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Free-living nematodes present several characteristics that have led to their use as bioindicators of soil quality. Analyzing the
structure of nematofauna is a pertinent way to understand soil biological processes. Earthworms play an important role in soil
biological functioning and organic matter dynamics. Their effects on soil nematofauna have seldom been studied. We studied
the effect of the tropical endogeic earthworm, Pontoscolex corethrurus, on nematode community structure in a 5-month field
mesocosm experiment conducted in Madagascar. Ten different treatments with or without earthworms and with or without
organic residues (rice, soybean) were compared. Organic residues were applied on the soil surface or mixed with the soil. The
abundance of nematodes (bacterial and fungal feeders) was higher in presence of P. corethrurus than in their absence. The type of
plant residues as well as their localisation had significant effects on the abundance and composition of soil nematodes. The analysis
of nematode community structure showed that earthworm activity led to an overall activation of the microbial compartment
without specific stimulation of the bacterial or fungal compartment.

1. Introduction

Soil organisms play a leading role in decomposition and
mineralization of organic matter (OM) [1]. They are
involved in processes that affect carbon (C) sequestration
as well as in the modification of soil physical structure
and chemical properties. They also interact with other soil
fauna and these interactions result in complex food webs
[2]. Nematodes are small organisms (ca. 1 mm long at the
adult stage) abundant in soil (several million m™=2 soil),
they present a high species diversity (about 11,000 species
have already been described). Nematodes live in the film
of water between soil particles and present various feeding
behaviours. During the last twenty years, many studies have
been conducted on these microfaunal organisms because
they can be an efficient tool to assess soil quality and soil
biological functioning [2—4]. Because they are present at

different levels of the soil food web and present variable
tolerance toward stress, nematofauna provide information
about OM decomposition pathways and soil pollution status
[3, 5-7]. Nematodes interact with other soil organisms
including earthworms, which also play an important role
in soil biological functioning and OM dynamics [8, 9].
Until now, studies on interactions between nematodes and
earthworms have focused on the contribution of earthworm
burrowing and casting activity to nematofauna abundance,
composition, and activity [10—14]. These studies were mainly
conducted in temperate regions or under specific conditions
such as vermicomposting. Results show that interactions
between nematodes and earthworms are site and species
specific.

In Madagascar, like in other tropical countries, alter-
native cropping systems are being developed in order to
decrease soil erosion and environmental impacts and to



increase crop productivity or sustainability. No-tillage sys-
tems with living or dead (mulch) cover plants have beneficial
effects both on environment and crop biomass [15]. In
Madagascar, it has been shown that these cropping systems
increase the carbon sequestration in soil and decrease soil
erosion [15]. Moreover, they increase the density, activity,
and diversity of soil fauna and especially earthworms and soil
microorganisms [16].

This study was part of a larger project aimed at
determining the consequences of earthworm activity for
soil aggregation, OM dynamics, and soil biological activity
in no-tillage systems in Madagascar [16]. In the present
experiment, we focused on the interaction between the trop-
ical endogeic peregrine earthworm P. corethrurus, and soil
nematofauna. This earthworm was chosen to be inoculated
in the experiment because it was dominant in the study area,
feeding and living within the soil although. It is an invasive
earthworm, originated from South America.

The abundance and diversity of soil organisms, including
nematodes, depend on cropping practices [17]. Indeed,
OM amendments like manure generally have a positive
effect on microbial biomass and consequently on nematode
density [18, 19]. The quality of the organic resource applied
(particularly the carbon to nitrogen ratio (C/N), lignin,
phenolic compounds, and cellulose content) influences the
trophic structure of the nematofauna [3]. OM incorporation
by tillage can also lead to modifications in the nematode
density [20, 21].

In this study, we tested the interaction between earth-
worms and nematofauna under applications of different
organic matter (rice residues or soybean residues) brought
as mulch or buried in the soil.

2. Materials and Methods

2.1. Study Site. The study was conducted in Madagascar
in the region of Antsirabe (19°52S; 47°04 E) at an altitude
of 1500m above sea level. Mean annual temperature is
16°C and mean annual rainfall 1300 mm. The climate is
subtropical humid with hot and humid summers (Oct-Apr)
and cold and dry winters (May-Sep). The soil at the sampling
site is highly desaturated red ferrallitic (andic dystrustept),
with 62% clay mainly as 1:1 minerals, but presents andic
characteristics. In the upper 10 cm of soil, carbon content
was 45.6 gkg ™! dry soil, bulk density was 0.76 g cm 2, pHy,0
was 5.7, the C/N ratio was 14.8, and exchangeable cation
capacity was 17.3 cmol kg~! dry soil [15].

The experiment was conducted in field mesocosms on
a 100 m? plot and lasted 5 months (from January 2005 to
June 2005, during the wet season) (see [16] for more details).
Fifty plastic buckets (20 cm deep) with a diameter of 25 cm
were filled with 8 kg of soil previously sieved at 2 mm and
homogenised, and were then introduced into the soil so
that surface level was similar inside and outside the buckets.
Before the buckets were filled with soil, their bottoms were
drilled (8 holes 1 cm diameter) and covered with a mosquito
net so that water could flow but earthworms could not
escape.
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2.2. Experimental Design. Ten different treatments were
tested: five treatments inoculated with earthworms and five
without earthworms. Among the five treatments (with or
without earthworms), two received soybean residues, two
others rice residues, and one did not receive any residue.
When residues were applied, they were placed either on
the soil surface or buried. Each treatment was replicated
five times, which led to a total of fifty mesocosms in the
field experiment. In each bucket with earthworms (E+),
six adult or subadult earthworms of the species Pontoscolex
corethrurus Miiller 1856 (Glossoscoloscidae), sampled near
the study site, were inoculated in January 2005. This endogeic
geophagous earthworm is a tropical peregrine earthworm
[22] abundant in the study area, feeding and living in the
soil. Soybean (Glycine max L.) and rice (Oryza sativa L.)
residues were added at the same amounts as those measured
in cropped fields in local no-tillage systems, that is, 293 g m~2
(18.3g per bucket) for soybean residues and 365gm™?
(14.6 g per bucket) for rice residues. Soybean residues were
mostly composed of woody twigs with a C/N ranging
between 16 and 23 while rice residues were mainly composed
of straw with a C/N ranging between 45 and 64 [23, 24].
Residues were cut into 2-3 cm long pieces. Mesocosms were
randomly located in the experimental plot. Buckets were
watered during the experiment by natural rainfalls.

2.3. Analysis. After 5 months in the field, mesocosms were
removed, and their content was separated into a 0-10 and
a 10-20 cm soil layer. The soil was roughly disaggregated to
check that earthworms were still alive. The earthworms were
all alive, and since they were mostly present in the 10-20 cm
layer, all analyses were performed in this layer.

Nematodes were extracted from an average of 93 g of
humidified, and homogenized soil (min. 90 g, max. 95¢g)
using the Cobb method. It consists of mixing the soil with
a large volume of water allowing a brief time for heavy
particles to settle, and then pouring the mixture through
several sieves of a mesh size from 500pym to 50 ym to
retain large debris or nematodes; the second step is used to
further clean up the sample (48 hours on a 40 um sieve)
[25]. Nematodes were counted under a binocular microscope
and fixed at 65°C with 4% formalin and subsequently
mounted for mass-slide identification (5 cm X 7.5 cm slides).
An average of 175 nematodes was identified on each slide.
Nematodes were identified to family or genus level and
assigned to seven trophic groups according to Yeates et al.
[26]: bacterial-feeders, fungal-feeders, entomopathogenics,
plant-feeders, root hair-feeders, omnivores, and predators.
Microbivorous nematode taxa were also allocated to c-p
groups following T. Bongers and H. Bongers [5]. Colonizers
(c) and persisters (p) are the two extremes on a scale from 1
to 5, respectively. The c-p value takes into account nematode
ecological characteristics, that is, their demography and their
life-history strategies [5].

2.4. Statistical Analysis. Differences in taxa and trophic
group densities were assessed by ANOVA (Xlstat 2006
Addinsoft) after log(n + 1) transformation of the data.
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A two-way ANOVA was first performed on the 50 samples
to test the effects of the addition of earthworms and
residues. The 10 samples that did not receive any residues
were excluded before performing a three-way ANOVA to
test not only the effects of the addition of earthworms
and the quality of the residue applied, but also the effect
of the location of the residues. A nonparametric multi-
dimensional scaling analysis (MDS) was performed using
Primer software (PRIMER-E Itd) to compare the structure of
the nematofauna between treatments. Statistical significant
differences in community composition between treatments
were assessed by analysis of similarities: ANOSIM (which
uses permutation/randomisation methods on the similarity
matrix).

3. Results

In our experiment, 31 nematode taxa were identified.
Bacterial-feeders represented 74.9% of total nematofauna
including 12 taxa (Table 1). Fungal-feeders (5 taxa) rep-
resented 13.7% of nematode abundance. An entomopath-
ogenic nematode (Steinernema) was present in some samples
and represented 0.3% of the total density. Plant-feeders
represented 6.1% of total density; 9 genera were identi-
fed (Pratylenchus, Paratylenchus, Aorolaimus, Rotylenchus,
Helicotylenchus, Tylenchorhynchus, Meloidogyne, Paratri-
chodorus, Xiphinema). Root hair-feeders (only members
of the Tylenchidae family) represented 3.9% of the total
nematode abundance, whereas omnivores and predators
(mainly diverse Dorylaimoidea, Aporcellaimellus, Disco-
laimus) together represented 1.2%. The ANOVA results on
abundance of the different taxa are summarized in Table 1.
There was only one statistically significant interaction in the
2-way ANOVA between earthworm and addition of residues;
there were more interactions in the 3-way ANOVA between
the three factors (earthworm, addition of residues, location
of residues) (Table 1).

3.1. Effect of Earthworms on the Density of the Different Nema-
tode Taxa. Total nematode density was significantly higher in
the treatments with P. corethrurus than in the non-inoculated
treatments (Table 1). The density of fungal-feeders was
significantly higher in the presence of earthworms. Three
nematode taxa were significantly more abundant in inoc-
ulated treatments: two bacterial-feeders, Acrobeloides and
Prismatolaimidae, and one fungal-feeder, Aphelenchus. For
the fungal-feeders, all taxa showed an increasing trend in
the presence of earthworms (statistically significant only for
Aphelenchus whereas, for bacterial feeders none of the taxa
other than Acrobeloides and Prismatolaimidae showed any
sign of response). None of the taxa were significantly reduced
in numbers due to the presence of the earthworms.

3.2. Effect of Residue Addition on the Density of the Different
Nematode Taxa. The addition of residues did not lead to
any statistically significant differences between the three
treatments (soybean, rice, or no residues) with regard to
total nematode density (Table 1), but led to significant

differences for the fungal-feeders, which were more abun-
dant in the treatments with residues, whatever the residue
quality, than in the treatments without residues. Among the
bacterial-feeders, one group (Panagrolaimidae) was more
abundant in presence of soybean residues than in absence
of residues, whereas several groups (Rhabditidae, Alaimus
and Amphidelus) were more abundant when rice residues
were added. The abundances of Acrobeles and Cervidellus
were reduced due to rice and soybean residues, respectively.
Among the fungal-feeders, Aphelenchus density was signif-
icantly higher with soybean residues, whereas Ditylenchus
density was higher with rice and soybean residues.

Nematode density was significantly higher in the meso-
cosms with buried residues than with mulched ones
(Table 1). Moreover, bacterial-feeders density was signifi-
cantly higher in the buried residue treatments with sig-
nificant increases in Rhabditidae, Acrobeloides, Plectidae,
Rhabdolaimus, and Amphidelus without any interactions,
whereas density of Panagrolaimidae, Prismatolaimidae, and
Rhabdolaimus was increased with an interaction between
earthworms and localization and Cervidellus, Prismatolaimi-
dae, and Alaimidae with an interaction between residues and
localization.

A fungal-feeder group, Tylencholaimoidea, was signifi-
cantly more abundant in the treatments with buried residues
than with mulched ones with no interaction with the others
treatments (earthworms and residue), whereas Ditylenchus
showed a significant effect of localisation of residues but
also an interaction between residue and localization. Ento-
mopathogenics and root hair-feeders were also significantly
more abundant in the treatments with buried residues (with
no interaction).

3.3. Effect of Addition of Earthworms and Residue on the
Structure of the Nematofauna. There was no significant
difference in the structure of the nematofauna (abundance of
the 31 taxa) between treatments with earthworms and treat-
ments without earthworms (similarity analysis: ANOSIM,
P < .15). In contrast, there was a significant difference in
nematofauna structure between treatments with rice residues
and treatments with soybean residues (ANOSIM, P <.05)
(Figure 1). The outlier is a replicate of the treatment with
earthworm, with rice residue addition, mulched residue
where an unexplained proliferation of Aphelenchoididae
occurred.

There was no significant difference in the structure of the
nematofauna between treatments without residues and the
two treatments with residues (soybean or rice) (ANOSIM,
P > .05). Moreover, mixing the residues with soil led to a
significantly different structure of the community than that
measured in treatments without residues or with residues
placed on the soil surface (ANOSIM, P < .05).

4. Discussion

Previous research showed that by grazing and ingestion
of nematodes, earthworms could directly affect nematode
community structure leading to a decrease in nematode
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FiGure 1: Multidimensional scaling analysis (MDS) of nemato-
fauna structure for the different organic matter treatments (n= 10
in each category).

density [13, 27]. Contrary to these results, we found
that nematode density was significantly higher in the
treatments inoculated with earthworms. These differences
may be due to earthworm ecology. Indeed, earthworms
modify soil ecosystem properties by casting activity [28]
and may thus have an indirect effect on soil microor-
ganisms. Earthworms increase soil OM mineralization by
fragmentation but also by the activation of microorganisms
during passage through the gut as they secrete intestinal
mucus that stimulates microbial activity [29]. This may lead
to a priming effect allowing digestion of more complex
compounds. The products of this digestion are excreted
into casts which are enriched in partially digested OM and
in mineral nitrogen [30]. These casts represent a directly
available food resource for microorganisms that develop on
them. The dominant group of bacterial-feeders, Acrobeloides,
was significantly more abundant in the presence of P.
corethrurus. Moreover, fungal-feeders (and specially Aphe-
lenchus) were more abundant in the treatments inoculated
with earthworms. These results indicate that earthworm
activity stimulated the microbial community resulting in
an increase in the density of microbivorous nematodes.
Hyvonen et al. [12] suggested that the reduction of nematode
density that occurred in their experiment in presence
of earthworms was due to ingestion by earthworms and
death during the digestive transit; however, most bacterial-
feeding nematode taxa were unaffected by the presence
of earthworms (Acrobeloides, Alaimus, Plectidae) in their
study.

It was especially fungal feeders that responded positively
to the presence of earthworms. As there was no interaction
with the residue type, this increase must be mainly controlled
by the activity of earthworms themselves (modification of
physical and chemical properties). But this interesting issue
would need further development to be better understood.

The predominant nematodes in this experiment (Acro-
beloides, Panagrolaimidae, Aphelenchus and Aphelenchoidi-
dae) are characterized as opportunistic nematodes with high
colonisation and reproduction capacities. These nematodes
are r-strategists and respond rapidly to a disturbance. They
have a c-p value equal to 1 or 2. Soil sieving, manual
homogenization, and soil storage before the experiment
led to a simplification of the nematofauna present in the
mesocosms compared to a natural ecosystem as the weakest
(most fragile) taxa probably died during preparation of the
mesocosms. In natural conditions, earthworm activity may
also influence these “fragile taxa”. Some nematodes with c-p
3 and 4 also responded positively to the buried residues.

Incorporation of OM generally leads to an increase in
microbial biomass [31]. Our results showed that buried
residues treatment had a positive effect on total nematode
density, mainly through an increase in the density of
bacterial-feeders. This result could be explained by the
improved availability of buried residues for microorganisms
compared to mulched residues. The increase in the abun-
dance of bacterial-feeder nematodes (mainly c-p 1 and c-p 2)
reflects an increased microbial growth [32] and maybe also
an increased microbial biomass [33]. Thus, when residues
are buried, microorganism activity may increase and the
predominant nematodes might be r-strategists. Our results,
obtained under tropical conditions, are consistent with
previous studies conducted in temperate regions [21, 34, 35].

In this experiment, nematode structure differed accord-
ing to the two types of residues; this difference was not
linked to a difference in abundance of the different trophic
group but rather to differences in the composition of the
bacterial-feeding community. The proportion of bacterial-
feeding nematode taxa was very different from one treatment
to another, suggesting that the microbial community that
degraded these residues differed depending on the quality
of the residues applied. We found a significant increase
in some bacterial-feeders in the rice residue treatments,
including Rhabditidae, an opportunistic c-p 1 nematode.
The soybean treatment was responsible for an increase of
two opportunistic c-p 1 and 2 bacterial-feeders, Panagro-
laimidae and Drilocephalobus, but also one fungal-feeding
taxon (Aphelenchus), a c-p 2 opportunistic nematode. The
nematode community presents different patterns depending
on the resources available in the soil [36, 37]. After a fresh
organic matter input in the soil, usually bacterial-feeding
c-p 1 opportunistic nematodes like Rhabditidae develop
first and are progressively replaced by fungal-feeding c-p 2
opportunistic nematodes. The higher density of Rhabditidae
with residues in our experiment demonstrates both that
the OM was highly processed by the bacteria, whereas
the development of fungal-feeding c-p 2 nematodes like
Aphelenchus populations showed that the conditions were
favourable for the development of fungi [3, 31].

The density of fungal-feeders with rice residues was
highly overestimated as in a replicate; there was a unex-
plained proliferation of Aphelenchoididae. Taking this into
account, there was a trend of higher abundance of fungal-
feeding nematodes with soybean than with rice (1541
versus 2084 individuals kg™! dry soil, resp.). Actually, in



this experiment, there were more twigs in the soybean
treatment than in the rice treatment, thus explaining the
development of fungi which are able to digest complex
compounds like lignin [31, 37, 38]. When correcting the
value of Aphelenchoididae in the treatment “mulch residue’,
omitting the outlier replicate, we found that fungal-feeding
nematodes (Ditylenchus and Tylencholaimoidea) were sig-
nificantly more abundant with buried residues than with
mulched residues.

5. Conclusion

Our results showed that the earthworm P. corethrurus
had a positive effect on total nematode densities mainly
by increasing the density of dominant bacterial-feeding
(Acrobeloides) and fungal-feeding (Aphelenchus) nematodes.
The structure of the nematode community indicated that the
decomposition of soybean residues was more fungal-based
than that of the rice residues. Changes in the composition of
the nematode fauna were greater when organic matter was
buried in the soil than when it was left on the surface. Buried
residues were responsible for the development of bacterial-
feeder nematode populations, reflecting a stimulation of the
bacterial compartment.
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