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A B S T R A C T

Agroecosystem plant diversification at the field scale has been shown to enhance ecological pest regulation. We
explored the effects of plant community composition and soil properties on the soil nematode community, with a
particular interest in the regulation of banana plant-parasitic nematodes (PPN). We monitored banana
phytometers (Cavendish Grande Naine cultivar) in 85 plots distributed along a plant richness gradient. Plant
community composition, soil properties, abundance of bacterivorous, fungivorous and proportion of predaceous
soil free-living nematodes, and abundance and damage of PPN (Radopholus similis, Pratylenchus coffeae,
Helicotylenchus multicinctus, and Meloidogyne spp.) in phytometer roots were measured. We used structural
equation modeling to investigate ecological processes leading to PPN regulation. Low-stratum plant species
richness, but not high-stratum, was positively related to microbivore nematode abundances, supposedly because
it promoted qualitative diversity of organic inputs and micro-climatic effects supporting more soil microorgan-
isms. Musa genotype and low-stratum plant species richness induced associational susceptibility because of
differential susceptibility of Musa genotypes to PPN and because of polyphagia of PPN spreading outside the
Musa family, respectively. We found no regulation of PPN by predaceous nematodes, probably because food web
complexity prevented trophic cascades from propagating. Ultimately, fungivorous nematode abundance was
negatively related to PPN abundance, suggesting apparent competition or increased regulation by antagonistic
fungi. Our results suggest that, when facing generalist pests, cropped plant communities should be diversified to
promote pest regulation but must be carefully assembled to limit pest susceptibility heterogeneity among crop
genotypes and to exclude alternative host plant species.

1. Introduction

According to the “resource concentration hypothesis” (Root, 1973),
monocultures are prone to pest and disease infestation. Since the 1990’s,
agroecosystem plant diversification is increasingly considered a promising
way to restore positive interactions among plants and promote ecological
pest regulation (Altieri, 1999; Malézieux et al., 2009; Tscharntke et al.,
2012; Leakey, 2014; Isbell, 2015). Meta-analyses have shown that field-
scale agroecosystem plant diversification might be associated with regula-
tion of diverse pests (Quijas et al., 2010; Letourneau et al., 2011; Boudreau,
2013; Dassou and Tixier, 2016), including plant-parasitic nematodes (PPN).
In some cases, however, plant diversification may favor pests (Schroth et al.,
2000; Norris and Kogan, 2005) leading to increased damage (Quijas et al.,
2010; Letourneau et al., 2011).

Plant diversification can have positive, negative or neutral effect on
PPN abundance in agroecosystems (Boudreau, 2013). Several studies
have demonstrated that the effect of primary resource diversification on
the soil food web depends on the identity of the plants and is more
likely attributable to the complementarity in resource quality than to an
increase in total resource quantity (Wardle et al., 2003; de Deyn et al.,
2004; Djigal et al., 2012). In these studies, authors compared the soil
food webs before and after an artificial change in vegetation during
short experiments (from 8 to 28 months). Therefore, they rather
assessed the effect of perturbations on nematode communities than
the influence of plant diversity or richness on these communities in
perennial cropping systems. A fortiori, nematodes belong to the below-
ground compartment of ecosystems, which presents inertia in respond-
ing to changes in the plant community (Korthals et al., 2001;
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Eisenhauer et al., 2010; Wardle and Jonsson, 2014). Because of their
direct dependence on plant resources, PPN are more responsive to
changes in vegetation than nematodes belonging to other trophic
groups (Korthals et al., 2001). Short-term studies may therefore observe
transitive community states rather than the final consequence of plant
diversification on the soil food webs and ultimately on PPN regulation.

Banana-based agroecosystems provide a good model to study the
effect of plant community diversity on the soil food web and the
regulation of PPN since bananas are grown as semi-perennial or
perennial crop under wide ranges of plant community structure and
composition. Among the most damaging pests in banana agroecosys-
tems are the PPN (Gowen et al., 2005) which reduce yields by
disrupting soil resource uptake and by causing banana plants to topple
(Quénéhervé, 2008). Banana roots are attacked by various PPN species
presenting different parasitic modes (Gowen et al., 2005; Quénéhervé,
2008). The main banana PPN are the migratory and strict endoparasites
Radopholus similis and Pratylenchus coffeae which perform their entire
cycle within the central cylinder of the roots (Gowen et al., 2005), the
migratory semi-endoparasite Helicotylenchus multicinctus which is con-
fined to the cortical cells of the roots (Orion et al., 1999), and the
sedentary endoparasite Meloidogyne genus, in which females form root
galls before releasing juveniles in the soil. In export banana production,
nematicides have been widely used to control PPN resulting in 5–267%
yield increases (Quénéhervé, 2008). However, nematicides represent a
threat to beneficial nematodes (Timper, 2014), human health and the
environment (Matthews, 2006), and their efficiency may decrease with
repeated application (Moens et al., 2004). In French West Indies,
nematicides have led to water, soil and reef pollutions (Bocquené and
Franco, 2005; Cabidoche et al., 2009) with consequences on human
health and ecosystem functioning. To control PPN more sustainably,
growers may adopt cultural practices to interrupt PPN population
growth such as fallow or rotation with non-host crops and clean
material replanting (Quénéhervé, 1993). Unfortunately, these practices
did not lead to economic and environmental benefits in all farm
contexts (Blazy et al., 2009). Elsewhere, cultural practices relying on
biodiversity, i.e. mixed crops or cultivars, the introduction of antag-
onistic or trap plants or the use of resistant cultivars, have emerged in
subsistence agriculture where farmers cannot afford nematicides
(Bridge, 1996). Such field-scale spatial diversification practices have
been reported to enhance PPN regulation for several crops but rarely for
bananas.

In banana agroecosystems, the mixture of banana genotypes is likely
to affect PPN abundances, as banana genotypes are more or less
susceptible to PPN (Quénéhervé et al., 2009, 2011). The addition of
cover crops has been showed to affect the abundance of multiple
nematode trophic groups (Djigal et al., 2012). Moreover, the composi-
tion of the plant community may determine the quality and quantity of
organic matter and interfere with the composition of the soil commu-
nity (detritivore micro-organisms and nematodes) and affect PPN
regulation (Tabarant et al., 2011). Trophic links may be involved in
the regulation of PPN (Khan and Kim, 2007; Holtkamp et al., 2008).
Recent studies using molecular gut analysis confirmed that predaceous
nematodes were feeding on PPN, especially when in contact with the
rhizosphere, (Cabos et al., 2013; Wang et al., 2015). However, the
efficacy of predaceous nematodes as biological control agent may
depend on their abundance relatively to that of PPN, the length of
their life cycle, their sensitivity to soil perturbations and their degree of
specialization (Neher, 2010). Antagonistic fungi trapping or feeding on
PPN are also expected to play a role in PPN regulation (Siddiqui and
Mahmood, 1996; Dong and Zhang, 2006; Mendoza and Sikora, 2009).

In this study, we monitored multitrophic soil food webs including
free-living and plant-parasitic nematodes in a gradient of plant species
richness in farmers’ banana fields established for more than two years.
We used structural equation modelling to test for and understand the
effects of plant richness (crop and non-crop) and soil properties on the
soil food web, and ultimately on banana PPN regulation.

2. Methods

2.1. Study regions

We conducted a field study in the Lamentin Plain in the center of
Martinique, French West Indies (14°28′–14°40′ N, 60°54′–61°05′W) and
in the Talamanca Reserve (9°00′–9°50′ N, 82°35′–83°05′ W) in south-
eastern Costa Rica. These two tropical, humid regions have similar
pedo-climatic conditions and cover complementary ranges of agroeco-
system plant diversity, ranging from intensive monoculture to highly
diversified agroforestry. In the Lamentin Plain, bananas and plantains
are mainly grown as a monoculture on bare soil or with a cover crop;
fields eventually include spontaneous cover or marginal crops or trees
(e.g., citrus trees, coconut trees, sugar cane). In the Talamanca Reserve,
banana agroecosystems mainly consist of agroforestry systems varying
in terms of plant community structure and composition, but including
monocultures. Agroforestry systems may contain a mix of cultivars and
include remnant forest trees, cultivated trees (e.g., cacao trees),
medicinal plants, ground crops (e.g. taro, cassava) and weeds. The
mean annual temperature measured within our sampling zone during
the study was 26.7 ± 0.4 °C in Martinique and 24.8 ± 0.3 °C in Costa
Rica. The mean annual rainfall ranges from 1500 to 2500 mm from
south to north on the Lamentin Plain (Duyck et al., 2012) and is about
3500 mm in the Talamanca Reserve (Deheuvels et al., 2012). Soils are
alluvial soils or Ferrisols (Colmet-Daage and Lagache, 1965;
Winowiecki, 2008).

2.2. Phytometers

We monitored a network of 85 twenty-meters diameter circular
plots (29 plots in Martinique and 56 plots in Costa Rica) distributed in 9
heterogeneous banana-based farmers’ fields. All fields were established
for at least 2 years at the beginning of the experiment. Fields and plot
locations were selected a priori to cover a wide range of plant species
richness situations. We installed one in vitro-propagated banana plant
(Musa AAA, Cavendish subgroup, Grande Naine cultivar) in the center
of each plot as a phytometer (Fig. S1 in Supplementary material). The
phytometers are standardized plants (genetically similar) initially free
of nematodes and experimentally transplanted in contrasted situations
to assess responses to environmental variables (Dietrich et al., 2013).
Each phytometer was placed 1.5 m distant from an existing banana
plant. Within one field, adjacent phytometers were at least 20 m apart
so that two adjacent plots never overlapped. The study began in July
2014 and ended in January 2016. No chemical control of nematodes or
soil perturbation occurred in any of the fields during the study. In each
plot, we evaluated the abiotic properties of the soil, plant richness,
Musa abundance and richness, abundance of free-living nematodes in
the soil according to trophic group, PPN abundance in the phytometer
roots and damage caused to the phytometer roots.

2.3. Plant community

Plant species richness is commonly used as an indicator of ecosys-
tem plant biodiversity (Letourneau et al., 2011; Soliveres et al., 2016).
Within each plot, we subdivided the plant community into a low
stratum (plant height at top of the crown<1.5 m) and a high stratum
(plant height at top of the crown ≥1.5 m) to account for differential
effects related to differences in plant traits such as root depth and
growth dynamics. Plant species richness of the high stratum was
calculated as the number of plant species present in the plot after
identification of each plant to species level. We evaluated the species
richness of plants smaller than 1.5 m high along four transects of 10 m,
going from the phytometer to the border of the plot and oriented
toward the four cardinal points (Fig. S1). For each transect, we counted
the number of plant species encountered along the transect within a 20-
cm wide strip. Plant species richness of the low stratum was obtained by
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averaging the four species richness values. Plants were identified using
recent literature (Gargiullo et al., 2008; Rohwer, 2012) and/or accord-
ing to expert, local and traditional knowledge (Cook et al., 2014). When
a species was not identifiable, a morphospecies was assigned to the
individual on the basis of morphological specificities, to allow for
richness calculation. Musa genotype richness was assessed separately
because of the particular role of this plant family in the life cycle of
banana PPN (Gowen et al., 2005). We tested for potential correlation
between total plant richness (sum of low- and high-stratum plant
species richness) and Musa abundance, and between total plant species
richness and nematode community SI and MI using linear regression.

2.4. Soil properties and free-living nematodes

Soil samples were collected in September 2015 in Martinique and in
August 2015 in Costa Rica. For each plot, six soil samples were taken
within an area of 50-cm radius around the phytometer (Fig. S1 in
Supplementary material) and from 0 to 30 cm depth, and then mixed to
form one composite sample per plot. Composite soil samples were
divided in two subsamples; one 50-g subsample was used for soil
analyses, and another 300-g subsample was used to assess the abun-
dance of three trophic groups of free-living nematodes. Soil humidity,
soil organic matter content and soil C:N ratio were analyzed by the
Laboratory of Soil Analyses US 49, CIRAD (France). Soil free-living
nematodes were extracted from the composite soil subsamples by
elutriation (Seinhorst, 1962) and then the extracted material was
passed through modified Baermann funnels (Whitehead and
Hemming, 1965). Nematodes were subsequently fixed, identified to
family or genus, and counted. According to their taxa, nematodes were
assigned to one of the following trophic groups: bacterivorous, fungi-
vorous or predaceous (omnivorous and strictly carnivorous), and the
abundance of each trophic group was assessed. For further analysis, we
calculated the proportion of predaceous nematodes in the soil nema-

tode community as this metric was expected to better relate to soil
suppressiveness, i.e. PPN regulation (Sánchez-Moreno and Ferris,
2007). Free-living nematodes were also classified into five c-p (coloni-
zer-persister) groups in order to calculate the maturity index (MI)
(Bongers, 1990) and the structure index (SI) (Ferris et al., 2001) of the
community. MI and SI range from 1 to 5 and from 0 to 100 and increase
with environmental stability and food web complexity, respectively.
Since free-living fungivorous and bacterivorous nematodes have been
proven to be good proxies for soil fungi and bacteria, respectively
(Ferris et al., 2001; Neher, 2001), we did not measured directly the
abundance of soil fungi and bacteria.

2.5. PPN abundance and damage assessment

After flowering (or at the end of the experiment for phytometers
that did not flower), phytometer root samples were taken between 5
and 30 cm depth near the corm. The roots were longitudinally cut in
two parts, and damage was evaluated by a single observer on a 0 (no
damage) to 5 (complete damage) scale (Bridge et al., 1993). Damage
assessment accounted for both the cortex and the central cylinder. The
same root samples were used to assess the abundance of the four main
PPN taxa: R. similis, P. coffeae, H. multicinctus, and Meloidogyne spp.
Nematodes were extracted from banana roots following Araya-Vargas
(2002). They were identified to species level and counted with a ×50
stereomicroscope.

2.6. Structural equation modelling

On the basis of the literature, we identified a priori probable
hypotheses for the causal links among the variables describing the
plant community, the properties of the soil, the abundances of the
trophic groups of free-living nematodes, the abundances of the banana
PPN taxa and the root damage. From these hypothetical links among

Table 1
Summary of the sub-models composing the overall structural equation model. LSPR: low-stratum plant species richness; HSPR: high-stratum plant species richness; SH: soil humidity;
SOM: soil organic matter (%); SCN: soil C:N ratio; MA: Musa abundance; MR: Musa richness; BN: abundance of bacterivorous nematodes; FN: abundance of fungivorous nematodes; PN:
proportion of predaceous nematodes; Rsim: abundance of Radopholus similis; Pcof: abundance of Pratylenchus coffeae; Hmul: abundance of Helicotylenchus multicinctus; Melo: abundance of
Meloidogyne spp.; RD: root damage.

SEM sub-models

Response variable Explanatory variables

BN LSPR1 + HSPR1 + SH2 + SOM3 + SCN4

FN LSPR1 + HSPR1 + SH2 + SOM3 + SCN4

PN LSPR1 + HSPR1 + SH2 + SOM3 + SCN4

Rsim LSPR5 + HSPR5 + MA6 +MR7 + BN8 + FN8 + PN9

Pcof LSPR5 + HSPR5 + MA6 +MR7 + BN8 + FN8 + PN9

Hmul LSPR5 + HSPR5 + MA6 +MR7 + BN8 + FN8 + PN9

Melo LSPR5 + HSPR5 + MA6 +MR7 + BN8 + FN8 + PN9

RD Rsim10 + Pcof10 + Hmul10 + Melo10

SEM a priori hypotheses References

1Plant species richness affects the composition of the soil food web through effects on the quantity and the quality
of basal resources and on soil properties.

Eisenhauer et al. (2010), Djigal et al. (2012) and Lange et al.
(2014, 2015)

2Soil humidity affects the activity of soil organisms. Schnürer et al. (1986)
3Soil organic matter content affects the activity of soil saprophytic microorganisms and the texture of the soil. Bongers and Bongers (1998), van der Putten et al. (2006) and

Tabarant et al. (2011)
4Soil C:N ratio determines the relative abundances of bacterivorous and fungivorous soil free-living nematodes. Ferris and Matute (2003)
5Plant richness affects the abundance of banana plant-parasitic nematodes through effects on the quantity and

quality of hosts.
Duyck et al. (2009)

6Host abundance (or density) determines pest abundance by dilution effect. Root (1973)
7Host genotype richness affects the level of pest inoculum and the abundance of pest observed on the phytometer. Barbosa et al. (2009) and Quénéhervé et al. (2009, 2011)
8The abundances of free-living bacterivorous and fungivorous nematodes are proxies for the abundances of soil

bacteria and fungi, respectively; Antagonistic bacteria or fungi (pathogen or predator) particpates in banana
PPN regulation.

Ferris et al. (2001), Neher (2001), Siddiqui and Mahmood
(1996), Dong and Zhang (2006) and Mendoza and Sikora
(2009)

9Predaceous free-living nematodes feed on banana PPN. Khan and Kim (2007), Holtkamp et al. (2008) and Cabos et al.
(2013)

10PPN cause root damage. Gowen et al. (2005) and Quénéhervé (2008)
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the variables, we constituted a global path model composed of a set of 8
linear sub-models (Table 1, Fig. 1). According to response variable
distributions, and following Bolker et al. (2009), we corrected the
standard errors of all sub-models using quasi-Poisson generalized linear
mixed models (GLMM) for each sub-model, except for the proportion of
nematode predators for which we used a quasi-binomial linear mixed
model. To address the non-independence of sampling between fields,
we added field identity as a random intercept effect in all sub-models
(Zuur et al., 2009). We used structural equation modelling (SEM)
(Grace, 2006) to realise a confirmatory test of our global path model
and identify the significant relationships. Because the application of
traditional SEM is restricted to normally distributed data, we used the
piecewiseSEM R-package (Lefcheck, 2016), which generalises the meth-
od to a larger range of distribution families. In the piecewise SEM
approach, Shipley’s tests of direct separation are used to test for missing
paths and a Fisher’s C statistic is calculated from the p-values of those
tests (Shipley, 2009). The confirmatory test of the global path model
consists in running a chi-squared test on the C statistic. The global path
model is considered to represent the data well when the p-value of this
chi-squared test is superior to the significance threshold. In addition,
the piecewiseSEM package provides a coefficient for each path.

All statistical analyses were performed with R 3.2.3 (R Development
Core Team, 2015) and with an alpha level of 0.05.

3. Results

Plots covered a wide range of plant species richness levels: plant
richness ranged from 0.5 to 22.5 species in the low stratum, from 0 to
16 species in the high stratum, and from 0.5 to 32.25 when considering
the sum of both strata. The list and abundances of Musa genotypes
encountered in the plots during the experiment is presented in Table 2.

Mean values of soil properties, plant community characteristics and
nematode abundance, proportion or damage score are provided in
Table 3. The complete list of soil nematode families or genus encoun-
tered in the experimental plots is provided in Table S1 in Supplemen-
tary materials, along with mean abundances per 100 g of dry soil and
standard-deviations. Most plots contained soil nematode communities
with high SI values (Fig. 2a) and MI values comprised between 2 and 4
(Fig. 2b), indicating that the phytometers were located in moderately to
little disturbed environments where food webs were mostly complex.
Structure Index (p < 0.0001) and MI (p = 0.0369) were positively
related to total plant species richness (Fig. 2a & b). We found that Musa
abundance and total plant species richness were negatively correlated
(Fig. S2 in Supplementary material; p < 0.001; R2 = 0.24).

Our structural equation model represented the data well (Fisher’s

Fig. 1. Structural equation model. Path diagram of the overall structural equation model to be tested describing the links among plant community composition descriptors, soil
properties, soil free-living nematode abundances or proportion and plant-parasitic nematode abundance and damage. Arrows represent tested relationships among variables. Dashed
frames symbolize the different compartments.

Table 2
Total abundance of Musa genotypes encountered in the plots in each study region.

Study region Musa genotype (group) Nb. of plants

Talamanca Reserve, Costa Rica Gros Michel (AAA) 1138
Cavendish (AAA) 747
Plantain (AAB) 606
Quadrado (ABB) 197
Lacatan (AAA) 76
Fressinette (AA) 39
Chopo Colorado (AAA) 27
Chopo Blanco (AAA) 21
Cocori 12

Lamentin Plain, Martinique Cavendish (AAA) 2526
Plantain (AAB) 363
Figue pomme (AAB) 37
Fressinette (AA) 5
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test p = 0.819) and 13 of the 44 relationships tested were significant
(Fig. 3, Table S2). Soil humidity (p = 0.0130) and low-stratum plant
species richness (p = 0.0331) were positively correlated with the
abundance of bacterivorous nematodes while soil organic matter was
negatively correlated with the abundance of bacterivorous nematodes
(p = 0.0209). The abundance of fungivorous nematodes was positively
correlated with low-stratum plant species richness (p < 0.0001;
Fig. 4a). The abundance of fungivorous nematodes had a significant
and positive effect on the proportion of predaceous nematodes in the
soil free-living nematode community (p = 0.0001; Fig. 4b) whereas the
abundance of bacterivorous nematodes had no effect on the proportion
of predaceous nematodes (p = 0.4430). Elsewhere, the abundance of
bacterivorous nematodes was positively correlated with the abundance
of Meloidogyne spp. in the roots of the phytometers (p = 0.0008). The
abundance of fungivorous nematodes was negatively correlated with
the abundance of H. multicinctus (p = 0.0270; Fig. 4c) and positively
with P. coffeae abundance (p = 0.0117). Low-stratum plant species
richness was positively correlated with the abundance of R. similis
(p = 0.0260).

Musa abundance did not significantly affect the abundance of any of
the four banana PPN taxa (p = 0.3151, 0.3013, 0.7417, 0.1130 for R.
similis, H. multicinctus, P. coffeae and Meloidogyne spp., respectively).
However, Musa genotype richness had direct, significant and positive
bottom-up effect on the abundances of R. similis (p = 0.0137) and P.
coffeae (p = 0.0225) but not on H. multicinctus and Meloidogyne spp.
(p = 0.7296 and 0.3124, respectively). Phytometer root damage was
significantly and positively related to the abundances of R. similis and
H. multicinctus (p = 0.0001 and p = 0.0348, respectively; Fig. 5) but
was not related to the abundance of P. coffeae and of Meloidogyne spp.
(p = 0.2890 and 0.3845, respectively).

4. Discussion

4.1. Effects of plant community and soil properties on the free-living
nematodes

Low-stratum plant species richness had a positive effect on the
abundance of free-living fungivorous and bacterivorous nematodes,
likely to be mediated by soil saprophytic fungi and bacteria through a
bottom-up trophic cascade. Plant species richness was shown to have a
positive effect on microbial biomass and activity in semi-natural
grasslands mostly due to qualitatively more diverse carbon inputs
(plant litter and root exudates) (Eisenhauer et al., 2010; Lange et al.,
2015). Lange et al. (2014) showed that higher plant richness was
associated with higher leaf area index which provided more favorable

microclimatic conditions for microbial activity.
Interestingly, we found no effect of high-stratum plant species

richness on the free-living nematode community, what suggests that
low-stratum plants played a more important role in organic matter
quality and soil functioning of the upper layers than high-stratum
plants. High-stratum plants (> 1.5 m height) were mostly perennial
species, having deep root systems, unlikely to favor interactions of the
roots (decomposing biomass and root exudates) with microorganisms
that we sampled in the top soil layer. The effect of high-strata trees is
maybe more likely to be reflected by tree identity. It has been showed
that tree identity can determine organic matter quality through leaf
litter and rhizodeposits and subsequently affect the soil food web
(Cesarz et al., 2013). Our contrasted results among plant height strata
differed from Zhao et al. (2014) who showed that both overstory and
understory vegetation could affect soil microorganism and nematode
diversity as a result of bottom-up effects and soil microclimate
alteration.

We found no effect of the quality of the soil organic matter, i.e. soil
C:N ratio, on fungivorous and bacterivorous nematodes. The low
variability of the C:N ratio among our plots (see Table 3) may have
dampened the observation of any effect. Otherwise, we found a
negative relationship between soil organic matter content and the
abundance of bacterivorous nematodes. Generally, organic amend-
ments induce an enrichment effect having opposite consequences, i.e.,
a fast and temporary stimulation of bacterial decomposer activity
(Bongers and Bongers, 1998; van der Putten et al., 2006). The pulses
of organic matter from amendments in the latter studies were probably
responsible for perturbations that interfered with successional processes
(Korthals et al., 2001; van der Putten et al., 2006). In our study, the
nematode community was not subject to perturbation by an experi-
mental treatment and roots and litter from the established plant
community provided constant input of organic matter. Our results
support the diversity-stability hypothesis, stating that more diverse
systems have greater resistance to external forces such as nutrient
perturbations (Balvanera et al., 2006), and bring a new and more
generic perspective on the effect of plant diversification on soil
communities of agroecosystems. An alternative explanation of the
negative relation that we found between the soil organic matter and
bacterivorous nematodes is that other predators (such as tardigrades,
rotifers, protozoa or microarthopods) may cause a diversion of the
carbon cascade (Ferris et al., 2012) by feeding on bacteria or preying on
bacterivorous nematodes.

The effect of low-stratum plant species richness on soil decomposers
and microbivore nematodes positively cascaded to the upper trophic
level (predaceous nematodes) through the fungal pathway only. These

Table 3
Mean and standard-deviation (sd) of the variables related to vegetation, soil, free-living nematodes and plant-parasitic nematodes measured in the plots.

Variable group Variable Unit Mean (± sd)

Vegetationa Musa genotype richness number of genotypes in the plot 2 ± 1
Musa abundance number of plants in the plot 45 ± 27
Low-stratum plant richness (< 1.5 m) number of species in the plot 10 ± 6
High-stratum plant richness (> 1.5 m) number of species in the plot 3 ± 3

Soilb Soil organic matter % 3.64 ± 1.51
Soil C:N ratio 8.54 ± 1.30
Soil humidity % 33.61 ± 5.40

Soil free-living nematodesb Fungivores nb. of individuals per 100 g of dry soil 79 ± 76
Bacterivores nb. of individuals per 100 g of dry soil 98 ± 103
Predators nb. of individuals per 100 g of dry soil 36 ± 49

% of individuals among the total abundance of soil free-living nematodes 5.96 ± 5.77

Banana plant-parasitic nematodesc Radopholus similis nb. of individuals per 100 g of roots 2959 ± 5627
Helicotylenchus multicinctus nb. of individuals per 100 g of roots 5332 ± 9279
Pratylenchus coffeae nb. of individuals per 100 g of roots 872 ± 1914
Meloidogyne spp nb. of individuals per 100 g of roots 510 ± 1100
Banana root damages score (1 to 5 scale) 0.63 ± 0.65
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results are in accordance with those of Tabarant et al. (2011) which
showed that PPN regulation after organic amendments were related to
an increase of the abundance of fungivorous and of the proportion of
carnivorous nematodes.

4.2. Regulation of PPN abundance

4.2.1. Associational susceptibility
A great amount of literature confirms that increasing biodiversity

improves resistance of ecosystems to pests (Balvanera et al., 2006;
Letourneau et al., 2011). In contrast, we found that plant species
richness directly promoted PPN abundance in the phytometer roots.
Indeed, our data showed that the number of Musa genotypes was
associated with an increase of the abundances of R. similis and P. coffeae

and that the abundance of R. similis was additionally promoted by low-
stratum plant species richness. This outcome is known as “associational
susceptibility” and refers to the decrease of pest regulation with
biodiversity (Tahvanainen and Root, 1972). The observed associational
susceptibility supports the hypothesis that the inclusion of more
susceptible genotypes within a population of more resistant or tolerant
genotypes will increase the exposure and infestation of the latter
genotypes to the pest (Barbosa et al., 2009). It is also consistent with
results from Quénéhervé et al. (2011), who demonstrated that the
susceptibility of Musa to PPN varied among genotypes and that the
abundance of PPN was driven by the most susceptible host when
multiple genotypes were growing together. Very similarly,
Castagneyrol et al. (2012) found that the genetic diversity in oak
stands increased the susceptibility to an herbivore pest of genotypes
more resistant in pure stands. The positive effect of low-stratum
richness on abundance of PPN was likely explained by the polyphagia
of PPN whose host ranges include various plant species from various
plant families outside the Musaceae (Quénéhervé et al., 2006). Poly-
phagia allowed pests to diversify their diet and to increase their fitness
in diversified plant communities (Bernays et al., 1994; Karban et al.,
2010). Along with other studies (Jactel and Brockerhoff, 2007;
Castagneyrol et al., 2012), these results support the hypothesis that
plant diversity is more likely to confer associational resistance against
specialist pests than against generalist ones.

Unexpectedly, PPN abundances did not depend on the abundance of
Musa in the community. In our experiment, lower Musa abundance was
associated with higher total plant species richness. We hypothesized
that the dilution effect of diversity expected to increase with plant
diversity was dampened by the polyphagia of the banana PPN. More
explicitly, PPN abundances could have increased or remained high
regardless of Musa abundance because of the presence of alternative
hosts compensating for Musa suppression replaced the roots of Musa
individuals.

4.2.2. Predation
Although the cascading effect of plant species richness on free-living

nematodes resulted in higher predaceous nematode proportion, our
results did not support the hypothesis of PPN regulation by predation.
Contrastingly, Djigal et al. (2012) showed that in response to the
addition of a cover crop banana predaceous nematode abundance
increased while PPN abundances decreased. However, these observa-
tions reflected a response to a shift from bare soil to monospecific cover,
what greatly differs from our gradient-based study. In addition, the food
webs in our study were composed of long and complex trophic chains as
indicated by the high SI values. Such complexity along with the
presence of abundant alternative preys (fungivorous and bacterivorous
nematodes) may have limited predation of PPN by predaceous nema-
todes (Polis and Strong, 1996; Ferris et al., 2001).

4.2.3. Non-trophic interactions with free-living nematodes
The abundance of bacterivorous nematodes, which was favored by

low soil organic matter content and high soil humidity, had a positive
effect on the abundance of Meloidogyne spp. This result is in opposition
with previous studies in which addition of organic matter reduced the
damage caused by these PPN (Akhtar and Alam, 1993) because of the
toxicity of organic acids, the increased numbers of antagonistic fungi or
bacteria, or changes in soil texture (Dong and Zhang, 2006). Although
Meloidogyne spp. finally did not contribute to root damage, further
investigations are required to explain this result.

We found that the abundance of fungivorous nematodes had
opposite effects on the abundances of P. coffeae and H. multicinctus.
We hypothesise that the negative relationship between fungivorous
nematodes and H. multicinctus may be explained i) by apparent
competition between those two co-located preys that share common
predators, and ii) by the effect of antagonistic soil fungi on PPN, as the
abundance of fungivorous nematodes was a proxy for fungi abundance.

Fig. 2. Nematode community indices. Relationships between total plant species
richness and (a) structure (SI) and (b) maturity (MI) indices of the soil nematode
community. Total plant richness corresponds to the sum of high- and low-stratum plant
species richness. Each point represents the data from one plot.
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The second hypothesis possibly involved antagonistic fungi i) sharing
the same host and competing for resources (photosynthesis products)
and infection sites on host roots, ii) modifying root suitability or the
microbial community of the rhizosphere, iii) eliciting plant defense

mechanisms (Azcon-Aguilar and Barea, 1996) or iv) being involved in
fungal predation or parasitism (Dong and Zhang, 2006). Since competi-
tion for root resources has been demonstrated between H. multicintus
and endoparasitic nematodes (Tixier et al., 2008), the increase of P.

Fig. 3. Validated structural equation model. Validated structural equation model off the relationships between plant community composition descriptors, soil properties, soil free-
living nematode abundances or proportion and plant-parasitic nematode abundance and damage. Black and red arrows represent significant (p < 0.05) positive and negative paths,
respectively. Unstandardized path coefficients are indicated adjacent to the corresponding arrows. Stars symbolized the level of significance of the paths. Non-significant paths
(P > 0.05) are not shown (see Table S1 in supplementary saterial). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. (a) Abundance of the fungivorous nematodes as affected by the low-stratum plant species richness. (b) Abundance of predaceous nematodes as affected by the abundance of the
fungivorous nematodes. (c) Abundance of H. multicinctus as affected by the abundance of the fungivorous nematodes. Points: observed data; Lines: relationship predicted by the SEM sub-
models.

C. Poeydebat et al. Applied Soil Ecology 117–118 (2017) 137–146

143



coffeae with fungivore abundance may be an indirect consequence of
the decreased abundance of H. multicinctus.

4.2.4. Differences among PPN responses
The four PPN taxa exhibited different regulation pathways: R. similis

was only affected by plant community effects, Meloidogyne spp. and H.
multicinctus were only affected by non-trophic interactions with soil
free-living nematodes, and P. coffeae was affected by both types of
effect.

Differences in response of PPN taxa to soil properties and free-living
nematode abundances (or proportion) was supposedly related to
differences in PPN life history traits. Radopholus similis and P. coffeae
are migratory endoparasites that can complete their entire cycle in the
central cylinder of the root (Gowen et al., 2005) limiting their exposure
to soil and soil organisms as long as the root they live in provides
sufficient food. Although the Meloidogyne spp. spend part of their life
cycle within the roots of their host, the J2 juveniles that hatch from the
eggs must move through soil to find a new host root (Karsen and Moens,
2006). Helicotylenchus multicinctus is a semi-endoparasitic nematode
that is confined to the outer cells of the root cortex and more exposed to
the soil compartment (Orion et al., 1999). Recent advances suggested
that microbial biological control efficacy varied among PPN species,
with more encouraging results for ectoparasitic or semi-endoparasitic
species than for migratory endoparasitic species (Gowen et al., 2005;
van der Putten et al., 2006). Our results confirmed a lower level of
interaction of strictly endoparasitic species such as R. similis and P.
coffeae with the soil compartment.

The four PPN taxa had contrasting responses to plant diversifica-
tion, probably also explained by biological differences. Radopholus
similis was particularly responsive to the composition of the plant
community probably because of its low ability to survive in the soil in
absence of host plants (Chabrier et al., 2010), while the absence of plant
community effects on Meloidogyne spp. and H. multicinctus could be
explained by their stronger interaction with the soil compartment.

4.3. PPN damage

Radopholus similis and P. coffeae are the first and second most
damaging banana PPN, respectively (Gowen et al., 2005; Quénéhervé,

2008). As expected, R. similis was significantly responsible for banana
root damage. However, P. coffeae had no significant effect on damage.
Instead, H. multicinctus was found to significantly cause root damage. In
the roots of the phytometers, we found either a majority of H.
multicinctus, a majority of R. similis or low abundance of both species
(Fig. S3 in Supplementary material). This pattern suggests the existence
of a competitive exclusion between both species and reveals that
damage is generally not additive. In agreement with our results,
Meloidogyne spp. have been reported to cause no or little damage even
when abundant (Chabrier et al., 2002).

4.4. Conclusion

In our study, plant diversity was most of the time the outcome of
both farmers’ management and spontaneous colonization of the field.
We showed that uncontrolled increase of plant richness could lead to
associational susceptibility of Musa crops to PPN. Associational suscept-
ibility is probably one of the reasons explaining the non-negligible
occurrence of negative relationships between plant diversity and pest
regulation (Quijas et al., 2010; Letourneau et al., 2011) and could
constitute a major limitation in developing plant-diversified schemes in
agriculture. Nevertheless, our results provide insights into sustainable
plant community management for the regulation of PPN abundance and
damage. When facing generalist pests, cropped plant communities can
be diversified but must be carefully assembled to limit pest suscept-
ibility heterogeneity among crop genotypes and to exclude alternative
host plant species. Moreover, diversification of the low-stratum plant
community is required to stimulate the substantial effects of free-living
nematodes on PPN regulation. The literature provides a substantial
amount of studies in which the role of environmental factors in PPN
regulation is ‘artificially’ tested by the use of experimental treatments.
However, such studies are likely to provide information on processes of
recovery from perturbations caused by experimental treatments and
generally compare a limited number of treatments. We suggest further
studies should make greater use of gradient of plant richness or
diversity existing in farmers’ fields. Such gradient allows comparing
states of diversity and could provide better comprehension of ecological
processes implied in crop pest regulations.
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