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Abstract
Aims The effect of tree plantations on soil biological functions when they replace tropical forests is
detrimental. However, the current trend is to repeat tree plantations on the same land after clear-cutting,
with a probable strong disturbance of soil functions. We addressed this question in rubber plantations,
one of the world’s most important tropical perennial crops, using soil nematode communities as an
indicator of soil functioning. We hypothesised that (i) the restitution of logging residues from previous
plantations will foster the resilience of the soil nematode community and (ii) this resilience will depend on
soil type.

Methods An experimental design with different levels of logging residues for the previous rubber
plantation and legumes (Pueraria phaseoloides) was set up in two rubber plantations on the Ivory Coast
with contrasting soil types. The response of nematodes to clear-cutting was monitored every 6 months
over 24 months.

Results At both sites, we observed signi�cant decreases in nematode abundance, diversity, taxonomic
composition, and ecological nematode index six months after rubber tree logging. At the clay site,
practices with logging residues led to higher resilience of the total nematode abundance. The ecological
indices (enrichment index) in the sandy site were more resilient with logging residue input than without
over time.

Conclusions Logging residues and legumes input was the most e�cient practice for promoting soil
nematode biodiversity and mitigating the negative impact of clear-cutting in rubber monocultures after a
40-year rotation. However, soil type determined both the level of resistance and resilience of the nematode
community. 

Introduction
Soil organisms are highly diverse and play crucial roles in providing large-scale ecosystem functions. Soil
nematodes are responsible for key processes, such as nutrient cycling and organic matter transformation
(Neher 2001; Irshad et al. 2011; Trap et al. 2016), among the soil ecosystem. In addition, they play a
central role in regulating the structure and function of the food web in the soil, which is important for
regulating multiple ecosystem functions (Baijing et al. 2019; Delgado-Baquerizo et al. 2020). Soil
nematodes are good bioindicators sensitive to anthropogenic disturbance, such as acidi�cation,
pollution, biocides, fertilisation, and liming (Liu et al. 2016; Cortois et al. 2017; Pothula et al. 2019
;Puissant et al. 2021). Many studies have found that nematodes are useful biological indicators of soil
health after perturbation (Yeates 2003; Li et al. 2020) and that their bene�cial effects on plants are highly
affected by land management (Trap et al. 2021). Despite their importance in soil functioning, ecological
studies on nematode resistance and resilience in agricultural systems following perturbations are lacking.

The global area of rubber plantations (RP, Hevea brasiliensis) has increased 1.9-fold over the last three
decades, reaching 12.3 million ha in 2018 (FAO 2021). In the Ivory Coast, during this period, the area of



Page 3/27

RP increased 9.9-fold (FAO 2021), making the Ivory Coast the largest rubber producer in Africa and the
fourth-largest in the world (APROMAC 2021). This rapid expansion of RP, mostly at the origin of the
expansion of natural forests, has had negative environmental impacts on soil functions, such as soil
erosion and acidi�cation (Liu et al. 2015), and decreased soil carbon sequestration and fertility (Liu et al.
2019). Intensive rubber monocultures also threaten soil biodiversity (Xiao et al. 2014). Previous
ecological studies have shown that the conversion of primary and secondary tropical forests to RP
causes a signi�cant loss and turnover of soil microorganisms (Lan et al. 2017; Singh et al. 2019),
nematodes (Krashevska et al. 2019), and macrofaunal communities (Meng et al. 2012; Franco et al.
2019; Tondoh et al. 2019). However, most studies on soil biodiversity have focused on the negative
impact of forest conversion on RP. Nowadays, in most rubber-producing countries, such as Thailand or
the Ivory Coast, the trend is to relieve the pressure on natural forests (Chambon et al. 2018) and repeat
plantations on the same land after clear-cutting trees over successive cycles.

RP are widely used, with a plantation cycle of 25-40 years (Oku et al. 2012). After an RP cycle, the
greatest risk of soil degradation occurs during the replanting period, which extends from the clear-cutting
of an old plantation to the planting of young rubber trees. During this period, the soil is subject to
numerous disturbances mainly related to the (1) opening up of the environment following clear-cutting,
(2) export of organic matter with machines, and (3) practice of deep subsoiling by heavy machinery.
These practices may directly or indirectly affect biodiversity and soil function delivery (Missanjo and
Kamanga-Thole 2014).

Some agricultural practices are commonly used to mitigate soil degradation after one or more plantation
cycles, such as the implementation of a cover crop in inter-rows at planting (Broughton 1976; Liu et al.
2018). Sowing cover crops, mostly legumes, can improve soil properties (physicochemical and
biological), consequently leading to an improvement in soil functioning and crop yield in the tropics
(Fageria et al. 2005; Snapp et al. 2005; Gao et al. 2017). (Perron et al. (2021b) suggested that a likely
alternative to restoring soil functions is to leave logging residues in the plot, given the large amount of
nutrients and carbon accumulated in these residues. Harvest residues play ecological roles that are
important for maintaining plantation fertility in a variety of soil and climate systems, such as reducing
chemical fertiliser use, enhancing soil carbon sequestration, promoting soil nitrogen cycling(Gale and
Cambardella 2002; Arcand et al. 2014) and reducing or avoiding environmental pollution from burning
(Ibrahim et al. 2015). The addition of harvest residues signi�cantly improves the total abundance and
species richness of nematodes, and enhances the nematode community structure (Liu et al. 2016). The
positive impact of harvest residues on soil fauna resilience (Lassauce et al. 2012; Carron et al. 2015), soil
nutrients, and organic carbon has been also demonstrated (Huang et al. 2013; Alam et al. 2018; Singh et
al. 2019). Recently, Perron et al. (2021a) showed that logging residue input in the plot improves soil
functioning resilience in RP 18 months after rubber tree logging. However, to date, the effect of logging
residue restitution on soil nematodes in RP has not been addressed.

It has been shown that soil texture is a key factor driving nematode abundance on a global scale, with
effects that greatly overwhelm those of climate (van den Hoogen et al. 2020). Soil texture has been
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recognised as a determinant factor of the structure of soil nematode communities at lower scales
(Quénéhervé 1998; Fiscus and Neher 2022). Thus, it is highly probable that soil nematode resilience
following crop residue application is dependent on the soil type (Quénéhervé 1998). To determine the
importance of organic matter input and soil texture, we set up a �eld experiment after logging the
previous old RP in two industrial RP on the Ivory Coast with contrasting soil types. In each RP, different
types of logging residues and legumes were added after clear-cutting to determine their respective
impacts on the resilience of soil nematode communities. We hypothesised that (i) the input of logging
residues and legumes after clear-cutting will promote the resilience of soil nematode communities, and
(ii) soil types will affect both the resistance and resilience level of the nematode community.

Material And Methods
Field characteristics

Our study was conducted at two sites with contrasting soil textures on the Ivory Coast to verify our
hypotheses. In the �rst RP, situated in the Grand Bassam Department (latitude 5°12′13″ N, longitude
3°44′07″ W) with an area of 5503 ha (Fig. S1), the soil texture was sandy loam with 11% clay content.
This RP belongs to “the Société Africaine de Plantations d’Hévéas” (SAPH). This site was coded “sandy
site”. In the second RP located in southwestern Ivory Coast (latitude 4°40′14″ N, longitude 7°08′18″ W),
with an area of 16300 ha, the soil texture was loamy sand with 23% clay (Table S1). This RP belongs to
“The Société des Caoutchoucs de Grand-Béréby” (SOGB). This site was coded “clay site”. The two
plantations were located in a tropical forest with a sub-equatorial climate. The two sites were
characterised by a long rainy season from April to June, short dry season from July to August, short rainy
season from September to October, and a long dry season from November to March. The annual rainfall
varies between 1700 and 1900 mm, and the annual temperature varies between 24 and 27°C. The
topography was more heterogeneous at the clay site, with slopes ranging from 5–25%, whereas there
was no slope at the sandy site (<5%). However, acidic soils prevailed at both sites, with the soil pH
ranging between 4 and 5 in the 0-10-cm horizon.

Experimental design and practices description

We set up an experimental design after the cutting of the previous RP (38-40 years old) using bulldozers
in November 2017. At both sites, the natural rainforest was the previous land-use type, and the logged
stand consisted of the �rst cycle of rubber trees. From November 2017 to January 2018, the same
experimental design was used at both sites. Our experimental design consisted of four practices
replicated in four random blocks, that is, 16 elementary plots per site consisting of a gradient of crop
residues (Fig. S2) as follows:

R0L0: no residues (R) or legumes (L) are left in the plot.

R0L1: presence of legumes (Pueraria phaseoloides) only in the plot.
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R1L1: presence of legumes (Pueraria phaseoloides) and all parts of the tree (leaves, �ne branches,
and stumps), except for the trunk, in the plot.

R2L1: presence of legumes (Pueraria phaseoloides) and all parts of the tree (leaves, �ne branches,
stumps, and trunk) in the plot.

The surface of each plot was 1540 m² at the sandy site and 1600 m² at the clay site. Logging residues
were placed in the inter-rows. In February 2018, 10 kg ha−1 of seeds of the legume Pueraria phaseoloides
were sown by broadcasting. The C stocks in logging residues amounted to 36 and 51 kg ha−1 in R1L1 at
the sandy and clay sites, respectively, and 97 and 245 kg ha−1 in R2L1 at the sandy and clay sites,
respectively.

Soil sampling

Soil samples were collected with a sampling cylinder from the inter-row at a depth of 10 cm at 10
different locations in each plot. Soil samples from each elementary plot were composited into a 250-g
sample. To minimise the in�uence of climate, especially rainfall, sampling was conducted between
October and April. These two periods corresponded to the end of the dry season and beginning of the wet
season, respectively. Five sampling campaigns were conducted from October 2017 to October 2019. The
�rst campaign was conducted before the logging of the old RP. Before rubber tree logging, one composite
soil sample was collected from the four blocks at each site. The �rst soil sampling campaign permitted
the assessment of the initial state of the soil before clear-cutting. Sampling was then conducted every six
months to monitor the temporal shifts in the soil nematode communities in response to logging residue
and legume application. (Fig. S3).

Characterisation of soil nematode communities

The modi�ed Seinhort method (Seinhorst 1962) was used to extract nematodes from 150 g of fresh soil.
The collected nematodes were counted under a binocular loupe at 40× magni�cation and then �xed in a
mixture of formaldehyde and glycerol. A representative subsample was mounted on mass slides to
identify nematode individuals at the family or genus level. Nematodes were classi�ed into �ve trophic
groups, namely bacterivores, fungivores, herbivores, omnivores, and predators, and into life-history groups
from the “coloniser-persistent” scale (Bongers, 1990; Yeates et al. 1993).

We then computed the following indices: total nematode abundance, abundance of free-living taxa,
abundance of trophic groups, Shannon diversity (Shannon 1948), Pielou evenness index (Pielou 1975),
nematode channel ratio (NCR) (Yeates, 2003), and the maturity index (MI) (Bongers 1990). We also
computed the enrichment index (EI), which re�ects soil nutrient enrichment, and the structure index (SI),
which re�ects the soil food web complexity (Ferris et al., 2001).

Data analyses
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For statistical analysis, we performed a logarithmic transformation of the nematode abundance to
normalise the data. Linear mixed-effects models (LMMs) were implemented to evaluate the effects of
site, practice, sampling date, and their interactions on nematode parameters. The temporal changes in
nematode abundance at each site were tested with LMMs, with the sampling date as a random factor
and practices as a �xed factor. We performed the analysis using the R package lmerTest (Kuznetsova et
al. 2017). Tukey’s multiple comparisons were used to test the temporal changes within each practice in
the case of ANOVA using the agricolae package (de Mendiburu 2020). We used an integrated approach,
Hill numbers qD (Gotelli and Chao 2013), to characterise the taxonomic diversity pro�le of soil nematode
communities (Chao et al. 2014). Hill's numbers combined the species richness and Shannon diversity
index, and Simpson's measures were converted into a class of diversity measures. Hill numbers can be
plotted as a function of q on a continuous graph, resulting in a pattern of diversity for the effective taxon
richness. When species abundance was not considered, q=0, and we obtained 0D, which corresponds to
species richness. When q=1, we obtained the exponential form of Shannon's diversity index 1D, which was
interpreted as the number of species speci�c to the community or the number of identical species in the
assemblage. When there were more dominant species than rare species in the habitat, q=2, and we
obtained 2D, which is the inverse of the Simpson's index. Thus, 2D can be described as the number of
dominant or very abundant species within a community. To calculate the diversity pro�les of nematode
communities by sampling date and according to different practices, we used the entropart package
(Marcon and Hérault 2015). We performed Tukey-corrected pairwise multiple comparisons to assess the
differences in soil nematode diversity patterns between practices at each sampling date using the
multicomp package (Hothorn et al. 2008). As the diversity and taxonomic composition may change under
each practice on the sampling date, we performed non-metric multidimensional scaling (NMDS) to
examine taxonomic community composition patterns. Both NMDS and PERMANOVA were performed for
the soil nematode communities using the vegan package (Oksanen et al. 2019). To estimate the
resilience of nematode communities between practices at each site across the sampling date of the old
plantation (before logging), the beta diversity was computed using Sorensen’s pairwise dissimilarity. Beta
diversity can be divided into two components: turnover (replacement of species with new species) and
nestedness (loss or gain of species between practices, Baselga, 2010). To determine whether differences
in community composition were primarily due to species turnover or nestedness, we used the betapart
package to partition beta diversity (Baselga et al. 2021). We calculated the ratio (nestedness/Sorensen)
to determine whether the difference in the composition of nematodes was related to turnover or
nestedness. If the ratio (nestedness/Sorensen) is < 0.5, beta diversity is governed by nestedness; however,
if this ratio is > 0.5, the imbrication is responsible for the new community (Dobrovolski et al., 2012; Si et
al., 2015). Linear mixed-effects models implemented using the lmerTest package in R (Kuznetsova et al.
2017) and Tukey’s post hoc test were used to compare times and practices. RStudio version 1.3.1093
(RStudio Team 2020) was used for all statistical analyses.

Results
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Within all the factors tested (sites, practices, times), the effect of “site” was the most signi�cant (Table 1)
for more than half of the nematofaunal parameters (i.e., total abundance, Shannon diversity, and taxon
richness), particularly in terms of interactions with practices and/or times.

Table 1
Result of linear mixed effects models (LMMs) P values for the effects of site, practices, times and their

interaction on soil nematode variables (n=4)
Nematode

Response Variable

Site
(S)

Practices
(P)

Times
(T)

S × P Site ×
T

T × P S × P
× T

Total nematode (ind.100g−1

dry soil)
0.011 0.0905 0.083 0.803 <

0.001
<
0.001

0.165

Bacterivores (%) 0.062 0.564 0.131 0.018 0.356 0.264 0.002

Fungivores (%) 0.175 0.061 0.116 0.897 0.869 0.105 0.566

Omnivores(%) 0.157 0.382 0.756 0.299 0.092 0.483 0.472

Predators (%) 0.004 0.530 0.039 0.271 <
0.001

0.061 0.415

Herbivores (%) 0.462 < 0.001 0.053 0.193 0.002 <
0.001

0.423

Taxon richness 0.143 0.155 0.141 0.143 <
0.001

<
0.001

0.012

Shannon diversity 0.142 0.863 0.398 0.002 0.007 0.123 <
0.001

Evenness 0.230 0.964 0.514 0.030 0.162 0.826 0.013

Enrichment index 0.789 0.246 0.227 0.015 0.639 <
0.001

0.018

Structure index 0.876 0.898 0.444 0.025 0.223 0.093 0.008

Maturity index 0.769 0.995 0.701 0.033 0.008 0.858 0.072

Nematode Channel Ratio <
0.001

0.324 0.205 0.016 0.022 0.110 0.003

The signi�cant P values are in bold, p<0.01, p<0.05, p<0.001

Impact of practices on total nematode and trophic group abundances

A signi�cant decrease in the total nematode abundance was observed six months after rubber tree
cutting at both sites (Fig. 1). At the sandy site, no signi�cant resilience was observed for any of the
practices at any time. At the clay site, signi�cant resilience of the total nematode abundance was
observed from 12 to 24 months in practice with logging residue input (R1L1 and R2L1). However, in
practice, without residues (R0L1), resilience only occurred at 24 months.
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Signi�cant variations in the relative abundance of trophic groups across time were observed between the
practices at both sites (Fig. 2). Bacterivores and herbivores were the dominant groups at both sites,
regardless of practice and sampling date. At the sandy and clay sites, the proportion of herbivorous
nematodes was negatively affected six months after rubber tree cutting. The sandy site was
characterised by a higher proportion of bacterivorous nematodes across practices and sampling dates
than clay sites (except at six months). At the clay site, an increase in the proportion of herbivores was
observed in all plots after six months, except under practice R0L0. At the clay site, predatory nematodes
appeared at 18 months in all plots in a low proportion. At both sites, the proportion of fungivorous
nematodes was stable over time.

Impact of practices on nematodes structure

At both sites, a decrease in nematode descriptors was observed after six months, regardless of the
trophic groups (Tables S2 and S3). At the sandy site, the free-living nematode abundance, bacterivores,
omnivores, and Shannon diversity were more resilient between 12 and 18 months compared to 0 months
in plot R2L1 only. However, we did not observe the resilience of nematode trophic groups (except for
omnivores in the R0L1 practice) for the practices without logging residues (R0L0 and R0L1). In R1L1 and
R2L1, the fungivore nematode abundance drastically increased from 18 months compared to that at 0
months (Table S2). At the clay site, under R2L1 between 12 and 24 months, signi�cant resilience of the
abundances of almost all trophic groups was observed (Table S3). The species richness and converted
Simpson and Shannon indices were integrated into the class of alpha diversity measures called Hill
numbers. The alpha diversity of the nematode communities was negatively affected by rubber tree
logging, depending on the site (Fig. 3). The diversity pro�les showed higher taxonomic richness when q=0
under the practices with logging residue input over 12–24 months at both sites. At q=1, the highest
diversity was observed under R1L1 from 12 to 18 months at both sites. However, at 24 months, the
nematode community under R2L1 practice was most diverse at both sites. At the sandy site, when q=2,
R1L1 was most equitable at 12 and 18 months. At 24 months, the highest equitability was observed
under R2L1. At the clay site, the equitability decreased over time with residues when q=2. We observed a
signi�cant difference among the different practices on each sampling date at both sites (Table S4).

Impact of practices on nematode ecological indices

No signi�cant changes in the SI were observed under all practices across time after rubber tree cutting,
except for practice R2L1 at the sandy site (Fig. 4A) and R0L0 at the clay site (Fig. 4B). In the practices
without logging residues, the EI increased signi�cantly after 12 months at the sandy site under R0L1,
whereas at the clay site, the EI decreased signi�cantly from 6 to 24 months under R0L0 and �uctuated at
low levels over time under R0L1 (Fig. 4C and 4D).

Under the practices without logging residues (R0L0 and R0L1), no signi�cant variation in the MI was
observed at either site, except under the R0L0 practice at the clay site, where signi�cant �uctuations in MI
were observed every 6 months (Fig. 4E and 4F). However, in the practices with logging records (R1L1 and
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R2L1) at the sandy site, the MI was high up to 12 months, but drastically decreased at 18 and 24 months,
with the exception of R2L1, under which it increased at 24 months.

At the sandy site, the nematode faunal pro�le before rubber tree cutting (T0) revealed that the food webs
for old rubber were positioned within quadrats with limited and structured resources (quadrat C, Fig. S4).
After 24 months, all practices were positioned in quadrat B, which is typical of an enrichment condition,
except for practice R0L0. The same pattern was observed at the clay site, with the exception of practice
R0L0, which was positioned in a depleted and degraded quadrat (quadrat D) at 24 months.

Impact of practices on the nematode beta diversity

We computed NMDS with Bray Curtis dissimilarity to represent nematode community composition under
all practices at each site across time on a non-metric scale (Fig. 5). The NMDS showed that the patterns
of the nematode community after rubber tree cutting were further away (resistance) from those of the old
plantation. However, over time, the patterns observed under the practices with residues were closer to
those before rubber tree cutting (resilience). A signi�cant change related to the site (PERMANOVA,
F=10.844, R2=0.032, P=0.001, Table S5) was detected in the taxonomic composition of nematodes. At
each site, these changes were in�uenced by both sampling date and practice (Tables S6 and S7).

Comparing the dissimilarity between practices and old rubber at each site, we observed a signi�cant
difference in the composition of the nematode community (Fig. 6). The Sorensen dissimilarity among all
practices was relatively lower for practices with residue than for practices without. The species turnover
(% of new species compared to T0) in all practices at both sites varied signi�cantly over time (Fig. 6). At
24 months after rubber tree cutting, the species turnover was important (~50%) under practices with only
logging residues (R1L1 and R2L1) at the sandy site and under all practices with residues and legumes
(R0L1, R1L1, and R2L1) at the clay site. Consequently, the level of taxon nestedness (species also present
at T0) was rather low, below 30% under all practices at both sites, regardless of the sampling date.

Before rubber tree cutting, two taxa were highly dominant (abundance ≥ 200 ind. 100 g−1 dry soil) in
mature RP at the sandy site (Tylenchidae and Cephalobidae), one was moderately dominant
(Rhabditidae), and one had low abundance (Leptonchidae). However, at 24 months, in addition to
Tylenchidae, Cephalobidae, and Rhabditidae, �ve other dominant taxa appeared at the young RP (Table
S8). At the clay site, only two taxa (Tylenchidae and Cephalobidae) were dominant in the �eld before the
rubber tree cutting. At 24 months, 15 other dominant taxa were observed, in addition to Tylenchidae and
Cephalobidae (Table S8).

Discussion
Importance of the physical soil conditions on nematodes

A main �nding of our study is the pronounced “site” effect on all nematode parameters, such as diversity,
abundance, distribution of trophic groups, and structure, and on their temporal changes following rubber
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tree cutting. The level of soil nematode community resilience following rubber tree cutting was highly
dependent on the local site context. A strong difference between the two sites was the soil texture, that is,
the soil texture was sandy–silty at the sandy site (10% clay) and silty-sandy at the clay site (23% clay).
Soil texture is known to strongly affect soil nematode composition at both global (van den Hoogen et al.
2020) and local scales (Koenning et al. 1998; Olabiyi et al. 2009; Quist et al. 2019), with a stronger
in�uence on nematodes than climate or land management (Renčo et al. 2020). We thus suppose that the
between-site changes in soil texture could explain this signi�cant site effect. However, little is known
about the extent to which soil texture alters the temporal changes in soil nematodes following
perturbation. In addition, we can exclude other soil properties involved in these nematode differences,
such as total P content or pH. Thus, more studies are needed.

Resistance of the soil nematodes communities to clear-cutting and land preparation

Most of the nematode parameters decreased signi�cantly at both sites following rubber tree cutting and
land preparation. This biological loss is thought to be related to plantation clearing, which involves soil
compaction and habitat degradation by the heavy machinery used for mechanical cutting and logging
residue extraction (Hartmann et al. 2012; Hartmann et al. 2014; Ranius et al. 2018). This hypothesis is
supported by the well-known negative effects of soil compaction on nematode trophic groups (Bouwman
and Arts 2000).

MI is considered as a measure of environmental disturbance of nematode communities (Bongers, 1990);
the higher the index, the higher the soil stability. In our study, the �uctuation in the MI under all practices
over time could be explained by the sensitive nematode persisters (K-strategy species with high c-p
value=3-5) disappearing and the number of colonisers (r-strategy species with high c-p value=1-2)
increasing (Bongers, 1990; Porazinska et al. 1999). After rubber tree cutting, colonisers could occupy the
niches of the disappeared persisters, which explains the increase in the maturity index at 12 months
under all practices at both sites. Nematode persisters were the last group of nematodes to colonise a soil
ecosystem after a disturbance due to their sensitivity (Villenave et al. 2018). These trends are similar to
those reported by (Ewald et al. 2020), who found similar low MI values across all practices and depths,
re�ecting the soil disturbance in the arable soil of maize crops (Zea mays). The texture effect appeared to
have a greater impact than compaction, because the nematode abundance decreased when the soil
became less compact (Tables S9 and S10). The clay texture retained more moisture (Table S10) and
allowed the nematodes to resist soil disturbance following clear-cutting.

Resilience of the soil nematodes communities to logging residues

We found that adding organic matter, such as legumes and logging residues, after clear-cutting and land
preparation affected both the alpha and beta diversity of the soil nematode community. A strong negative
effect on nematode abundance was observed under the practice without residues (R0L0) at the sandy
site and for all sampling dates. Accordingly, the absence of cover crops is known to decrease the
abundance of soil microbial populations (Leroy et al. 2009) and bacterivore and fungivore nematodes
(Leslie et al. 2017; Kim et al. 2020). The absence of crops on these plots without residues could generate
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greater variability in soil temperature and moisture (Tables S9 and S10), which negatively affects
nematode populations (Bakonyi et al. 2007). In contrast, the practices with logging residues (R1L1 and
R2L1) had higher total nematode and trophic group abundances between 12 and 18 months. This
positive contribution of organic matter application to the soil nematode abundance was previously
reported along organic amendment gradients in annual crops (Pan et al. 2020) or following organic
fertiliser application, but has never been reported in the context of tree plantations.

At sandy sites, the low resilience of the total nematode abundance observed under the practices without
logging residues (R0L0 and R0L1) was related to the low level of organic matter input (Liu et al. 2016). In
contrast, for practices with logging residues, the low resilience values of nematodes could be attributed to
the fast decomposition of logging residues under tropical conditions, because almost 80% of residues
were decomposed after 24 months (data not shown), as previously reported in tropical rainforests
(Krashevska et al. 2018). At the clay site, the low nematode abundance in plots without residues (R0L0
and R0L1) could be related to both the low amount of residue input and carbon loss due to erosion, given
the high slopes prevailing at this site (Guillaume et al. 2015).

Interestingly, organic management affected the total abundance more directly; for example, we found
~100 fold more bacterivore nematodes at 18 months in plots with logging residue than in plots with no
residue at the sandy site. We observed a similar trend at the clay site, but at a lower level (21 fold).
Several studies have reported a signi�cant impact of �eld organic matter management practices on the
nematode trophic composition (Freckman and Ettema 1993; Renčo et al. 2010). The high proportion of
bacterivorous nematodes under practices with logging residues (R1L1 and R2L1) at the sandy site at 18
months underlines their active involvement in organic matter decomposition (Neher 2001). Furthermore,
the high proportions of bacterivorous nematodes in all sites and on each sampling date suggested a
signi�cant bacterial-energy channel contribution to logging residue decomposition.

Generally, after anthropogenic disturbance of soil, the communities present, such as bacterivorous
nematodes, are dominated by rapid growth (Ferris and Matute 2003). The low proportions of omnivores
and predators under all practices at both sites are in accordance with the �ndings of (Wang and Hooks
2011), who reported that omnivorous and predatory nematodes were typically the last groups of
nematodes to colonise a soil ecosystem after a disturbance due to their sensitivity (Villenave et al. 2018).
The high SI values under most practices (>80) between 6 and 24 months suggest a more structured
community than that on the previous dates (Ferris et al., 2001). The impact of logging residues on the SI
value in tree plantations has never been addressed; however, in annual crops, such as sorghum
plantations in Burkina Faso, Villenave et al. (2010) observed similar trends in SI (>75) in both unamended
and amended plots.

In this study, at both sites, the nematode indices before rubber tree cutting (T0) indicated a structured
food web with moderate soil enrichment, a high C/N ratio, and fungal decomposition channels. At 24
months, the nematode pro�le under practices with residues R1L1 and R2L1 and with legumes only
(R0L1) indicated a mature food web structure, high N concentration, low C/N ratio, bacterial
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decomposition channels, and low to moderate levels of disturbance to the soil environment(Ferris 2010a;
Ferris 2010b; Wang et al. 2019). These conditions are mainly due to the high quantities of carbon and
organic N in the soil resulting from the decomposition of logging residues and legume litter. The effects
of logging residue input on soil food webs have never been addressed in RP, but similar results have been
reported in tea and walnut plantations (Li et al. 2014; Song et al. 2020). The restitution of harvest
residues, such as organic matter, increases the resources available to the soil food web and supplies the
soil ecosystem (Liu et al. 2019). Zhang et al. (2013) and Zhang et al. (2016) argued that soil food web
resilience and ecosystem functions are affected by agricultural management practices.

The ratio (nestedness/Sorensen) of the nematode communities in each practice over time was low (< 0.5)
in this study (data not shown), indicating that turnover was the major contributor to beta diversity. This
indicates that, among the different practices, nematode composition was mostly due to species turnover,
and less importantly due to differences in richness.

The changes in the dominant taxa at both sites between 0 and 24 months were likely associated with
major changes in life strategies and trophic group composition. Indeed, the life-cycles of nematodes with
short life-cycles may not be as visible, because they can produce several generations in one year, such as
Tylenchidae, Aphelenchidae, and Rhabditidae (Verschoor et al. 2001). Generally, these observations
indicate a continuous succession of nematode communities under different practices over time, probably
due to changes in environmental conditions (Villenave et al. 2010). Under different practices, nematode
communities tended to be in a dynamic equilibrium provided by the interchangeability of particular taxa
under particular habitat conditions. However, the magnitude of the current assessment highlights the
need for more intensive sampling and better understanding of the present taxa.

Implication for management: are logging residues a sustainable crop management in rubber plantations?

The negative impacts of rubber tree logging on soil health re�ected by nematode communities should
challenge farmers in their choice of machinery type and frequency of tra�c, depending on the soil type,
weather conditions, and acceptable degree of compaction. Logging residues and/or legume inputs could
result in pest pressure that may increase over time at sites according to the practices employed.
Meloidogyne, Pratylenchus, Dolichodorus, and Helicotylenchus are the main parasitic nematodes in RP.
The high abundance of Meloidogyne found at the clay site indicates possible high pest pressure at this
site. Monitoring the soil nematode composition is necessary for identifying pest risks due to the input of
rubber residues and legumes. As rubber trees are usually cultivated in association with cover crops, the
infectivity of nematodes in the roots of these plants should be examined by visual macroscopic
inspection. Soil texture, which determines soil compaction and porosity (and, therefore, the availability of
moisture and aeration for nematodes), is likely one of the most important soil characteristics related to
free-living nematode abundance and plant-parasitic nematode infestations in crops (Moore and
Lawrence 2013). Therefore, soil characteristics (such as bulk density) must be considered to maintain
healthy soil for a sustainable cropping system.
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Conclusions
This study demonstrated that nematode communities in young RP were sensitive to clear-cutting and
land preparation. The negative impact of rubber tree logging on the dynamics of nematode communities
was revealed by the lower abundance, richness, beta diversity, and ecological indices. Our analysis
suggested that the nematode community parameters were signi�cantly more resilient in �elds amended
with logging residues. However, this resilience was more dependent on the local site conditions, such as
soil texture, rather than the gradient of logging residue input. Monitoring soil nematode communities over
24 months after cutting was likely insu�cient to ensure the full recovery of the initial nematode
community structure. Further studies are required to assess the long-term impacts of organic matter input
during the immature phase of RP.
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Figure 1

Temporal changes in total nematode abundance after logging according to practices and sites. The
different letters indicate the signi�cant differences between practices at each sampling date according to
Tukey’s post hoc test. ns: no signi�cant difference (P>0.05). SAPH, sandy site; SOGB, clay site; R0L0, no
legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump + leaf + �ne branches; R2L1,
R1L1+ trunk. The standard errors of mean are represented by the error bars (n=4). The red dashed line
corresponds to the average of the total abundance measured for T0 (before logging).
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Figure 2

Changes in relative abundance of nematodes in practices at both sites. SAPH, sandy site; SOGB, clay site;
R0L0, no legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump + leaf + �ne branches;
R2L1, R1L1+ trunk.
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Figure 3

The Hill number-based diversity pro�les of soil nematode at both sites for increasing order q values (0 to
2). 95% con�dence interval have been added for Old rubber curve. SAPH, sandy site; SOGB, clay site;
R0L0, no legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump + leaf + �ne branches;
R2L1, R1L1+ trunk.
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Figure 4

Temporal changes of nematode ecological index after logging according to practices and sites. The
different letters indicate the signicant differences between practices at each sampling date according to
Tukey’s post hoc analysis. ns: no signi�cant difference (P>0.05). SAPH, sandy site; SOGB, clay site; R0L0,
no legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump + leaf + �ne branches; R2L1,
R1L1+ trunk. The standard errors of mean are represented by the error bars (n=4). The red dashed line
corresponds to the average of the index measured for T0 (before logging).
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Figure 5

Non metric multidimensional scaling (NMDS) ordination based on Bray Curtis dissimilarity showing
clustering of nematode communities among practices at both sites. SAPH, sandy site; SOGB, clay site;
R0L0, no legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump + leaf + �ne branches;
R2L1, R1L1+ trunk. Sampling points are grouped by type of practice type and by date.
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Figure 6

Global beta diversity of soil nematode composition and partitioning into nestedness and turnover
components. The presence or absence data of taxa are used in this analysis. The different letters indicate
the signi�cant differences between sampling date according to Tukey’s post hoc analysis. SAPH, sandy
site; SOGB, clay site; R0L0, no legumes or residues; R0L1, legume (Pueraria phaseoloides); R1L1, stump +
leaf + �ne branches; R2L1, R1L1+ trunk.
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