not only reduces infestation of
the maize by stem borers but also increases stem borer
parasitism by a natural enemy, Cotesia sesamiae, thus
regulating pest populations via top-down effects (see
“Section 6”).

4.2 Lack of evidence of positive “deterrent diversion”
effects

The “push” effect of some such plants may not be powerful
enough to divert certain pests from the cultivated field or
plantation. Even worse, some “push” plants may divert
certain pests from the main crop while attracting others to
it, which makes generalizations hazardous and fine-tuning
based on the target pest or pest complex indispensable.

For instance, in herb intercropping experiments with
Brassica, Latheef and Irwin (1979) found that none of the
four species of pest caterpillars/butterflies studied was
adversely affected by sage or thyme; and Dover (1985)
stated that there is no scientific evidence that the odours
from highly aromatic plants cropped as companion plants
actually deter insect pests from a main crop like cabbage.

While Latheef and Ortiz (1983) found that while tansy
decreased the number of eggs laid on crop plants by the
cabbage looper Trichoplusia ni, these authors also found
that it had the opposite effect on the cabbage worm P.
rapae, namely, attraction (see “Section 5”).

5 Pest stimulation or attraction

5.1 General principles and evidence of effectiveness
of the trap cropping (or “stimulant diversion”) strategy

Trap crops can be plants of a preferred growth stage,
cultivar or species that divert pest pressure from the main
crop because they are more attractive. Shelton and
Badenes-Perez (2006) recently reviewed trap cropping and
proposed a broad definition of trap crops as plant stands
that are, per se or via manipulation, deployed to attract,
divert, intercept and/or retain targeted insects or the
pathogens they vector in order to reduce damage to the
main crop.

Consequently, a thorough understanding of the behav-
iour of the pest and the way it is affected by the relative
attractiveness of the trap crop compared with the main crop,
the ratio of the main crop to the trap crop and its spatial
arrangement (i.e. planted as a perimeter or intercropped trap
crop), is crucial to the success of this strategy.

Among the ten successful cases of trap cropping at a
commercial level, the orders of the targeted insect pests
were Coleoptera, Heteroptera, Lepidoptera (three cases
each) and Homoptera (one case). The cases of Coleoptera,
Heteroptera and Lepidoptera involved insects that directed
their movement and tended to aggregate in a highly
attractive trap crop (Shelton and Badenes-Perez 2006).

Recent reports on the high potential of trap cropping
based on field studies using PSD plants include the
diamondback moth Plutella xylostella whose infestations
in cabbage fields were reduced using yellow rocket
(Barbarea vulgaris) as a trap (Badenes-Perez et al. 2005)
and cotton bollworms Helicoverpa spp. whose infestations
in cotton fields were reduced using field pea (Pisum
sativum) in Australia (Grundy et al. 2004) and grain
sorghum (S. bicolor) in the USA (Tillman and Mullinix
2004).

Dead-end trap crops are plants that are both highly
attractive for egg laying by adult female pests and unfit for
the development of their progeny, as described by Khan et
al. (1997a), Shelton and Nault (2004) and Van den Berg
(2006). Such trap crops serve as a sink for pests, preventing
their movement from the trap crop to the main crop later in
the season.

It should be noted that the dead-end properties of some
trap plant species, e.g. absence of stem in Vetiver grass or
trichomes on Napier grass (Figs. 5 and 6), may be enhanced
by the action of the pest’s natural enemies, although there
are conflicting reports on the effects of plant trichomes on
tritrophic interactions (Simmons and Gurr 2005; Styrsky et
al. 2006). Even in the absence of such properties, increased
predation on trap plants contributes to pest regulation
without outside assistance. For instance, more parasitism
by Trichogramma of Helicoverpa armigera was observed
on sorghum (Fig. 7) than on other trap plants such as
pigeon pea (Fig. 8) (Virk et al. 2004; Youm et al. 2005).

Although the main potential for the reduction in the
impact of pests concerns aerial pests, there is some scope
for this strategy in the management of below-ground pests
like white grubs (by reducing pest pressure on the main
crop) at the field level in direct seeding, mulch-based
cropping (DMC) systems. For instance, the root system of
kikuyu grass appears to reduce damage to geranium by the
Hoplochelus marginalis white grub (Ratnadass et al.
2006b).

5.2 Limitations to the trap cropping strategy

The fact that, among the long list of plants that show
potential for pest management via trap cropping, only a few
have been used successfully at a commercial level (Shelton
and Badenes-Perez 2006) is probably a sign that this
strategy is tricky to implement.
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Conventional trap plants (Hokkanen 1991), which are
merely attractants with no “dead-end” properties, may act
first as “sinks” for pest populations and become sources of
pests for the same field later in the season or for
neighbouring fields (Hilje et al. 2001). Care should
therefore be taken to avoid the above phenomenon by
using other behaviour manipulation methods (Foster and
Harris 1997).

On the other hand, dead-end trap crops may also end up
selecting pest populations that will overcome this suicidal
egg-laying behaviour (Thompson 1988; Thompson and
Pellmyr 1991).

6 The “push–pull” strategy

6.1 Principles and instances of successful implementation

The “push–pull” strategy is a stimulo-deterrent diversion
technique initially developed by Pyke et al. (1987) and
Miller and Cowles (1990), whose principle consists in
repelling the insect pest from the crop using repellent
(“push”) crops and attracting it to the border of the cropped
field using trap (“pull”) plants (Hokkanen 1991; Shelton
and Badenes-Perez 2006; Cook et al. 2007).

This involves the combined use of trap and repellent
plants in an attempt to optimize their individually partial
effects. The main example of a successful application of the
push–pull principles is that of stem borer management by
the International Centre of Insect Physiology and Ecology
(ICIPE) and its partners in Eastern Africa (Khan et al.

Fig. 7 H.armigera on grain sorghum: S. bicolor (Niger) (© A. Ratnadass,
Cirad)

Fig. 6 Trichomes on Napier grass P. purpureum (South Africa)
(© A. Ratnadass, Cirad)

Fig. 5 Napier grass P. purpureum (South Africa) (© A. Ratnadass,
Cirad)

Fig. 8 H. armigera on pigeon pea C. cajan (Niger) (© A. Ratnadass,
Cirad)
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1997a, b, 2003), whereby stem borers were repelled from
the maize (main) crop and were simultaneously attracted
to the trap crop. Napier grass (Pennisetum purpureum)
(Fig. 5) and Sudan grass (Sorghum vulgare sudanense)
have shown good potential as trap plants, whereas
molasses grass (M. minutiflora) and silverleaf desmodium
(Desmodium uncinatum) (Fig. 9) repel ovipositing stem
borers. The trap plants used in this association were dead-
end trap plants: they have the inherent property of
inhibiting the development of the stem borers once they
are trapped.

The principles of the push–pull strategy can be extended
to the natural enemies of crop pests, with “top-down”
effects, and instances of successful applications of the
push–pull principles, e.g. by ICIPE and its partners in
Eastern Africa, depend on mixtures of bottom-up and top-
down effects (Khan et al. 1997a, b, 2003). Actually,
repellent plants used as intercrops with maize in the push–
pull strategy not only reduce infestation of the maize by
stem borers but also increase stem borer parasitism by
natural enemies.

The semiochemicals produced during damage to
plants by insect pests, which mediate this behaviour of
the pests and parasitoids, have been isolated (Khan et al.
1997a, b, 2003). Six active compounds were identified in
trap plants: octanal, nonanal, naphthalene, 4-allylanisole,
eugenol and linalool (Khan et al. 2000). In the repellent
molasses grass and Desmodium, ocimene and nonatriene,
i.e. semiochemicals produced during damage to plants by
herbivorous insects (Turlings et al. 1990), were produced
together with other sesquiterpenes. It is likely that, as
these compounds are associated with a high level of stem
borer colonization, they acted both as repellents to
ovipositing moths and as foraging cues for parasitoids.

6.2 Limitations to the ‘push–pull’ principles

The successful adoption by East African farmers of this
push–pull technique cannot be ascribed only to the
suppression of insect pests. Actually, Striga suppression
by some “push” plants, via mechanisms which have
nothing to do with those of stimulo-deterrent diversion
(see “Section 7.1”), and the economic benefits of some
push and trap plants as fodder crops largely contributed to
its success, and the same reservations and incentives as for
both plant deterrence and trap cropping should be taken
into account before implementing the technique.

7 Below-ground bottom-up allelopathic effects

These are effects that directly affect the feeding/infection/
attachment ability of the pest or disease on the host plant.
Several such effects can be distinguished depending on the
type of pest. Various plants are known to produce and
release antibiotic components via two major processes: (1)
root exudation (see “Section 7.2”) and (2) release of
components during plant decomposition (see “Section 7.3”)
after incorporation in the soil.

7.1 Trap crops/suicidal germination inducers

Viable seeds of the witchweeds (Striga spp., parasitic plant
species that dramatically affect cereal crop production in
Sub-Saharan Africa), which may remain dormant in the soil
for many years, will usually not germinate unless exposed
to chemical compounds exuded from the roots of a host
plant and certain non-host plants. One such compound,
strigol, was isolated from the root exudates of cotton [a
non-host plant for both Striga asiatica (Fig. 10) and Striga

Fig. 10 Attachment of S. asiatica haustoria to upland rice roots
(Madagascar) (© A. Ratnadass, Cirad)

Fig. 9 Maize on aD. uncinatum live cover (Madagascar) (© O. Husson,
Cirad)
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hermonthica (Fig. 11)] and has proved to be a powerful
stimulant of witchweed seed germination (Vail et al. 1990;
Pepperman and Blanchard 1985).

Such “trap” crops are effective and can be used to
reduce soil seed banks and stimulate the suicidal early
germination of Striga spp. seeds in a rotational strategy
including both legume [e.g. soybean (Glycine max),
Bambarra groundnut (Voandzeia subterranea), pigeon pea
(Cajanus cajan) (Fig. 8), groundnut (Arachis hypogea), bean
(Phaseolus vulgaris), cowpea (Vigna unguiculata), pea (P.
sativum), rattle-box/sunn hemp (Crotalaria spp.), lablab bean
(Dolichos lablab)] and non-legume species [e.g. cotton
(Gossypium hirsutum), sunflower (Helianthus annuus),
castor bean (Ricinus communis), lin (Linum usitatissimum)
and sesame (Sesamum indicum)] (Andrianaivo et al. 1998;
Kayeke et al. 2007; Husson et al. 2008).

Other plants can be used as cover/fodder crops in DMC
systems, e.g.Mucuna (Mucuna sp., Stizolobium atterrinum),
Desmodium (Desmodium spp.) (Fig. 9) and Stylosanthes
(Stylosanthes guianensis), which can stimulate 70% more
Striga germination than maize without being parasitized
(Ndung’u et al. 2000; Khan et al. 2008), Pueraria (Pueraria
phaseoloides) or Callopogonium (Callopogonium mucu-
noides) (Calegari and Ashburner 2003).

Khan et al. (2002) demonstrated a clear Striga allelo-
pathic suppression effect by Desmodium. The mechanism
involved both chemical stimulation of germination and
inhibition of the development of S. hermonthica hyphae by
at least two different isoflavanones released from Desmodium
roots.

Regarding plant parasitic nematodes, Solanum sisymbrii-
folium (Lamarck), which was introduced in the Netherlands
as a trap crop for potato cyst nematodes (Globodera spp.),
stimulated hatching (although slightly less than the susceptible
potato crop) but was completely resistant, i.e. no progeny

cysts were formed (Scholte 2000a, b; Scholte and Vos 2000;
Timmermans et al. 2005).

Brassicaceous green manures can also act as trap crops
for nematodes (Thorup-Kristensen et al. 2003). The best
documented case of their use for this purpose is that of the
control of sugar beet nematodes (Heterodera schactii) in
Europe (Muller 1999; Schlathoelter 2004; Matthiessen and
Kirkegaard 2006). In lieu of chemical control, cover
cropping with resistant plants allows the sustainable
production of sugar beet in fields infested with sugar beet
cyst nematodes.

Fodder radish (Raphanus sativus) (Figs. 12 and 13) and
white mustard (Sinapis alba) cover crops have been
selected and developed to be grown as green manures
preceding sugar beet crops (Caubel and Chaubet 1985;
Lelivelt and Hoogendoorn 1993). The brassicas are invaded
by the nematodes, which develop within the roots, but their
sexual differentiation is disrupted. This results in very low
numbers of females in the following generation, causing a
significant decline in the population and reducing infesta-
tion of subsequent sugar beet crops.

This is a unique example related to specific nematode-
resistant brassicas rather than a general non-hosting effect.
Only the cultivation of resistant fodder radish and mustard
varieties can lead to a reduction in the density of the
population. All other varieties of these species contribute to
a multiplication of the nematodes (Smith et al. 2004).

7.2 Direct antibiotic effects during plant growth

Other direct effects involve compounds that directly affect
pathogen and pest survival (nematicidal, fungicidal or
bactericidal compounds) or are feeding deterrents for insect
pests with limited movement/dispersal ability (e.g. white
grubs).

Fig. 11 S. hermonthica on sorghum (Niger) (© A. Ratnadass, Cirad)
Fig. 12 Fodder radish R. sativus (Madagascar) (© A. Ratnadass,
Cirad)
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For instance, some nematicidal plants release toxic
compounds that directly affect nematode mobility or
hatching and other life processes (Gommers 1981). In the
case of A. strigosa reported above, resistance to P. penetrans
appears to be associated with increased production of
avenocin (LaMondia et al. 2002).

Of the biocidal molecules released in the rhizosphere,
alpha-terthienyl (from the Tagetes genus) was identified as
being effective against a broad spectrum of phytoparasitic
nematodes like Meloidogyne spp., Pratylenchus spp.,
Rotylenchulus reniformis (Dover et al. 2003). Tagetes
patula was also found to reduce bacterial wilt caused by
R. solanacearum (Terblanche 2002). Marigold (Tagetes
erecta) also has allelopathic effects on the germination of
Alternaria solani conidia. This effect is due to the presence
of volatile thiophenes with biocidal properties in the
marigold leaves (Gomez-Rodriguez et al. 2003). In the
same botanical family, Zinnia spp. were identified as
having nematicidal properties (Tiyagi et al. 1986).

Vicente and Acosta (1987) suggested a direct biocidal
effect of Mucuna deeringiana roots on Meloidogyne
incognita. Several molecules that had a nematicidal effect
were then identified (Nogueira et al. 1996; Barbosa et al.
1999).

Tropical legumes like many species of the Crotalaria
genus (particularly Crotalaria juncea and Cassia spectabi-
lis) produce anti-nematode action via three mechanisms: (1)
nemato-repellent compounds that affect larval development,
(2) exudation of nemato-toxic compounds, pyrrolizidinic-
like alkaloids such as monocrotaline, which are also present

in leaves and seeds and (3) stimulation of antagonist
microflora during plant decomposition (see “Section 7.3”).
Differences in efficiency against M. incognita were also
linked to the species of Crotalaria studied.

Some tropical grasses were shown to have both
nematicidal and bactericidal properties. This was the
case of a 2-year-old Digitaria decumbens, which reduced
bacterial wilt due to R. solanacearum (Messiaen 1998) or
a 4-month-old S. bicolor crop, which dramatically reduced
the incidence of bacterial wilt. Oats and sorghum are also
known to produce fungicidal root exudates, which are
toxic to Fusarium, Gaeumannomyces and Rhizoctonia
(Crombie and Crombie 1986; Odunfa 1978; Papavizas
1963).

Concerning white grubs/black beetles, studies in New
Zealand revealed that root extracts from Lotus major (as
opposed to two other Lotus spp.) contain a compound that
is toxic to Costelytra zealandica and Heteronychus arator
(Sutherland and Greenfield 1976). Similarly, growth of H.
arator larvae was found to be greater on rye grass (Lolium
perenne) and paspalum (Paspalum dilatatum) than on
white clover (Trifolium repens). The reduced growth of H.
arator on white clover was attributed to low consumption,
probably thanks to the presence of feeding deterrents in
the roots (King et al. 1981).

7.3 Antibiotic effect after biomass decomposition

A more indirect effect is that of cover or relay crops, or
service plants with bio-fumigation potential, which takes
effect after decomposition of the biomass. With the ban
on methyl bromide, plant-parasitic nematode manage-
ment has probably become a major incentive for the
search for non-chemical methods and has inspired most
research on sanitizing plants.

Isothiocyanates (ITCs) produced by Brassica crops are
a well-known example of the release of biocidal compo-
nents during plant decomposition. ITCs are known for
their fungistatic activity (on Colletotrichum, Rhizoctonia,
Fusarium, Phytophthora, Pythium, Gaeumannomyces,
Aphanomyces) and bactericidal and nematicidal proper-
ties. During the decomposition of Brassica plants after
mechanical disruption of the tissues, glucosinolates (GLS)
contained in both root and shoot tissues are hydrolyzed by
the enzyme myrosinase and produce different ITCs. These
ITCs are chemically similar to metham sodium, a broad-
spectrum chemical soil fumigant.

The efficiency of biofumigation against soil-borne
diseases depends mainly on the following factors: (1) the
Brassica species used, which determines the type of ITC
released (Sarwar and Kirkegaard 1998); (2) for a given
Brassica species, the cultivar used, which determines both
the GLS concentration in tissues and the total biomass

Fig. 13 Fodder radish R. sativus (Martinique) (© P. Fernandes, Cirad)
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produced, and hence the potential amount of GLS buried
in the soil (Kirkegaard and Sarwar 1998; 1999); and (3)
the timing of the destruction of the fumigant Brassica
crop. To maximize biofumigation, it should be destroyed
at the beginning of the flowering stage when biomass and
GLS contents reach their maximum values (Sarwar and
Kirkegaard 1998).

Sesquiterpenic acids like costic and isocostic acids found
in Inula viscosa leaves are another example of biocidal
molecules released during plant decomposition. These
compounds have been shown to produce nematicidal
activity at low concentrations, although the activity varied
with the nematode species (Oka et al. 2001), Meloidogyne
javanica being the most susceptible, followed by Tylenchu-
lus semipenetrans, while Aphenlenchus avenae appeared to
be resistant and Pratylenchus mediterraneus to be tolerant.
Tolerance (like that of Pratylenchus) was also observed
with thiarubrin, another nematicidal compound (Sanchez
de Viala et al. 1998). The narrow activity spectrum of these
molecules was confirmed on non-pathogenic nematodes like
saprophytic nematodes, which continued to proliferate after
decomposition. Other authors have reported that I. viscosa
extracts possessed antifungal properties and could be used to
control plant pathogenic fungi (Oka et al. 2001).

Onion and other alliaceous plants can also reduce soil-
borne diseases during their decomposition in the soil due
to the release of sulphur compounds like dimethyl
sulphide, carbon sulphide or dimethyl disulphide, the
latter being the most effective molecule. Biocidal effects
of these molecules have been reported in a range of soil-
borne nematodes: Meloidogyne sp., Heterodera sp, Ditylen-
chus sp. (Greco et al. 1986; Kanwar and Bhatti 1994; Leroux
et al. 1996).

7.4 Limitations to the use of plants with allelopathic effects

Some Brassica crops commonly used for biofumigation to
control root-knot nematodes have also been shown to be
suitable hosts during their growing stage, thus leading to an
increase in the pathogens prior to the biofumigation process
(Bernard and Montgomery-Dee 1993; Mac Sorley and
Frederick 1995; Mc Leod et al. 2001; Stirling and Stirling
2003).

However, this initial negative effect (the extent of which
varies with the plant species and cultivar) can be reduced
by sowing such susceptible crops during the cool season in
subtropical climates. For instance, sowing at such low
temperatures is effective in limiting the reproduction of a
soil-borne nematode like M. javanica (Stirling and Stirling
2003).

Whatever the case may be, care should also be taken that
the biofumigant does not affect beneficial soil organisms or
natural enemies of targeted pests (see “Section 8”). In the

case of biofumigation with Brassica crops, some authors
reported no adverse effects on beneficial organisms. For
example, Widmer and Abawi (2000, 2002) showed that
bacterial-feeding nematodes were present in large numbers
during the decomposition process. Free-living nematodes
appeared to be less susceptible to toxins produced by
Brassica crops than plant-parasitic nematodes (Stirling and
Stirling 2003).

Although service plants with bio-fumigating properties
may have a function in soil improvement as green manures,
the same reservations as for non-harvestable repellent or
trap plants may apply in the case of biofumigation.

8 Stimulation of soil pest-pathogen antagonists

8.1 Activation of general microflora and macrofauna

Actually, introducing a selected PSD may turn out to be a
better option for building up beneficial populations than
directly inoculating soil with beneficial microorganisms.
For instance, Miethling et al. (2000) and Schloter et al.
(2006) observed in the greenhouse that the plant sown
(Medicago sativa and Secale cereale) had a stronger impact
on rhizospheric microbial communities than soil inocula-
tion with Sinorhizobium meliloti or the origin of the soil.

In some soils, disease suppressiveness is probably due to
the activity of soil microbiota since suppressive soils
consistently have higher populations of actinomycetes and
bacteria than do soils conducive to diseases. The addition of
organic material increases the general level of microbial
activity (Wardle et al. 1995), and the more microbes there
are in the soil the greater are the chances that some of them
will be antagonistic to pathogens (Altieri 1999; Widmer and
Abawi 2002) because organic inputs can improve the soil
biological status by increasing both the diversity and the
size of populations of beneficial species (McGill et al.
1986; Rasmussen et al. 1989; Rodriguez-Kabana and
Kokalis-Burelle 1997). In this respect, rotating a variety
of crops provides ecological niches for microorganisms and
encourages microbial diversity.

Blanchart et al. (2006) reported higher densities of
facultative phytophagous, bacterial-feeding and predatory
nematodes and lower densities of obligatory phytophagous
(Criconemella, Scutellonema and Meloidogyne) nematodes,
resulting from intercropping maize with M. pruriens.

Blum and Rodriguez-Kabana (2006) found that addition
of extracts of velvetbean (M. deeringiana) to soils
decreased the incidence of southern blight in soybean
(caused by Sclerotium rolfsii), while increasing the general
bacterial population, particularly Bacillus megaterium,
Enterobacter aerogenes and Pseudomonas putida, while
addition of extracts of kudzu (Pueraria lobata) increased
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both fungal and bacterial populations, particularly Tricho-
derma koningii, Penicillium citreonigrum and P. herquei
fungi and B. megaterium, E. aerogenes and P. putida
bacteria. In particular, the population of P. putida was found
to be negatively correlated with disease incidence.

Similarly, Zhou and Everts (2007) attributed the
suppression of Fusarium oxysporum wilt disease of
Citrullus lanatus to an increase in the bacterial population
in soils where hairy vetch was ploughed in.

PSD-induced stimulation of soil biological activity may
also apply to soil macrofauna. High organic matter accumu-
lation from diversified biomass results in higher macrofaunal
diversity, particularly that of decomposer taxa, at the expense
of herbivore/root-feeding species (Brown and Oliveira 2004).
Brévault et al. (2007) reported in Cameroon increased
diversity and activity of soil macrofauna under no-till
systems with grass (Brachiaria ruziziensis) and legume
(Crotalaria retusa and M. pruriens) mulches compared to
conventional tillage. Direct-seeded mulch-based systems
were shown to favour the establishment of detritivores
(earthworms, termites, ants) and predators (spiders, carabids,
staphylinids, centipedes).

Recent research in Brazil distinguished different sub-
families of Scarabaeidae. Dynastinae larvae (white grubs)
normally feed on organic matter and rarely on roots, while
those of Melolonthinae feed mostly on roots and less on
organic matter. Root-feeding species become predominant
in soils where biodiversity has been reduced in comparison
with species that decompose litter and other organic matter
and do little damage to roots (Brown and Oliveira 2004).
More recent research inMadagascar suggests another effect of
litter/biomass accumulation, which not only results in the
“inversion” of the faunal composition described above but in
some instances in a change in the status of some pests, e.g.
white grubs. Some species did not damage rice plants even in
soils with low crop residues/organic matter content, whereas
other species did damage rice plants even in soils with high
crop residue contents, while most other species behaved either
as pests or as detritivores, depending on the crop residue
content of the soil (Ratnadass et al. 2006a). Such plasticity in
certain scarab beetle species was already reported several
decades ago (Ridsill Smith 1975).

8.2 Activation of specific pathogen-antagonist
micro-organisms

It is important to understand the effects on soil organic matter
of the biochemical characteristics of antibiotic plants (Palm
and Rowland 1997) such as lignin, cellulosis, hemicellulosis,
organic soluble fraction and polyphenol contents after
ploughing, the persistence of these effects (Paustian et al.
1997), their decomposition kinetics and their impact on the
structure of bacterial and fungal populations (Davet 1996).

In addition to direct antibiotic effects (“Section 7”),
some plant species can also stimulate antagonists in the
rhizosphere (Klopper et al. 1992; 1999; Insunza et al.
2002). Tropical legumes of the genus Crotalaria may thus
induce an increase in the abundance of chitinolytic
organisms and modifications in nematode communities,
especially the development of bacterial- and fungal-feeding
nematodes (Wang et al. 2004, 2006).

For instance, the rhizosphere of some nematicidal plants
like Plantago major and Thymus officinalis not only
releases nematicidal compounds but also harbours
nematode-antagonistic bacteria (Insunza et al. 2002). These
bacterial isolates produce hydrolytic enzymes, some of
which are related to soil suppressiveness such as chitinase
(which is reported to destroy the chitinous layer of
nematodes) and chitinolytic bacteria (which are reported
to be effective biological agents for the control of
nematodes) (Spiegel et al. 1991; Tian et al. 2000) and also
proteases.

The chemical composition of organic matter inputs
such as plant residues and their specificities thus
influences the efficiency of the suppression of soil-
borne diseases (Van Bruggen and Grunwald 1996). For
instance, organic matter inputs that are rich in chitin will
stimulate chitinolytic microflora, a group which also
contains species that are antagonistic to phytoparasitic
nematodes and fungi (Rodriguez-Kabana and Kokalis-
Burelle 1997). Phenolic compounds (tannins) contained in
organic matter with a high C/N ratio also have a suppressive
effect on fungi (Kokalis-Burelle and Rodriguez-Kabana 1994)
and nematodes (Mian and Rodriguez-Kabana 1982). The
more complex the residue, the more diverse the species
involved in its decomposition.

8.3 Instances of negative impacts of PSD via the soil
pathogen antagonist pathway

The take-all disease of wheat caused by the soil-borne
pathogenic fungus Gaeumannomyces graminis var. tritici
provides a counter-example since the trend to an increase in
the incidence of the disease observed after a few years of
monoculture of susceptible wheat cultivars may be reversed
after another few years. A phenomenon of soil resistance to
the disease (called take-all decline, TAD) appears to occur.
Furthermore, suppressiveness can be reduced or eliminated by
breaking monoculture with a non-host crop (Cook 1981).

Several lines of evidence support the widely held opinion
that different microbial antagonists and mechanisms are
responsible for TAD worldwide (Weller et al. 2002). One of
these is fluorescent Pseudomonas spp., which produces the
fungicidal compound 2.4-diacetylphloroglucinol (Sarniguet
et al. 1992a, b; Weller et al. 2002). Fluorescent Pseudomonas
spp. that produce 2.4-DAPG inhibit many different plant
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pathogens and are enriched in other suppressive soils,
especially those with a history of monoculture (black rot of
tobacco; crown and root rot of tomato; Pythium damping-off
of cucumber, wheat, sugar-beet and pea; Pythium root rot of
wheat; cyst nematode and soft rot of potato) (Weller et al.
2002).

9 Crop physiological resistance via improved nutrition

9.1 “Tolerance/compensation”-like resistance

In addition to their nematicidal activities, Crotalaria species
(particularly Crotalaria juncea, a productive legume) also
increase the yield of the following crop due to improved soil
nitrogen status (Wang et al. 2003). Varied crop rotations
contribute to better and more balanced soil fertility to support
crop growth because each crop species has different
nutritional requirements for optimum growth and develop-
ment, and each draws on individual nutrients in the soil at
different rates. This balance has been suggested to have a
positive effect on crop resistance to pests and diseases
(Krupinsky et al. 2002).

An indirect positive effect of mulching and of the use of
cover crops is thus better crop nutrition from minerals
derived from the decomposition of organic matter, provided
biofumigants with antibiotic effects on beneficial micro-
organisms are not released (see “Section 7.4”). Mulching
also limits evaporation and contributes to better water
nutrition of crops (Scopel et al. 2004), making them better
able to withstand attacks by pests or pathogens [e.g. rice to
Striga or rice blast (Fig. 14) caused by Magnaporthe grisea
(=Pyricularia oryzae)] (Husson et al. 2008; Ou 1985;
Sester et al. 2008).

However, undercrops may also compete with the main
crop for water (Malézieux et al. 2009). On the other hand,
Kvedaras et al. (2007) found that silicon (Si) provided
greater protection against attacks by the sugarcane stem
borer Eldana saccharina in water-stressed cane than in
unstressed cane (see also “Section 9.3”).

9.2 Non-preference (antixenosis)-like resistance

According to the theory of trophobiosis developed by
Chaboussou (2004), nitrogen-induced susceptibility to
some diseases may be linked to high amino acid contents
in plant tissues and to reducing sugars, which facilitate the
development of pathogens. Agricultural practices that lead
to significant discrepancies in nitrogen availability (in terms
of quantity, form and balance with other nutrients) are
likely to result in variations in the incidence of diseases
such as rice blast (Primavesi et al. 1972; Séguy et al. 1981,
1989; Long et al. 2000; Walters and Bingham 2007). High
concentrations of these compounds in plant cells also make
them more attractive to certain pests, particularly sucking
insects (Chaboussou 2004; Jahn et al. 2005; Lu et al. 2007).

Like for insect pests, variations in herbivore response to
in planta N content may be explained by differences in the
feeding behaviour of the herbivores themselves (Pimentel
and Warneke 1989). For example, populations of sucking
insects were found to increase with increasing nitrogen
concentrations in creosotebush (Larrea tridentata) plants,
whereas the number of chewing insects declined (Ohmart et
al. 1985).

With higher nitrogen fertilization, the amount of nutrients
in the plant increases, as does the amount of secondary
compounds, which may selectively affect herbivore feeding
patterns. Thus, protein digestion inhibitors that accumulate in
plant cell vacuoles are not consumed by sucking herbivores
but will harm chewing herbivores (Mattson 1980; Letourneau
et al. 1996).

More balanced soil fertility due to increased diversity
of cropping systems should thus help reduce the
incidence of pests and diseases via trophobiosis (Chaboussou
2004). However, as a general rule, in systems like
agroforestry or DMC systems, much of the N that is not
taken up by the crop is incorporated in the soil organic
matter and is only gradually released through mineralization.
Consequently, luxury consumption of N and reduced pest
and disease resistance of the crops as a result of biomass
applications would not normally be expected (Schroth et al.
2000).

On the other hand, as nutrition (notably N nutrition) also
influences crop yield and quality, a balance must be found
between maximizing yield and quality and minimizing
disease. For instance, organic matter-based nutrients pro-
vided by systems such as organic farming or DMC systems,

Fig. 14 Rice blast caused by M. grisea (=P. grisea) (Madagascar)
(© A. Ratnadass, Cirad)
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although released in a balanced and regular manner
(Ratnadass et al. 2006b), are predominantly N-limited,
and the main problem is timing the release of N so that it is
available when crop demand is greatest (Walters and
Bingham 2007), e.g. at the time of litter decomposition
(particularly in the case of a high C/N ratio) in DMC
systems (Sall et al. 2003).

9.3 Antibiosis-like resistance

Some minerals present in certain PSD plants may confer
specific resistance to particular pests or diseases. Manganese
(Mn) is a nutrient associated with increased resistance to a
number of crop diseases, whose availability is affected by crop
rotation. Mn inhibits the induction of aminopeptidase, an
enzyme which supplies amino acids that are essential for
fungal growth, and pectin methylesterase, a fungal enzyme
that degrades host cell walls. Mn controls lignin and suberin
biosynthesis through activation of several enzymes of the
shikimic acid and phenylpropanoid pathways. Both lignin and
suberin are important biochemical barriers to fungal pathogen
invasion since they are phenolic polymers resistant to
enzymatic degradation (Dordas 2008). It was shown that
crop rotation with lupins increased the availability of Mn
(Graham and Webb 1991).

This is also the case of Silicon (Si), which confers
resistance not only to diseases (Datnoff et al. 1997;
Rodrigues et al. 2003) and pests in rice (Voleti et al.
2008) but also to stem borers in sugarcane (Kvedaras et al.
2005; 2007). While it remains to be established whether
PSD-induced resistance could be achieved by rotation or
mulching with plants whose root systems draw on nutrients
present in deep soil layers, such rotations with non-Si-
accumulating crops would certainly delay the depletion
of Si available to crops like rice and maintain crop
productivity better than continuous cropping (Walters and
Bingham 2007).

9.4 Negative impacts of PSD resulting in increased disease
incidence via the plant nutrition pathway

The satisfactory nutritional status of the host is no
guarantee of high physiological resistance. There are
contradictory reports about the effects of nutrition on plant
diseases probably because these effects depend on so many
different factors (Walters and Bingham 2007; Dordas
2008). In particular, they depend on the infection strategy
of the parasite. In the case of necrotrophic pathogens, which
prefer senescent tissues and are able to break down host
cells to obtain their nutrients, good mineral nutrition may
favour host resistance. On the other hand, good host
nitrogen nutrition favours the development of biotrophic
parasites, which feed and reproduce in living cells

throughout a long and intimate relationship with the host.
For example, for Puccinia striiformis f.sp. tritici on winter
wheat (Neuman et al. 2004), the severity of the disease was
shown to increase after nitrogen supplies.

Although generally associated with mineral fertilization,
such a phenomenon may also be observed with PSD-
derived organic matter. For instance, in an alley cropping
experiment in Mindanao (Philippines), lower yields with a
higher number of empty grains of rice in agroforestry plots
than in the agricultural controls were explained by the
increased incidence of blast (Maclean et al. 1992). The
disease apparently counteracted the positive effects of the
hedgerow biomass on crop development as evidenced by
increased tiller and panicle numbers and increased plant
height. As the incidence of blast in upland rice is increased
by high N supply, the authors concluded that the amount of
N-rich biomass applied to this crop needs to be controlled.

10 Top-down effects on crop pests via provision
of alternative food

PSD-induced top-down regulation of crop pests is one
aspect of conservation biological control. Although this
may involve facilitation of natural enemy populations at a
local level, Schmidt et al. (2004) and Tscharntke et al.
(2007) stressed the need for a landscape approach to
conservation biological control in agroecosystems. PSD
effects on pest natural enemies follow different causal
pathways. In this and in the following section (“Section 11”),
we discuss pathways involving regulation by parasitoids and
predators, while other pathways are addressed in “Sections 12
and 13” as they are linked with effects of microclimate and
connectivity.

10.1 Pollen and nectar food sources for pest parasitoids
and predators

Wild habitats shelter a wide range of natural enemies of crop
pests, including predators like ground beetles, staphylinids,
spiders, ladybirds, hoverflies, lacewings, predatory bugs,
predatory mites and parasitoids (van Emden 1965).

In particular, habitats comprising perennial and annual
vegetation located outside cropped fields can serve as a
source of pollen and nectar, which are critical food
components for many insects (Bianchi et al. 2006). For
instance, parasitoid longevity and fecundity are signifi-
cantly increased when nectar is available (Baggen and
Gurr 1998; Tylianakis et al. 2004). It has been shown that
lacewings, ladybirds, hoverflies and parasitoids, which
control pest populations in cropped fields, use sources of
nectar located outside these fields (Hickman and Wratten
1996).
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Regarding within-field PSD, Mailloux et al. (2010) studied
the influence of ground cover and its management on the
diversity and density of phytoseiid mites (potential predators
of the citrus rust mite and the broad mite in Guadeloupean
citrus orchards). They attributed the increase in the density of
phytoseiid mites to a variety of factors including the
provision of food resources such as pollen and nectar, which,
in the case of the Neonotonia wightii cover crop, are
probably due to plant characteristics (notably pilosity) that
increase their ability to capture wind-blown pollen grains.

On the other hand, Vollhardt et al. (2008) found that
arable fields in high-intensity agricultural landscapes with
little non-crop area could support a similar diversity of
cereal aphid parasitoids as structurally complex landscapes,
suggesting that cereal aphid parasitoids may find necessary
resources even in simple landscapes, which makes it
difficult to generalize about the relationship between
landscape composition and biodiversity in arable fields.
The discrepancy between cereal aphid parasitoids and other
natural enemies like spiders (Schmidt et al. 2005) can partly
be ascribed to life history traits and specific adaptations, i.e.
the fact that cereal aphid parasitoids may not require
alternative vegetation as overwintering sites and that para-
sitoids of honeydew-producing arthropods could have
evolved adaptations to optimize exploitation of this food
as a substitute for pollen and nectar (England and Evans
1997; Vollhardt et al. 2008; Wäckers et al. 2008).

10.2 Shelters for alternate hosts and prey of pest parasitoids
and predators

Wild perennial and annual vegetation may also shelter
alternate hosts and prey for parasitoids and predators of
crop pests (Bianchi et al. 2006). According to Landis and
Menalled (1998), over 60% of the alternative hosts of the
generalist parasitoids controlling herbivorous caterpillars on
maize, soybean, wheat and alfalfa are also pests of trees and
shrubs. The presence of hosts and alternative prey may
increase populations of parasitoids and predators (at least of
generalist species) before the arrival of the target pest,
leading to improved control of the pest.

An example of such “apparent competition”, which
ecologists call “negative prey–prey interaction”, was
described by Östman and Ives (2003). These authors
reported that lucerne (alfalfa) fields with high densities of
the pea aphid Acyrthosiphon pisum attracted more Nabid
predatory bugs, resulting in higher predation rates on the
potato leafhopper Empoasca fabae. Prasifka et al. (2006)
also reported higher predation of the European corn borer
by ground beetles in a rotation of maize and soybean with
living mulches of forage crops (kura clover and lucerne)
compared to no-mulch controls, which was mainly attributed
to consumption of sentinel prey.

10.3 Instances where PSD negatively affects natural enemy
populations and/or pest predation via provision of alternate
food

Some species of Phytoseid mites, particularly general
predators of the genus Euseius, play a significant role as
control agents of spider mites, thrips and even white flies
and can reproduce on pollen at a rate as high as on prey
(McMurtry and Croft 1997). Pollen from windbreaks has
been suggested to be important for building up populations
of Euseius species, but in turn the presence of plant
resources could result in decreased predation.

As a matter of fact, in the case of predation by true
omnivores (i.e., those that consume both plant material and
animal prey within a single life stage), the presence of plant
resources can increase or decrease predation depending on
the degree to which they are complementary to, or can be a
substitute for, the prey. For instance, Robinson et al. (2008)
found that, in a model comprising an omnivorous adult
lacewing (Micromus tasmaniae), buckwheat flowers and
aphid prey maintained on broad bean, floral resources
mediated omnivore–prey relationships with either positive
or negative effects on biological control. On the one hand,
flowers reduced consumption of the prey but not lacewing
fecundity when aphids were provided in abundance; on the
other hand, when aphids were less abundant, providing
flowers decreased the pre-oviposition period and increased
the daily oviposition rate; also, in the absence of prey,
longevity was higher in lacewings with access to flowers
than in those without.

In any case, as flowering plants provide supplementary
food not only for natural enemies of pests but also for the crop
pests themselves, the composition of flora in non-cropped
habitats is critical in determining which type of effect is to be
expected (favouring crop pests or their natural enemies)
(Baggen and Gurr 1998; Landis et al. 2000; Colley and Luna
2000; Lavandero et al. 2006).

On the other hand, as opposed to “negative prey–prey
interaction”, what ecologists call “positive prey–prey
interaction” negatively affects biological pest control. This
happens when an alternative prey diverts predation exerted
by a natural enemy away from the target pest, thus
protecting the latter. For instance, Halaj and Wise (2002)
found that, in vegetable gardens, plots with the highest
densities of alternative hosts (namely detritivores) and the
highest densities of associated predators did not have lower
densities of pests. In this case, predators prefer to feed on
detritivores, which “protect” herbivores from increased
predation.

Similarly, predaceous mites were found to be more
abundant in soils containing large amounts of cover crop
residues but these predators were not correlated with lower
populations of symphylan pests. Cover crops increased
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both the ratio of predaceous mites to symphylans and the
total population of potential prey, thereby reducing the
capacity of predaceous mites to regulate symphylan
populations (Peachey et al. 2002).

11 Refugia/shelters for predators due to vegetative
structural/architectural characteristics

From the point of view of biocontrol, the general function
of shelter habitats is to provide beneficial arthropods with
semi-permanent habitats with suitable biotic and abiotic
conditions for overwintering, aestivation and reproduction
and a refuge from the perturbations of farming practices
(e.g. ploughing, spraying, harvesting) (Griffiths et al. 2008).
Shelter habitats also provide readily accessible cover from
aerial predators (Lima 1993) and safe travel corridors for
cryptic species that rarely venture far from dense cover
(Rypstra et al. 1999; Halaj et al. 2000).

For instance, in a study by Mailloux et al. (2010) on the
influence of ground cover and its management on the
diversity and density of predatory phytoseiid mites in
Guadeloupean citrus orchards (see “Section 10.1”), an
increase in phytoseiid mite densities was partly ascribed
to microclimate buffering (namely lower temperatures and
higher humidity with reduced daily variations) in the
ground cover crop, protection from macro-predators and,
particularly in the case of the N. wightii cover crop, an
increase in the number of oviposition sites due to plant
characteristics, particularly pilosity.

Another example of facilitating PSD-induced predator
efficiency is the addition of sunflower intercrops, which
was shown to be an effective way of modifying the habitat
to increase the number of avian insectivores and insect
foraging time spent in organic vegetables. This was mainly
ascribed to the provision of high-visibility perches for prey
among the crop vegetation (Jones and Sieving 2006).

In addition, some agroforestry shade trees may provide
nesting substrates for ants, thus creating complex mutualism/
antagonistic chains that may affect crop pests and diseases in
several different ways. For instance, studies conducted by
Perfecto and Vandermeer (2008) in a coffee agroforestry
system in Costa Rica on mutualism between the ant A.
instabilis and the scale insect C. viridis provided insights into
the consequences of the spatial pattern of the scale insect on
coffee bushes for the stability of predator–prey (host–
parasitoid) systems, for a key coccinelid beetle preying on
the scale insects and a phorid fly parasitoid parasitizing the
ants. In addition, a spatial correlation between the attack of the
entomogenous fungus Lecanicillium lecani on the scale
insect and the incidence of coffee rust suggested a
hyperparasitic effect of L. lecanii on H. vastatrix enhanced
by the ant–coccid mutualism (Vandermeer et al. 2009).

12 Positive and negative effects of PSD on pest
and disease impact via microclimate alteration

Although fungal diseases are usually less severe in
polycultures than in monocultures, variations occur due
to a variety of factors that influence the effects of
intercropping on disease dynamics, including microclimate
(Boudreau and Mundt 1997). Crop diversification can alter
microclimate in ways that either encourage or inhibit
pathogen growth, depending on the characteristics of the
pathogen, the plants and the local environment (Boudreau
and Mundt 1997).

Effects of PSD on microclimate have been described in
annual and perennial crops alike. For instance, intercropping
marigold (T. erecta) with tomato (L. esculentum) reduced the
length of the period with more than 95% relative humidity,
creating adverse conditions for conidial development of A.
solani (the fungal pathogen that causes early blight disease in
tomato) (Gomez-Rodriguez et al. 2003).

Conversely, Leroi et al. (1990) reported increased
infestation of cowpea by bruchid Bruchidius atrolineatus
when the legume was intercropped with millet compared to
when it was the only crop, which these authors attributed to
microclimatic factors that favoured the pest.

In some DMC systems, particularly in semi-arid condi-
tions, surface plant residues play an important role in
conserving soil water by reducing soil evaporation (Scopel
et al. 2004). The water conservation effect of surface residues
can therefore both potentially reduce the risk of drought
stress, hence contributing to physiological resistance to
diseases such as rice blast (see “Section 9.1”), and limit
pathogen development via reduced relative humidity above
the surface of the soil due to lower evaporation.

In agroforestry systems, PSD can also lead to changes in
the plantation microclimate. The intensity of attacks by pests
and diseases in these systems varies with the pest and its
ecological requirements (Schroth et al. 2000). In coffee
(Coffea arabica), shade has been reported to favour Mycena
citricolor in Costa Rica (Avelino et al. 2007) (Figs. 15 and
16) but to hamper Colletotrichum kahawae in Cameroon
(Mouen Bedimo et al. 2008) due to changes in microclimate.

In a low-elevation dry coffee zone in Central America,
Staver et al. (2001) reported that 35% to 65% shade reduced
Cercospora coffeicola (the pathogen causing brown eye spot
disease) and mealybug Planococcus citri while simultaneous-
ly increasing the effectiveness of microbial and parasitic
organisms without increasing the levels of Hemileia vastatrix
(the pathogen causing coffee leaf rust) or reducing yields.

Some antagonistic effects have also been found in cocoa
agroforestry systems. For instance, heavy shading in cocoa
agroforests may increase pod rot (Phytophthora megakarya)
but at the same time may reduce insect (Sahlbergella
singularis) attacks and impacts (Bigger 1981). Similarly,
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while Phytophthora pod rot is increased by intermediate
levels of shade (Beer et al. 1998), stem canker caused by the
same fungus is increased in fields exposed to full sunlight
due to water stress.

The effects of PSD-induced changes in microclimate are
even more complicated to foresee since some may facilitate a
particular process in the life cycle of a pest or parasite while
hampering the same process in another pest or parasite or
another process in the same pest or parasite (Avelino et al.
2004). The overall result of such antagonistic effects on pests
and diseases development is consequently not always clear.

PSD-induced changes in microclimate may also indirectly
affect pests and diseases via top-down effects. For instance,
the humid conditions in agroforestry systems may favour the
development of diseases in insect pests. Coupled with the
absence of direct sun, the effectiveness of entomopathogenic
fungi may be increased by humidity (Jaques 1983). In
experiments on the effect of sunlight on the field persistence
of Nomuraea rileyi, Fargues et al. (1988) found that the half-
life and viability of the spores of this fungus were
considerably increased in the shade.

The presence of different shade strata favours generalist
predators like spiders and ants (Perfecto et al. 1996), which
are natural enemies of mirid bugs (Way and Khoo 1991). On
the other hand, Phytophthora is frequently vectored by ants
(Evans 1973). The influence of shading and of the shade
species on the distribution of ants was studied in cocoa
plantations in Ghana (Bigger 1981) and Malaysia (Way and
Khoo 1991) and in coffee plantations in Costa Rica (Perfecto
and Vandermeer 1996). Detailed studies by Perfecto and
Vandermeer (1996), focusing on a key mutualism between
an ant (Azteca instabilis) and a scale insect (Coccus viridis)
in a coffee agroforestry system in Costa Rica, were described
in the previous section (“Section 11”) since the ability of A.
instabilis to establish its nests in shade trees is more closely

linked to the architectural characteristics of the trees than to
the effects of microclimate. Similarly, Van Mele and Cuc
(2007) recommended planting tree or shrub species with
large flexible leaves or smaller abundant leaves in the
vicinity of citrus or mango orchards in order to help weaver
ants Oecophylla spp. (major fruit fly control agents) set up
nests and hence to encourage their presence all year round.

While microclimate can directly affect the pest and its
natural enemies, it also has effects via the physiology of the
host. Under shade, flower initiation and the yield of coffee
trees (C. arabica) are lower than under full sun. Yield can
actually be very low under excessive shade. On the other

Fig. 15 Coffee-based
agroforestry system with a dense
shade of eucalyptus and
erythrine at free growth in Costa
Rica (© J. Avelino, Cirad)

Fig. 16 M. citricolor lesions on coffee leaves (© J. Avelino, Cirad)
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hand, coffee rust (H. vastatrix) epidemics are more intense
when coffee yield is high (Avelino et al. 2004; 2006). As a
result of the effects of shade on yield, a high percentage of
shade has been reported to negatively affect the develop-
ment of coffee rust (Avelino et al. 2004; 2006).

The plant barriers discussed in “Section 13”, which
stresses the effects of obstacles on the movement of pests
and diseases, can also change the microclimate by acting as
windbreaks. Wind can cause mechanical wounds that
facilitate infection by weakness pathogens (Schroth et al.
2000). Wind can also change the temperature of the
cultivated plot, increasing it if wind is hot and decreasing
it if wind is cold.

13 Physical barrier effects on crop pests and diseases

These effects are distinct from the effects of disrupting the
spatial cycle described in “Section 3.2”, which refers
mainly to host/non-host status rather than to mere physical
disruption of PSD plants. Barrier effects can occur both at
the plot and at the landscape levels.

13.1 Barrier effects against pests and pathogens at the field
level

For instance, in agroforestry systems, hedges, boundary
plantations and windbreaks affect the colonization and
dispersal of both herbivorous and predatory parasitic insects.
Both horizontal and vertical movements of insects are affected
by tall or dense woody plantations (Pasek 1988).

The tall woody plants in agroforestry or in hedgerow
trees systems can act as a physical barrier to the movement
of insects to, from and within the system, especially if these
insects are passively transported by wind (Schroth et al.
2000) or if they have a very limited flight height. This
situation is advantageous if the entry of the insect pests is
blocked or if outward movement of the natural enemies of
the pests is hindered.

In agroecosystems based on annual crops, several tall
non-host plants, primarily Gramineae, have been tested as
barrier crops or intercrops to reduce whitefly colonization
and virus transmission among main crops. Smith and
McSorley (2000) reported that a sorghum, S. bicolor,
barrier reduced B. tabaci densities and transmission of the
virus on tomato, L. esculentum

A pearl millet, Pennisetum glaucum, barrier reduced
whitefly virus transmission on cowpea, V. unguiculata
(Sharma and Verma 1984), and on soybean, G. max (Rataul
et al. 1989). Results obtained on bean/corn (Zea mays)
intercrops were mixed (Smith and McSorley 2000).

The only successful case of control of a virus carried by
a homopteran pest (aphids) by trap cropping reported by

Shelton and Badenes-Perez (2006) was possible because of
the cultivation of a perimeter trap crop acting as a barrier
crop (intercepting aphids moving passively into the field).
Barrier crops can thus be an effective crop management
strategy for the control of viruses that are non-persistently
transmitted by aphid-borne viruses under particular
circumstances (Fereres 2000; Hooks and Fereres 2006).

Air-borne pathogens can be affected by physical barriers
at the field scale despite their usually high ability to
produce large quantities of propagules which are then
disseminated over great distances by the wind. For instance,
reductions in conidial density of A. solani on tomato due to
intercropping with marigold (T. erecta: see “Section 3.2”
above) or pigweed (Amaranthus hypochondriacus) were
partly attributed to the effect of a physical barrier on the
dissemination of conidia (Gomez-Rodriguez et al. 2003).

A physical barrier is also effective against splashborne
propagules, as in the case of Septoria tritici. The vertical
dispersal of pycnidiospores from basal lesions on wheat
was partially impeded by a clover understorey, which acted
as a sieve (Bannon and Cooke 1998).

Ristaino et al. (1997) found that planting a pepper crop
in stubble left over from a no-till wheat cover crop
significantly reduced the dispersal of Phytophthora capsici
inoculum and the subsequent occurrence Phytophthora
blight disease, which was mainly attributed to a simple
reduction in splash dispersal of surface inoculum to
aboveground parts of the plants.

Similarly, a sudangrass (S. bicolor var. sudanensis cv.
Trudan 8) cover crop was shown to reduce the splash
dispersal of conidia of Colletotrichum acutatum Simmonds,
the causal agent of anthracnose of strawberry (Ntahimpera
et al. 1998).

Mills et al. (2002) found that a decrease in tomato foliar
diseases (early blight caused by A. solani, and Septoria leaf
spot, caused by Septoria lycopersici) in a dead mulch of
hairy vetch (Vicia villosa) was associated with reduced
splash dispersal.

Effects of physical barriers have also been proposed for
the soil-borne bacteria Pseudomonas (=Ralstonia) solana-
cearum, the causal agent of bacterial wilt of tomato.
Intercropping tomato with cowpea within the row reduced
the intensity of a bacterial wilt attack (Michel et al. 1997).
These authors suggested that the physical barrier created by
the cowpea roots delayed the transmission of the pathogen
from infected to healthy tomato roots.

13.2 Barrier effects against pests and pathogens at the
landscape level

At the landscape level, increased connectivity may favour
dispersal of noxious organisms, which may conflict with
strategies aimed at the conservation of desirable species, as
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stressed by Zadoks (1999): “Whereas nature conservation
and natural biological control require biotopes (refuges)
with maximum connectivity to promote desirable species,
pest and disease control wants to minimize connectivity
to reduce the spread of noxious species”.

The hypothesis that increased connectivity between
susceptible plantations increases the spread of pests and
diseases was discussed by Perkins and Matlack (2002) in a
study on pine forests in southern Mississippi. They demon-
strated that modern forests cover a greater proportion of
landscape than formerly and consequently that connectivity
has increased. According to these authors, the severe attacks
of the southern pine beetle (Dendroctonus frontalis) and
fusiform rust (Cronartium quercuum), whose dispersal
ability is limited to a few hundred metres, resulted from the
increased connectivity between susceptible plots. They
suggested that 600–900-m-wide barriers of non-host vegeta-
tion could help to control these two bio-aggressors.

The effect of landscape connectivity on the intensity of a
disease has been established in the case of sudden oak death, an
emerging forest disease caused by Phytophthora ramorum
(Condeso and Meentemeyer 2007). Disease severity was
positively correlated with the area of host woodland
surrounding the infected plot. These authors suggested that
this relationship could be explained by a greater amount of
inoculum and by the facilitated spread of the disease in large
areas of continuous forest. They concluded that forest
fragmentation may hinder the development of tree pathogens.

Long-distance aerial dispersal is an important survival
strategy for fungal and fungus-like pathogens that cause
crop diseases, such as rusts (Uredinales), powdery mildews
(Erysiphales) and downy mildews (members of the protist
family Peronosporaceae) (Brown and Hovmøller 2002).
Consequently, to reduce their spread, it may be necessary
to increase crop species richness at larger spatial scales.

Ricci et al. (2009) found that the number of codling
moths decreased with an increase in the presence of
hedgerows/windbreaks (generally monospecific, composed
either of poplar or cypress trees), which offer protection
from the prevailing wind. The decrease was mainly
attributed to barrier effects and to a lesser extent to indirect
effects such as a change in microclimate, reduced efficiency
of sexual communication (via pheromones) or increased
efficiency of pesticide use, but not to an increase in the
impact of the natural enemies of codling moths since there
was a significant negative correlation with hedgerow
orientation, not with hedgerow length.

13.3 Negative impacts of barrier effects via natural enemy
arrestment or facilitation of pest action

Pests’ natural enemies are also affected by landscape
structure, which may result in counteractive processes

(Schmidt et al. 2004). The abundance and diversity of
predators and parasitoids may also be more strongly
affected by habitat fragmentation than the abundance and
diversity of the herbivorous hosts, even at the scale of a few
hundred metres, suggesting that third-trophic-level insects
disperse or colonize less efficiently than second- trophic-
level insects (Elzinga et al. 2007; Tscharntke and Brandl
2004; Van Nouhuys and Hanski 2002).

Insects such as aphids, thrips, flies and small beetles
with limited flying ability are carried far afield by wind
(Singh Rathore 1995), although recent evidence showed
that such flight behaviours are not always “passive”
(Reynolds and Reynolds 2009). However, this is the case
of whitefly adults, which move passively with wind
currents like “aerial plankton” (Byrne and Bellows 1991).

Once in the air, these insects cannot land directly on their
host-plant plots because of the high speed of the wind
carrying them. They use tall trees as obstructions to settle
on and later move to the crop fields. Thus, the trees in an
agroforestry system, or hedges in annual cropping systems,
may facilitate colonization of insect pests by providing a
platform from which they subsequently launch themselves
to infest the crops (Epila 1988).

14 Conclusions and directions for future research
on PSD-induced effects on pests and diseases

14.1 Main lessons drawn from the literature review

In this review, we have reported on several PSD-induced
effects on crop pests and diseases that are summarized in
Fig. 1. We have emphasized those that appear to be of
generic value and avoided elaborating on effects that might
be just anecdotic or are still awaiting confirmation as to
whether they are appropriate for PSD or not. The general
principles underlying these effects and/or pathways are
summarized in Tables 1, 2 and 3 according to the level at
which the type of PSD and its effects occur.

Our review of the literature confirmed that it is not
necessarily true that vegetational diversification reduces the
incidence of pests and diseases.

Above and beyond the ability of some pests and
pathogens to use a wide range of plants as alternative
hosts/reservoirs (which is the main limitation to the
suppressive role of the PSD strategy), all the other
identified pathways of PSD-based pest or disease control
do have certain limitations.

14.2 PSD effects at the soil and field levels

In particular, the ability of some pathogens and pests to
survive and breed on different hosts and habitats at different
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times in their life cycle makes them very difficult to control.
This applies to both intercropped plants and to some plants
used in a rotational strategy.

The “plant exposure/visibility” and “resource concentra-
tion” theories may explain why polycultures generally support
lower specialist or oligophagous herbivore loads (and when
applicable, reduced incidence of insect-transmitted viral
diseases) than do monocultures. In addition to pest specificity,
dispersal ability and the scale of PSD deployment are critical
for predicting how PSD will affect pest communities.

The principle of disrupting the spatial cycle is at play in
non-insect-transmitted host-specific diseases whose severity

decreases with an increase in species richness via a decrease in
host density. However, when the economic value of the
intercropped or undersown plant is lower than that of the main
crop (especially weed covers), the farmer only gains when the
increase in crop quality due to the reduction in the incidence of
pests or diseases compensates for the reduction in yield due to
competition for water and nutrients.

The trap cropping mechanism is to some extent the
reverse of the disruptive crop mechanism in that pests are
attracted to—rather than repelled by—associated plants and
are less likely to wander into the main crop. The fact that,
among the long list of plants that show potential for pest

Table 2 General rules/principles according to which the use of PSD in the field and immediate surroundings (via intercropping, DMC and perimeter
cropping) results in improved control of crop pests and diseases in agroecosystems and the main exceptions to these rules (with examples)

Regulatory
mechanism of the
pest or disease

General principles (and typical examples) Main drawbacks or limitations
(and typical counter-examples)

Disruption of the
spatial cycle

Separation of hosts and non-hosts limits the spread of
pathogens and pests (e.g. Mitchell et al. 2002)

This is not suitable for pests/pathogens with a
broad host range and/or high dispersal ability (e.g.
Banks 1998)

Resource dilution In polycultures, crop plants are less visible/exposed than in
monocultures and therefore generally support lower specialist or
oligophagous herbivore loads (e.g. Finch and Kienegger 1997)

This is limited by competition by non-productive
plants for resources with the main crop
(e.g. Schellhorn and Sork 1997)

Deterrent diversion Repellent semiochemicals produced by a plant that is intercropped
or undersown result in bottom-up effects against pests of the
main crop (e.g. Kimani et al. 2000)

This process may also attract non-target pests to
the crop (e.g. Latheef and Ortiz 1983)

Stimulant diversion Pests are attracted to associated plants and are less likely to wander
into the main crop; natural enemies are attracted on the crop and
control pests (e.g. Van den Berg 2006)

Trap plants may turn from “sinks” into “sources”
of pests (e.g. Hilje et al. 2001)

PSD Plant Species Diversity; DMC Direct Seeding, Mulch Based Cropping

Table 1 General rules/principles according to which the use of PSD at the soil/plant to field levels (via crop rotation, intercropping, DMC and
agroforestry) results in improved control of crop pests and diseases in agroecosystems and the main exceptions to these rules (with examples)

Regulatory mechanism
of the pest or disease

General principles (and typical examples) Main drawbacks or limitations
(and typical counter-examples)

Disruption of temporal
cycle

Crop rotation with non-host crop reduces the soil-borne
pathogen inoculum or the pest carry-over population
(e.g. LaMondia et al. 2002)

This is not suitable for pathogens and pests with a broad
host range, high dispersal ability or long-lived forms
in the soil (e.g. Weinhold et al. 1964)

Allelopathy Antibiotic components produced/released in the soil by
some plants directly affect feeding/infection/
attachment ability of pests or pathogens on crop host
plants (e.g. Khan et al. 2002)

Depending on the cultivar used, the opposite effect may
be observed (e.g. Smith et al. 2004)

Soil suppressiveness via
enhanced diversity/
activity of soil biota

Organic material derived from PSD plants increases the
general level of microbial activity, and the more
microbes there are in the soil the greater the chances
that some of them will be antagonistic to pathogens
(e.g. Insunza et al. 2002)

The TAD phenomenon on wheat provides a counter-
example of this principle (e.g. Weller et al. 2002)

Physiological resistance
via improved crop
nutrition

Varied crop rotations or intercrops contribute to better
crop nutrition thanks to minerals derived from the
decomposition of organic matter, which has a positive
effect on crop resistance to pests and diseases
(e.g. Krupinsky et al. 2002)

Good host nitrogen nutrition favours the development of
biotrophic fungi (e.g. MacLean et al. 1992)

PSD Plant Species Diversity; DMC Direct Seeding, Mulch Based Cropping; TAD Take-all decline
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management via trap cropping, only a few attempts have
been successful at a commercial level is probably a sign
that this strategy is tricky to implement.

Indeed conventional trap plants with no dead-end proper-
ties have to be managed specifically to prevent them from
turning from “sinks” for pests into “sources” for the same
pests while, on the other hand, dead-end trap plants might end
up selecting pest populations that will counter suicidal egg-
laying behaviour by pests. Also, trap crops (as intercrops or
border plants) that are not intended for harvest compete with
the main crop for water and nutrients. Nevertheless, as is true
of some repellent intercrops, top-down effects may assist the
pest-suppressing capacity of certain trap plants.

Thus, some plants used as intercrops may release volatiles
that mediate the behaviour of both pests and parasitoids.
These semiochemicals are produced during damage to plants
by herbivorous insects, e.g. by cereals in the case of a high
level of colonization by stem borers, and in the case of the
successful use of push–pull principles for the management of
cereal stem borers in eastern and southern Africa, these
compounds likely act both as repellents to ovipositing moths
and as foraging cues for parasitoids.

Among the pests and diseases discussed in this review, the
“trap cropping/suicidal germination induction” below-ground
allelopathic regulation pathways mainly concern Striga spp.

and some nematodes. In both cases, varietal (genetic)
diversity within “trap” crop species should be taken into
account. Obviously, this aspect is crucial in the case of
Brassicaceous green manures for the control of parasitic
nematodes since, depending on the cultivar used, the outcome
may be either pest suppression or pest enhancement.

Direct biocidal or biostatic effects during plant growth
mainly concern nematodes. However, the biocidal effect on
various fungi and bacteria of several compounds released
by different plant species in a range of families has also
been identified along with compounds that are toxic or are
feeding deterrents for some insects.

Although service plants with bio-fumigating properties
may have a function in soil improvement as green manures,
the same reservations as for non-harvestable repellent or
trap plants may apply in the case of biofumigation.
Nonetheless, the ban on methyl bromide is a major incentive
for the use of this technique. Still, despite promising results,
much remain to be done in terms of process optimization. It is
important to be aware of the potential increase in root-knot
nematodes caused by some Brassica crops during their
growing stage despite biofumigation action during decom-
position (although conservative measures can be taken in this
case) and of the potentially adverse effects of certain
biofumigants involving broad-spectrum molecules on bene-

Table 3 General rules/principles according to which the use of PSD at the field and landscape levels (via intercropping, DMC, perimeter
cropping, non-crop field margins and strips, agroforestry and landscape fragmentation) results in improved control of crop pests and diseases in
agroecosystems and the main exceptions to these rules (with examples)

Regulatory
mechanism of the
pest or disease

General principles (and typical examples) Main drawbacks or limitations
(and typical counter-examples)

Provision of
alternative food to
aerial natural
enemies

PSD vegetation provides pollen and nectar as critical food
supplements for adult parasitoids and shelters alternative
hosts/preys that sustain/increase parasitoid/predator
populations before the arrival of the target crop pest
(e.g. Tylianakis et al. 2004)

PSD vegetation may also increase the fitness of herbivore
pests as via provision of floral resources
(e.g. Lavandero et al. 2006)

Some predator or parasitoid species may choose either
pest honeydew or plant resources (pollen or nectar) over
prey (e.g. Robinson et al. 2008)

“Positive” prey–prey interaction, with diversion of target
pest predation by a natural enemy due to the availability
of alternate prey (e.g. Halaj and Wise 2002)

Provision of refugia/
shelter for aerial
natural enemies

PSD architectural traits protect natural enemies from top
predators or provide nesting/oviposition substrates in
ways that hamper crop pests or diseases or favour their
natural enemies (e.g. Jones and Sieving 2006)

This may result in conflicting effects, e.g., of ants on pests,
diseases and natural enemies
(e.g. Perfecto and Vandermeer 2008)

Microclimate
alteration

PSD may alter microclimate in ways that inhibit pest
development/pathogen growth and/or encourage
development/growth of natural enemies
(e.g. Staver et al. 2001)

PSD may alter microclimate in ways that encourage the
development of pests and pathogens and/or inhibit the
development/growth of natural enemies
(e.g. Schroth et al. 2000)

Physical obstruction At the field level, mulches or intercrops reduce disease
propagation notably via reduced splashing; at the
landscape level, fragmentation/non-connectivity blocks
the movement of pests and spread of diseases
(e.g. Sharma and Verma 1984)

Fragmentation at both field and landscape scales may
hinder the movement of natural enemies
(e.g. Schmidt et al. 2004)

PSD Plant Species Diversity; DMC Direct Seeding, Mulch Based Cropping
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ficial soil organisms or natural enemies of targeted pests
(although evidence for such adverse effects is rare).

The addition of organic material to the soil, particularly
material derived from selected PSD, may increase the
general level of microbial activity more than directly
inoculating the soil with beneficial microorganisms. However,
the phenomenon of soil resistance to the take-all disease of
wheat provides a counter-example to the principle that the
more microbes there are in the soil the greater the chances that
some of them will be antagonistic to pathogens. Still the
positive effect generally holds true and may even apply to soil
macrofauna, including some pest species.

Also, some plant species can stimulate antagonists in the
rhizosphere, which may lead to an increase in the
abundance of chitinolytic organisms and modifications in
nematode and fungi communities. Phenolic compounds
(tannins) contained in organic matter with a high C/N ratio
derived from some plant species also have a suppressive
effect on fungi and nematodes.

A variety of crop rotations or intercrops also contribute to
better and more balanced soil fertility and hence to better crop
nutrition thanks to minerals derived from the decomposition of
organic matter, which has a positive effect on crop resistance
to pests and diseases, at least as far as necrotrophic pathogens
are concerned. Better water nutrition via reduced evaporation
thanks to mulching may also help crops overcome attacks by
pests or pathogens. On the other hand, good host nitrogen
nutrition favours the development of biotrophic fungi, and
water stress may trigger plant resistance to some pests.

Increased diversity of cropping systems generally results
in more balanced soil fertility thus contributing to lower
pest and disease incidence via trophobiosis. However, an
excessive amount of N-rich biomass may result in increased
incidence of biotrophic pathogens and associated diseases.
On the other hand, systems based on organic matter-derived
nutrients, although released in a balanced and regular
manner, are predominantly N-limited so that mineral N
should be applied when the crop demand is greatest.

Some other minerals present in certain PSD plants may
also confer specific resistance to particular pests or
diseases. Manganese is one such nutrient which is
associated with increased resistance to a number of crop
diseases and whose availability is affected by crop rotation.
However, the same is generally not true of silicon: it
remains to be established whether Si availability to plants
and subsequent Si-based resistance to pests and diseases
can be induced by PSD or whether PSD via appropriate
rotations may just slow down the depletion of Si in soils.

14.3 PSD effects at the field and landscape levels

Habitats made of perennial and annual vegetation located
outside cropped fields, as providers of alternative hosts or

supplementary floral food for crop pests, may serve as sources
of infestation to cultivated fields. However, even more
importantly, they may play a role as a source of pollen and
nectar for adults of pest parasitoids. Making generalizations
about the relationship between landscape composition and
parasitoid biodiversity though is even more complicated by
the fact that some predator or parasitoid species may prefer
either honeydew and plant resources to pollen or nectar to a
diet of prey.

Wild perennial and annual vegetation can act as “banks” for
parasitoids and predators of crop pests by increasing the
population of these parasitoids/predators on the alternative prey
they shelter before the arrival of the target pest on the
neighbouring crop. However, such “negative prey–prey inter-
actions”, which result in improved control of the target pest, is
not the general rule. There are also several reported instances of
“positive prey–prey interaction”, when an alternative prey
diverts predation exerted by a natural enemy away from the
target pest, thus negatively affecting pest biological control.

In addition to trophic services such as provision of
alternate prey or supplementary floral food, shelter habitats
provide beneficial arthropods with suitable conditions for
several biological activities and a refuge from disturbances
caused by farming practices and aerial predators. On the
other hand, the action of insectivore birds whose overall
predation is mainly detrimental to herbivorous insects may
be encouraged by the addition of some PSD intercrops as
perching substrates. Also, some agroforestry shade trees
can provide nesting substrates for ants, thus creating
complex mutualism/antagonistic chains that can affect crop
pests and diseases in several different ways.

Some types of crop diversification can alter microclimate in
ways that either encourage or inhibit the growth of pathogens
or the development of pests, depending on the characteristics of
the pathogen, the plants and the local environment. Although
microclimate can directly affect the pest and its natural
enemies, it may also have effects via the physiology of the host.

PSD-induced barrier effects are involved both at the plot
and at the landscape levels (not to mention the fact that some
mulches function as barriers to weed or parasitic plant
emergence) as shown in the variety of instances reported in
agroforestry or in agroecosystems based on annual crops. At
the landscape level, increased connectivity associated with
some forms of PSD may favour the dispersal of noxious
organisms, which might conflict with some strategies aimed at
the conservation of desirable species. Pests and their multiple
enemies are simultaneously affected by landscape structure,
leading to opposing processes.

14.4 Directions for future research

Several successful examples of the regulating effects of PSD
on pests and diseases derive from “pathosystems” drawn
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from complex systems such as DMC systems (Ratnadass et
al. 2006b), food crop- or vegetable crop-based “push–pull”
systems (Cook et al. 2007) and agroforestry systems. This is
the case of pests and diseases in cocoa- and coffee-based
agroforestry systems (Schroth et al. 2000; Staver et al. 2001)
and for Striga in DMC systems (Husson et al. 2008) or for
stem borers in push–pull systems (Khan et al. 1997a).

The more synergistic effects there are (particularly when
both bottom-up and top-down effects are involved as in the
above-mentioned complex systems), the more sustainable
the system is likely to be in mobilizing ecologically based
pest- and disease-regulating mechanisms.

This would also limit (or delay) the capacity of the pest
and pathogen to overcome individual PSD-based regulation
processes, as happens with other methods of control.
Actually, with the aim of postponing this process even
longer, PSD-based pest and disease regulatory methods can
also be combined with other environmentally friendly
techniques such as some forms of biological control.

Although a review of the literature can obviously help
select useful forms of pathosystem/PSD typology-based
indicators, a new approach is needed for the design and
management of an integrated ecosystem (Hill et al. 1999).
Any recommendation on how to reduce damage caused by
pests and diseases should be accompanied by an indication
of the predictability and reliability of the suggested PSD-
based technique; unfortunately, the results of decades of
field studies in agroecology do not bode well for the
establishment of a generalized, reliable protocol for the use
of diversity in crop fields (Banks and Ekbom 1999).

As the numerous combinations of species, environments
and practices are beyond the scope of traditional factorial
experimental approaches, a systems approach and dynamic
modelling tools are required to improve our understanding
of the processes involved and to evaluate adequate
management schemes in dynamic systems with heteroge-
neous structures (Malézieux et al. 2009).

Modelling should be used as a tool for incepting and
developing PSD-based cropping systems that are resilient to
pests and diseases, particularly to validate hypotheses (general
qualitative mechanistic explanations for empirical results) or
to quantify the importance of manipulable vegetation charac-
teristics of agroecosystems for the control of pests and
diseases, particularly to optimize systems that can have
antagonistic effects. Such an approach is currently being
applied in Cirad’s Omega3 project (Ratnadass et al. 2010).

When complex situations result in opposing effects
(either in relation to agronomic constraints or conflicting
effects on components of the pest/disease complex), one
may also consider replacing ‘real’ PSD effects by mimics
of PSD regulatory effects on pests and diseases to tackle
a particular pest or disease that cannot be controlled by
PSD.

In this respect, even though it mimics naturally occurring
ecological processes, the use of genetically engineered trap
plants is still under debate, depending on whether one stresses
its negative effects on plant biodiversity in ecosystems via
other pathways (Altieri et al. 2004) or on the potential
benefits for microbial biodiversity and non-target arthropod
biodiversity of the use of respectively herbicide-tolerant GM
crops (via enhanced no-till cultivation) and insecticide-
resistant crops (via reduced insecticide use) (Ammann 2005).
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