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Abstract
The resistance and resilience of soil microbial communities to an environmental disturbance are poorly documented, due to 
the lack on onfield diachronic experiments, limiting our ability to design adapted agroecological practices. This is especially 
true in rubber plantations, one of the most planted tree in tropical areas. We aimed to understand (1) how soil disturbances 
occurring during the rubber replanting phase affect the soil microbiome, (2) how agricultural practices combining legumes 
cover crops and tree logging residues shape community resilience and (3) how microbial responses vary across different 
edaphic contexts. In two plantations with distinct soil properties in Ivory Coast, soil microbial communities were surveyed 
every 6 months for 24 months after soil perturbation. Community structure, functioning and networks were described based 
on a 16S/18S rRNA gene investigation. Prokaryotes were generally more resistant to soil perturbation than microeukaryote 
communities. Prokaryotic resilience dynamics were faster than those of microeukaryotes, the latter being deeply modulated 
by cover treatments. These specific dynamics were exacerbated in the sandy site. Co-occurrence network modelling provided 
useful insights into microbial resilience trajectories. We argue that this tool should be more widely used to describe microbial 
community dynamics. Practices involving a combination of logging residues and legume cover crops have shown beneficial 
effects on the community resilience in the sandy site and appears as promising agroecological practices. However, the major 
influence of soil texture warns of the need to consider pedological context when designing pertinent agroecological practices.
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Introduction

The soil microbiome represents a key component of below-
ground functioning and plant productivity [1]. Soil micro-
bial communities play major roles, for instance, in organic 
matter decomposition [2], soil structure formation [3] and 
carbon and nitrogen cycles [4]. Soil community assembly 
and microbial interactions are crucial for understanding the 
mechanisms that regulate ecosystem services [4, 5]. Micro-
bial communities respond quickly to environmental modifi-
cation (i.e. changes in land use, temperature or water stress, 
[6–9], and the extent and rate of microbiome responses to 
perturbations provide important information about soil func-
tional stability and sustainability) [10]. The consequences 
of shifts in community structures following soil perturba-
tions (i.e. tillage [11, 12], tree logging [13], compaction 
[14, 15]) on ecosystem functioning are well documented 
in agroecosystems, but less is known about the drivers of 
resistance and resilience (i.e. ability to tolerate and recover 
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from disturbances, respectively [16]) of microbial commu-
nities [17]. Soil microbial functioning is often considered 
as the sum of individual functions, while soil microorgan-
isms form complex networks and act in concert [18]. Thus, 
insights into community reassembly after soil perturbation 
over time are becoming essential for understand agroeco-
system sustainability and designing relevant agroecological 
practices [19].

The respective roles and interdependencies of soil biotic 
and abiotic components in maintaining soil biological 
activities are increasingly studied [1, 19]. Soil functioning 
in agroecosystems depends on microbial processes such as 
the mineralization of organic nitrogen (N), carbon (C) and 
phosphorus (P), the transformation of organic matter (OM) 
in the soil and N2 fixation by soil microbes [20]. Previous 
studies have shown significant dependencies of the bio-
geographical distribution of soil microorganisms and their 
associated functions on major environmental filters, such as 
soil pH and redox status, OM quality and quantity, tempera-
ture and moisture [21], as well as soil texture and structure. 
In equivalent agricultural systems subjected to similar cli-
mates, soil texture is thus likely to impact soil functioning 
balance depending on the applied agricultural practices [22]. 
Soil texture characterizes the distribution mineral particles, 
which is a key driver for soil OM protection, spatial distribu-
tion and associated biological activities [23]. Bacteria and 
fungi act in concert for soil functioning, and their respective 
responses (resistance and resilience patterns) to soil per-
turbation may thus be either exacerbated or alleviated with 
respect depending on edaphic properties.

Tropical tree plantations are a relevant model for study-
ing the impact of a given perturbation on soil communities 
because of the disturbances occurring during the replant-
ing process, such as tree clear-cutting, uprooting and soil 
compaction. In our study, we focus on rubber plantations 
(Hevea brasiliensis). The current and rapid expansion of 
rubber plantations to meet existing global demand for rubber 
puts soil biodiversity at risk [24]. Studies have shown that 
forest replacement by rubber plantation results in an overall 
loss and extensive replacement of both aboveground (i.e. 
birds and bats [25]) and belowground (i.e. spiders, arthro-
pods or nematodes [26–28]) biodiversity. However, rubber 
plantations are no longer a main cause of deforestation. The 
current trend is to replace annual crops (such as cassava and 
sugarcane) with rubber plantations [29, 30] and to repeat 
rubber plantations on the same soils after clear-cutting [31]. 
After a rotation period ranging from 25 to 40 years [32], rub-
ber plantations require tree replacement, and the replanting 
process constitutes a significant soil disturbance. This period 
is characterised by (1) the opening of the canopy follow-
ing tree clear-cutting, (2) the removal of logging residues 
with machines and (3) subsoiling (i.e. breaking up of com-
pacted layers) by heavy machinery. Thus, successive rubber 

plantation cycles impact soil diversity due to long-term mod-
ifications of soil physico-chemical properties. For example, 
Panklang et al. [33] evidenced strong losses of N, K, Ca and 
Mg in the soil, and a 50% decrease in SOC content between 
forest and third rotation of rubber trees. Clear-cutting and 
soil compaction also severely impact nutrient content [34], 
soil functions (such as structure maintenance, carbon trans-
formation and nutrient cycling [31]) and significantly reduce 
the biomass while altering the composition of soil microbial 
communities [17].

Cultural practices such as organic matter inputs and cover 
crops play a fundamental role in soil functioning. Legumes 
are commonly grown in industrial rubber plantations after 
tree replacement to fix nitrogen in the soil, control weeds and 
limit soil erosion, particularly during the immature phase 
(0–5 years before latex extraction) [34–36]. The restitution 
of tree-logging residues (i.e. trunk, branches, leaves and 
roots of the logged plantation) also represents a relevant 
and responsible method for releasing organic matter and 
potentially improving soil biological quality and associated 
functioning [37]. The restitution of logging residues has 
multiple benefits [38]: it mitigates long-term changes in soil 
communities in forest soil [39], significantly increases both 
soil carbon stock and nutrient availability [39] and stabilizes 
soil pH, moisture and temperature [40]. The positive impact 
of retaining logging residues has also been demonstrated on 
soil fauna resilience [41], soil microbial community abun-
dance and composition [42], topsoil nematode [43] and soil 
organic carbon and nutrients levels [44]. Recently, Perron 
et al. [31] showed that the input of logging residues in the 
inter-rows sustains major soil functions such as soil structure 
maintenance, carbon transformation and nutrient cycling, 
after clear-cutting in immature rubber plantations in Ivory 
Coast.

Here, we aim to address the effect of agroecological prac-
tices on both the resistance and resilience of soil microbial 
communities throughout a replantation cycle. In particular, 
our objectives are (1) to assess the impact of rubber tree 
clear-cutting on soil microbial resistance and (2) to deter-
mine how agroecological practices (such as logging residues 
and legume input) modulate microbial resilience over time, 
and (3) whether and how microbial responses vary across 
different edaphic contexts. We hypothesize that organic mat-
ter inputs improve soil microbial resistance and accelerate 
resilience, and that the recovery rate may vary according to 
both organic matter quality and pedological context. Thus, 
we conducted a diachronic monitoring in two large-scale 
field experiments in Ivory Coast and described soil microbial 
communities (including taxonomic and functional diversity, 
composition and co-occurrence networks) based on 16S and 
18S rRNA gene investigations, before rubber tree clear-cut-
ting and then every 6 months over a 24-month period fol-
lowing the perturbation.
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Material and Methods

Study Sites

This study was conducted in two industrial rubber plan-
tations in Ivory Coast (Fig.  1A). The Bongo planta-
tion, belonging to the Société Africaine des Plantations 
d’Hévéas, is located in the Grand Bassam region and 
covers an area of 5700 ha in the South-East of the coun-
try (latitude 5°30′32.364′′ N, longitude 3°32′51.755′′ 
W). The Société des Caoutchoucs de Grand-Béréby is 
located in the South-West (latitude 4°43′9.696′′ N, lon-
gitude 7°6′41.795′′ W) and owns 16,300 ha of rubber 
plantations. Both sites are subjected to a sub-equatorial 
hot and humid climate, which is well-adapted to rub-
ber tree plantations. The ranges provided (annual rain-
fall of 1700–1900 mm and annual average temperatures 
of 24–27 °C) are general references for the region and 
apply similarly to both sites. There are no significant dif-
ferences in climate between the two sites. Soil physico-
chemical properties have been described at both sites in 
a previous study (see Perron et al. [31]): the soil at the 
Bongo plantation is classified as a yellow ferralic Areno-
sol (FAO soil classification [45]) with a sandy loam tex-
ture (10% clay in the topsoil) and is characterized by an 
acidic pH (4.3). At the Grand-Béréby plantation, the soil 
is classified as a red Ferralsol with a clayey loam tex-
ture (23% clay in the topsoil) and is characterized by a 
slightly less acidic pH (around 4.7). Hereafter, the Bongo 
plantation will thus be referred as the sandy site, and the 
Grand-Béréby plantation as the clayey site. Total carbon 
and nitrogen content, and CEC are higher in the clayey 
site, and available phosphorus concentration in the topsoil 
layer is higher in the sandy site. The sandy site is char-
acterized by slight slopes (< 5%), whereas the clayey site 
features hilly areas (slopes of 10–25%).

Experimental Design

The experiment began before the logging of the old rubber 
trees (38–40 years old) by bulldozers, in November 2017. 
At both sites, the logged stands were the first cycle of rubber 
plantation replacing natural rainforest. Similar designs were 
applied at both sites, testing four agroecological practices 
combining tree logging residues and legume growth (here-
after referred to as treatments): no residues and the legume 
Pueraria phaseoloides (R0L1); fine residues (i.e. leaves, 
fine branches with a diameter < 20 cm and stumps) with 
the legume Pueraria phaseoloides (R1L1); all residues (i.e. 
including branches > 20 cm diameter and trunks) with the 
legume Pueraria phaseoloides (R2L1); and a control treat-
ment without legume nor residues (R0L0). Each treatment 
was replicated into 4 randomized blocks, resulting in a total 
of 16 plots (40 × 40 m) per site (Fig. 1B). Logging residues 
were placed between each new rubber row. P. phaseoloides, 
was sown by broadcasting (10 kg ha−1 of humidified seeds) 
in February 2018. Fine logging residues composing the 
R1L1 treatment amounted to 36 and 51 t ha−1 of carbon per 
hectare in the sandy and the clayey sites, respectively. Input 
composed of all residues (i.e. both fine and coarse, R2L1 
treatment) amounted to 97 and 245 t ha−1 of carbon per 
hectare in the sandy and the clayey sites, respectively. More 
details about the experimental design is available in Perron 
et al. [31] and Kouakou et al. [43].

Soil Sampling

Ten soil samples were collected between rows at 0–10 cm 
depth in each plot and then pooled to form a composite soil 
sample (Fig. 1C). A first campaign was conducted in Octo-
ber 2017, before the old plantation logging, to assess initial 
soil properties before clear-cutting: one composite soil sam-
ple per block, i.e. 4 samples per site was collected. Sampling 
was then carried out every 6 months to monitor the temporal 

Fig. 1   Overview of the experimental design. A Locations of the 
two studied sites (SAPH and SOGB). B The schematic view of the 
experimental randomized design showing the 16 plots per sites 

(R0L0 = control, R0L1 = only legumes, R1L1 = legumes and fine 
residues, R2L1 = legumes and all residues). C A summary of the con-
ducted analyses
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changes in soil microbial communities according to the 
application of logging residues and legume. To limit the 
influence of climate, especially rainfall, sampling was car-
ried out in October and in April. These periods respectively 
correspond to the start of the dry and beginning of the wet 
seasons in Ivory Coast. A total of five sampling campaigns 
were carried out from October 2017 to October 2019.

Soil Functions

We analysed 8 properties related to soil functioning from the 
Biofunctool® set of indicators [46–48]. Biofunctool® con-
sists of a core set of expert-selected indicators, assessing car-
bon transformation, nutrient cycling and soil structure main-
tenance. Briefly, three indicators describe the soil nutrient 
status: available ammonium (NH4

+) and nitrate (NO3
−) from 

soil extraction with 1 M KCl, as well as NO3
− dynamics with 

ion exchange membranes (AEMNO+) [49]. Permanganate 
oxidizable carbon (POXC) [50] was assessed to estimate soil 
available carbon content. Four indicators evaluated the soil 
structure: aggregate stability at 0–2 cm depth (AggSurf) and 
at 2–10 cm depth (AggSoil) [51], water infiltration speed 
with the Beerkan method [52] and the VESS method (Visual 
Evaluation of Soil Structure) [53]. Soil moisture (H) and 
bulk density (BD) were also assessed to describe soil proper-
ties. For these analyses, soil samples were collected on the 
0–10 cm soil layer, except for VESS that required a sampling 
at 0–25 cm depth.

DNA Extraction, Amplification and Sequencing

Soil used for the DNA extraction was sampled simultane-
ously and nearby soil collected for Biofunctool® analysis. 
DNA extraction was performed using the “FastDNA™ SPIN 
kit for soil” extraction kit from MP Biomedicals™ following 
the manufacturer’s instructions. Extracted DNA extracted 
were then sent to the ADNid company (Qualtech groupe, 
Montpellier, France) for quantification, library prepara-
tion and sequencing. The purity and integrity of the DNA 
recovered was also verified after migration on a 1% agarose 
gel. Amplicons were generated by PCR amplification using 
the primer pair 338F/806R specific to the V3-V4 region of 
the 16S gene [54] and the primer pair FF390/FR1specific 
to the V7-V8 region of the 18S RNA gene [55]. PCR was 
conducted on 10 ng of template DNA into 15 μL total mix, 
submitted to an initial denaturation of 5 min at 95 °C, fol-
lowed by 35 cycles of 30 s at 95 °C, 1 min at 55 °C and 
30 s at 72 °C. A final extension of 30 min at 60 °C was also 
included to complete the reaction. Amplicons were verified 
on 1.5% agarose gel, purified using Agencourt® AMPure® 
XP kit (Beckman Coulter, Italy, Milano), and quantified by 
fluorimetry (Quant-iT™ Pico Green DNA Assay Kit). PCR 
products concentration was adjusted to 10 ng/μL. A second 

PCR step was performed using specific Illumina adapter, 
the index and the Illumina overhang adapter primers into 
2 × KAPA Hifi Hotstart Ready Mix (Roche Molecular Sys-
tems, Inc). A volume of 5 μL of PCR products previously 
prepared was used into a 50 μL final volume of PCR mix. 
A 3 mn at 95 °C denaturation step was performed followed 
by 12 cycles of 30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C 
before a 5 mn at 72 °C final extension step. PCR2 products 
were purified and pooled together at 15 μg/μL in a final 
library. The library quality was controlled using a fragment 
analyzer. Sequencing runs, generating 2 × 250 bp, reads were 
performed on an Illumina MiSeq using V2 chemistry.

Sequence Data Processing

The raw sequencing data were processed using a custom 
script from the DADA2 pipeline [56], which is designed 
to resolve amplicon sequence variants (ASVs) [57]. Raw 
sequences were first demultiplexed by comparing index 
reads with a key, and paired sequences were trimmed to uni-
form lengths. Sequences were dereplicated, and the unique 
sequence pairs were denoised using the dada function. Prim-
ers and adapters were screened and removed using the cuta-
dapt script [58]. Paired-end sequences were merged, and 
chimeras removed. Taxonomy assignments were determined 
with the IDtaxa function from the Decipher R package [59] 
against the SILVA taxonomic database for both 16S and 
18S sequences (release 132) [60]. Sequence data were then 
manipulated using the phyloseq R package [61]. ASVs affili-
ated to chloroplasts, mitochondria (16S rRNA gene dataset) 
were removed in order to keep only microbial sequences. 
The isContaminant function (default parameters) from 
the decontam package was used to identify contaminant 
sequences from reagents or introduced during the manipu-
lation of the samples [62]. A total of 9 prokaryote ASVs and 
12 microeukaryote ASVs were identified as contaminants 
and removed from the datasets. Samples were rarefied to 
5130 and 13,500 reads for 16S and 18S amplicon datasets, 
respectively, to account for differences in sequencing depth 
(rarefaction curves are presented in Fig. A1). Two out of the 
290 sample did not quite reach the asymptote but were kept 
because, as rare taxa were further filtered, the contribution 
did not introduce biais. ASVs present in only one sample 
and with less than 3 observations in the entire data set were 
excluded. The taxonomic affiliation of prevalent ASVs (i.e. 
observed in more than 5% of samples) was refined using 
nucleotide basic local alignment search tool (BLASTn) 
analyses on NCBI nr database [63] based on the best hit or 
the last common ancestor between best hits. The FAPRO-
TAX database [64] was then used to assign prokaryote func-
tion to the filtered 16S data, and 51% of sequence variants 
(representing 36% of the total prokaryote abundance) were 
assigned to at least one group. We focused on key functions 
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involved in nutrient cycling (i.e. nitrate denitrification, nitro-
gen fixation, nitrification, ureolysis), plant organic matter 
decomposition (i.e. aromatic compound degradation, chi-
tinolysis, cellulolysis, xylanolysis, fermentation) and other 
key functions related with plant health (i.e. plant pathogens) 
and affected by soil compaction (i.e. dark sulphur oxidation).

Co‑occurrence Network Computation

To further describe structures of microbial communities, 
cross-domain co-occurrence networks were computed per 
site for each treatment first and then for each time point 
using the SPIEC-EASI (SParse InversE Covariance Esti-
mation for Ecological Association Inference) pipeline [65]. 
Before computation, 16S and 18S ASV datasets were fil-
tered to keep taxa seen in at least 20% of the samples, as 
network inference requires sufficient data to estimate cor-
relations. We identified hubs (i.e. the most connected ASVs 
that are potential keystone taxa) based on their node param-
eters (method developed by Berry and Widder [66]): a low 
betweenness centrality (lower quantile, < 0.9), and a high 
closeness centrality (higher quantile, > 0.8), transitivity 
(higher quantile, > 0.25) and degree (higher quantile, > 0.8). 
Microbial networks were then described based on key topo-
logical parameters: the node mean degree (i.e. connectivity), 
betweenness and closeness centralities, transitivity and the 
respective number of prokaryotic and microeukaryotic hubs 
and total nodes. We used the igraph R package [67] to evalu-
ate the topological properties of the co-occurrence network.

Statistical Analysis

All bioinformatic and statistical analyses were performed 
using R version 4.2.0 [68]. All graphical presentations have 
been created with the ggplot function of the ggplot2 pack-
age [69].

Changes in β-diversity induced by the sites, time, treat-
ments, and their interactions were assessed using a Permu-
tational Multivariate ANalysis Of Variance (hereafter PER-
MANOVA), implemented in the adonis function from the 
vegan package [70] on a Bray–Curtis dissimilarity matrix. 
To account for non-independence of samples collected from 
the same blocks, we included blocks as a random effect in 
the model using the strata option. Pairwise group compari-
sons were then tested using the pairwise.adonis2 function 
from the pairwiseAdonis package [71]. Multivariate homo-
geneity of group dispersion was first tested with the betadis-
per function (vegan package). Community structures were 
then presented with principal coordinates analysis (PCoA), 
and the envfit function from the vegan package was used 
to fit significant correlation with edaphic properties onto 
the ordination. The same procedure was used to describe 
prokaryote functional profiles.

Processes at play in community assembly were described 
by partitioning the turnover and nestedness components of 
β-diversity from communities before perturbation (T0), 
measured respectively as Simpson pairwise dissimilarity and 
nestedness-fraction of Sorensen pairwise dissimilarity [72]. 
Mixed linear models (using the lmer function from lme4 
package [73]) were then used to assess the effect of time, 
sites and treatment on the Sorensen dissimilarity as well as 
on the true turnover (i.e. change in community composition) 
and the nestedness (i.e. differences in species assemblages 
due to one community being a subset of the more diverse 
community). When required, data were transformed using 
the bestNormalize R package [74] to meet model assumption 
needs (homogeneity of variance and residuals normality). To 
account for non-independence of samples collected from the 
same blocks, we included blocks as a random effect in the 
model. Differences between groups were further determined 
by Tukey Post hoc tests (using the glht function of the mult-
comp package [75].

Changes in α-diversity were addressed by calculating 
Hill numbers [76], which describe the total number of spe-
cies (q = 0), the Shannon–Wiener (q = 1) and the Simpson 
(q = 2) diversity indices [77]. High values of q give much 
more weight to the most abundant species, whereas low val-
ues consider the diversity of all species. Hill numbers were 
computed using the entropart R package [78]. Arithmetic 
mean was used to create diversity profiles for each com-
bination of site, time, and treatment. Mixed linear models 
(lmer function from lme4 R package [73]) accounting for 
block as a random effect were used to assess the effects of 
time, treatment and their interaction on hill numbers at q = 0, 
q = 1and q = 2. To describe the nature of diversity changes, 
differential abundances of microbial phyla were calculated 
(package DESeq2 [79]) across time, and across treatment at 
24 months. Results with an adjusted p value < 0.05 and an 
absolute log2fold > 0.5 were considered as significant.

In this study, resistance (disturbance rate) was approxi-
mated by comparisons between the pre- (i.e. at T0) and post-
disturbance (i.e. after 6 months) soil microbial properties, 
and resilience (recovery rate) refers to the closeness between 
the final states (i.e. after 24 months) and the initial state (i.e. 
at T0).

Results

Taxonomic Profiles of Soil Microbial Communities

A total of 743,850 reads from 145 samples were present 
in the final 16S dataset, and 1,957,500 reads from 145 
samples in the final 18S dataset. Thus, 2878 ASVs of 16S 
and 2401 ASVs of 18S, belonging to 19 prokaryotic phyla 
and 15 microeukaryotic order, were detected. Prokaryote 
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communities were primarily composed of Proteobacteria 
(36% of 16S sequence reads), Firmicutes (24%) and Actino-
bacteria (23%). Fungi represented 71% of the 18S reads and 
were primarily composed of Ascomycota (Aspergillaceae 
representing 13% of the 18S sequence reads, Hypocreaceae 
11%%, and Nectriaceae 3.5%).

Site, Treatment and Time Shaping of Soil Microbial 
Community Structures

A first global PERMANOVA analysis was performed to test 
for the effects of sites and agroecological practices on both 
prokaryotic and microeukaryotic community structures. 
Significant differences were revealed between sites for both 
prokaryotes and microeukaryotes (r2 = 0.16; p < 0.001 and 
r2 = 0.06; p < 0.001 respectively, data not shown). There-
fore, we further subset both datasets to separately assess the 

relative influence of treatments and time in shaping com-
munities in the sandy and clayey sites, respectively.

Overall, PERMANOVA (Tables 1 and A1) revealed a sig-
nificant and major effect of time (explaining around 30% of 
thevariance), and a smaller but still significant effect of treat-
ment (explaining around 10% of the variance) in shaping soil 
communities at both sites. In the clayey site, distinct commu-
nity structures were observed between treatments with tree 
residues (R1L1 and R2L1) and without (R0L0 and R0L1). 
In the sandy site, responses of soil microbial communities 
also varied between treatments over time (significant interac-
tion effect, PERMANOVA, around 12% variation). There, 
after 24 months, each treatment has led to a new and distinct 
prokaryotic and microeukaryotic community. Differences 
in community structures to T0 (i.e. Sorensen dissimilarity, 
Fig. 2 and Tables A2 and A3), which reflect community 
composition resilience, significantly decreased over time for 

Table 1   Effects of time, 
treatments and their interaction 
on soil prokaryote (16S) 
and microeukaryote (18S) 
communities’ composition. 
Significance of the effects was 
determined by PERMANOVA 
analysis on Bray–Curtis 
distance matrix. Blocks were 
included as a random effect in 
the model. Significant effects 
are indicated by asterisks, 
significance levels: *p ≤ 0.05; 
**p < 0.01; ***p < 0.001

Sandy site Clay site

Df SS r2 F p Df SS r2 F p

16S Time 4 5.34 0.30 8.83 0.001*** 4 4.98 0.28 7.58 0.001***
Treatment 3 1.70 0.09 3.75 0.001*** 3 1.34 0.07 2.72 0.001***
Time: Treatment 9 2.05 0.11 1.50 0.002** 9 1.70 0.09 1.15 0.06
Residual 55 8.32 0.47 56 9.20 0.53
Total 71 17.43 1.00 72 17.23 1.00

18S Time 4 6.86 0.35 12.57 0.001*** 4 5.70 0.26 6.95 0.001***
Treatment 3 2.35 0.12 5.75 0.001*** 3 1.95 0.09 3.17 0.001***
Time: Treatment 9 2.59 0.13 2.11 0.001*** 9 2.48 0.11 1.34 0.004**
Residual 55 7.50 0.38 56 11.47 0.53
Total 71 19.32 1.00 72 21.61 1.00

Fig. 2   Sorensen communities’ 
dissimilarity to T0 over time 
(after 6, 12, 18 and 24 months) 
as modulated by the differ-
ent treatments (R0L0 = con-
trol, R0L1 = only legumes, 
R1L1 = legumes and fine 
residues, R2L1 = legumes and 
all residues), respectively in the 
sandy and clay sites. Different 
letters indicate significant differ-
ences over time, all treatment 
included. Significant differences 
between treatments are pre-
sented in Table A2. Partitioning 
of communities’ dissimilarity 
into true turnover and nested-
ness is presented in Fig. A2
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prokaryotes at both sites, a trend much less pronounced for 
microeukaryotes, particularly in the clayey site where the 
observed decrease was not significant. The treatment with 
legume cover combined with fine residues (R1L1) induced 
a higher resilience for microeukaryotes at both sites, and 
for prokaryotes only in the sandy site. To further describe 
assembly processes at play over time after tree logging, 
Sorensen dissimilarity was partitioned into true turnover and 
nestedness turnover, i.e. change in community composition 
(i.e. in the identity of species between the two communities), 
and nestedness (i.e. differences in species assemblages due 
to one community being a subset of the more diverse com-
munity Fig. A2, Tables A4 and A5). At both sites and for 
both 16S and 18S datasets, the βNestedness/Sorensen was continu-
ously lower than 0.5 after rubber clear-cutting, indicating 
a prominent turnover effect in driving communities struc-
turation. As for Sorensen dissimilarity, turnover was mainly 
modulated over time for prokaryotes, while the different 
treatments mainly drove microeukaryotes’ turnover. Treat-
ments had no effect on nestedness, while time significantly 
impacted that of prokaryote at both sites, and of microeu-
karyote community only in the clayey site.

Principal coordinates analysis of communities dissimi-
larity graphically reflects the shifts in community composi-
tion induced after clear-cutting between T0 and 6 months 
(Fig. 3, Table A6). Communities at T0 were rather similar 
and then became more heterogeneous (dispersed) after soil 
perturbation. Resilience of communities was also perceptible 
as successive communities progressively became closer to 
T0 after 6, 12, 18 and 24 months, particularly evident for 
prokaryotes at both sites. To further describe the drivers 
of microbial community structuration, the influence of ten 
edaphic properties (i.e. soil ammonium, soil nitrate, nitrate 
plant availability, labile carbon, aggregate stability at two 
depths, water infiltration, soil structure, moisture, bulk den-
sity) on microbial patterns was studied. Most soil proper-
ties were found to be significantly correlated with microbial 
community structures, highlighting the close link between 
soil conditions and community assembly. At both sites, 

contrasting soil structures and humidity (higher soil aggre-
gate stability and moisture at T0) and nutrient content (lower 
NH4

+ and NO3
− at T0) discriminated community composi-

tion before and after tree-logging. Additionally, the intensity 
of soil structuring variables strongly differed between sites 
for prokaryote communities. In the sandy site, soil aggre-
gate stability was the most structuring property, followed 
by NH4

+, water infiltration, bulk density and NO3
−. In the 

clayey site, soil moisture was the most structuring factor, 
followed by NH4

+ content and water infiltration. For micro-
eukaryotes, similar patterns were observed at both sites, 
communities were mainly structured by NH4

+, followed by 
soil moisture and aggregate stability, although the influence 
of these environmental filters was even more pronounced in 
the sandy site.

Co‑occurrence Networks for Describing Microbial 
Resistance and Resilience Dynamics

For each time point and at each site, a cross-domain co-
occurrence network was computed (Fig. 4 and Fig. A3 and 
A4, Table 2). Tree clear-cutting deeply impacted microbial 
networks. We observed a net reduction in the total number 
of nodes and of core taxa, along with a decrease in networks 
connectivity, closeness centrality and transitivity, and an 
increase in betweenness centrality at both sites. However, 
the frequency of node degrees, betweenness and closeness 
centralities clearly indicated less robust network structures 
at 6 months in the sandy site. The lower 18S/16S node and 
hub ratios, and a net gain in 16S nodes, highlighted a higher 
sensitivity of microeukaryotes in the sandy site. The resil-
ience of communities was noticeable by a gradual recovery 
of initial properties over time. Interestingly, a faster recovery 
of initial topological properties occurred in the sandy site, 
where connectivity even exceeded that of T0 at 18 months. 
This trend was observed together with a net increase in 
18S/16S hub ratio after 18 months, suggesting a major role 
of microeukaryotes in microbiome resilience in the sandy 
site.

Table 3   Effects of time, treatments and their interaction on prokary-
ote functions. Significance of the effects was determined by PER-
MANOVA analysis on Bray–Curtis distance matrix. Blocks were 

included as a random effect in the model. Significant effects are 
indicated by asterisks, significance levels: *p ≤ 0.05; **p < 0.01; 
***p < 0.001

Sandy site Clay site

Df SS R2 F p Df SS R2 F p

Time 4 1.49 0.58 27.88 0.001*** 4 0.95 0.53 22.15 0.001***
Treatment 3 0.18 0.07 4.57 0.001*** 3 0.09 0.05 2.96 0.01*
Time: Treatment 9 0.12 0.04 1.01 0.50 9 0.11 0.06 1.19 0.26
Residual 55 0.73 0.29 56 0.60 0.34
Total 71 2.54 1.00 72 1.76 1.00
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Network topological properties were also computed 
to characterize the effect of the different treatments on 
soil communities. At both sites, the 18S/16S node ratio 
favored microeukaryote taxa where only legumes were 
grown (R0L1), while networks from the control treat-
ments (R0L0) had fewer 18S nodes. The network derived 
from the treatment involving legume and fine residues 
(R1L1) was characterized by more 16S nodes. Differ-
ences in network topology induced by treatments were 
more pronounced in the sandy site. There, the two treat-
ments including fine and all logging residues with legume 
(R1L1 and R2L1) exhibited high connectivity. The highest 
18S/16S hub ratio was found in microbial network from 
soils treated with legume and all residues (R2L1). This 
trend did not reflect the 18S/16S network nodes ratio, sug-
gesting a key role of microeukaryotes in this agroecologi-
cal practice in a sandy pedological context. In the clayey 

site, the effect of treatment on networks properties was 
less perceptible.

Drivers of Soil microbial α‑Diversity and Taxonomic 
Composition

Microbial α-diversity was studied using Hills number, 
and the effect of time and treatment was further tested 
on the diversity profiles, in each site (Fig. 5, Tables A7 
and A8). The annotations q = 0, q = 1 and q = 2 respec-
tively denote species richness, Shannon–Wiener diversity, 
and the distribution (Simpson) of individuals within each 
species. Diversity loss between T0 and 6 months illus-
trates the resistance of communities to the tree replace-
ment process. Prokaryote diversity was resistant to soil 
perturbation, as no changes were observed between T0 
and 6 months (except for q0 in specific treatments from the 
clayey site). Microeukaryote diversity was less resistant 

Fig. 3   Principal coordinate analysis based on Bray–Curtis dissimi-
larity matrices for prokaryote (16S, panel A and C) and microeu-
karyote (18S, panel B and D) communities as shaped by treatments 
(R0L0 = control, R0L1 = only legumes, R1L1 = legumes and fine resi-
dues, R2L1 = legumes and all residues, treatments are illustrated by 
different symbols) over time (at T0, and then 6, 12, 18 and 24 months 
after tree-logging, time illustrated by different colours). Panels A and 

B show soil communities profiles in the sandy site, panels C and D 
stand for the clayey site. Effects of time, treatment and their inter-
action on communities are presented in Table  1 and A1. Edaphic 
variables (i.e. NH4

+, NO3
−, AEMNO.+, POXC, AggSurf, AggSoil, 

Beerkan, VESS, moisture, bulk density) shaping soil microbial com-
munities are plotted onto the ordination spaces (Table A6)
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than prokaryote communities, as diversity losses were 
observed at both sites. Time significantly impacted the 
richness, Shannon diversity, and distribution of prokary-
otic and microeukaryotic taxa at both sites, suggesting that 

tree-logging induced changes in the occurrence of both 
rare and prevalent microbial taxa.

In the clayey site, prokaryote richness varied over time 
differently according to the various treatments (interaction 

Fig. 4   Connectivity recovery 
of soil microbial networks 
after rubber tree clear-cutting. 
Panel A shows cross domain 
co-occurrence network 
connectivity (mean nodes 
degree) over time (at T0, and 
then 6, 12, 18 and 24 months 
after tree-logging) respectively 
in the sandy (blue line) and clay 
(red line) sites. All treatments 
are merged. 95% confidence 
intervals surround curves. 
Panel B shows density plots of 
node degrees for each network 
computed over time in the 
sandy (left panel) and clay 
(right panel) sites. Networks’ 
properties are further described 
in Table 2 and Fig. A3

Fig. 5   α-diversity profiles of 
prokaryote (16S) and microeu-
karyote (18S) communities as 
illustrated by Hill numbers for 
q ranging from 0 and 2 (q = 0 
indicates total species richness, 
q = 1 indicates an index propor-
tional to Shannon diversity and 
q = 2 indicates the logarithm of 
Simpson reciprocal diver-
sity). Different colours stands 
for the different treatments 
(R0L0 = control, R0L1 = only 
legumes, R1L1 = legumes and 
fine residues, R2L1 = legumes 
and all residues), T0 = Ref-
erence levels (Before tree 
logging). Effects of time, 
treatment and their interaction 
on functional communities are 
presented in Table A7 and A8
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effect). Surprisingly, 16S diversity from every treatment 
except control was higher at 6 months than at T0. Differ-
ences among treatments arose 18 months after perturbation, 
but then blurred after 24 months. For microeukaryotes, cover 
treatments did not modulate the impact of soil perturbation 
on diversity levels. Only time did, diversity indexes being 
lower at 6 months than at T0, then increasing towards values 
near the initial state for q1 and q2, and even higher for q0.

In the sandy site, the effect of treatment on microbial 
α-diversity was more pronounced. Prokaryote communities 
from all treatments had similar richness at T0 and 6 months, 
then, 24 months after replanting, richness levels were dis-
tinct among treatments, with the highest in soil covered 
with legume and all residues (R2L1). With this treatment, 

prokaryote q1 tended to be generally higher than with other 
treatments. Hill numbers q1 and q2, which consider the most 
abundant 16S taxa, also increased over time in the sandy 
site. For microeukaryotes, total richness dropped after 
6 months and then exceeded its initial level after 24 months, 
not being affected by the different treatments. However, q1 
and q2 which consider the most prevalent taxa, were signifi-
cantly influenced by treatments, being higher than at T0 in 
soil covered with legume only (R0L1), and with legume and 
all residues (R2L1), 24 months after tree replanting.

Differential abundance testing confirmed that 9 out 
of the 19 prokaryotic phyla and 53 out of the 115 fungal 
families were highly sensitive to the tree replanting process 
(Fig. 6). The soil perturbation reduced the abundance of 

Fig. 6   Differential abundance of bacterial phyla (panels A and B) 
and fungal families (panels C and D) as influenced by time (panel 
A and C) and treatments (B and D). Only results with an adjusted 
p value < 0.05 and an absolute L2FC > 0.5 are presented for prokar-

yote, and with an adjusted p value < 0.05 and an absolute L2FC > 4 
for microeukaryote. Reference levels are respectively T0 for time and 
R0L0 for treatment
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Actinobacteriota, Firmicutes, Bacteroidota and Patescibac-
teria, while it stimulated the one of Acidobacteriota, Chlor-
oflexi, Verrucomicrobiota, Nitrospirota and Dependentiae. 
Then, all sensitive bacterial phyla tended towards a resilient 
trajectory after 24 months. The fungal families most affected 
by the tree replanting process were Choanephoraceae, 
Debaryomycetaceae, Rhynchogastremataceae, Sporiodi-
obolaceae, Trichosporonaceae and Xylariaceae. Aspergil-
laceae and Clavicipitaceae families abundances increased 
with soil perturbation. However, not all taxa followed a resil-
ient trajectory, even after 2 years.

Differential abundance revealed the sensitivity of cer-
tain microbial phyla to legume growth and residues input, 
compared to the control R0L0 (Fig. 6). Treatment with leg-
ume only favored Tricosporonaceae and Sporidiobolaceae 
and reduced Cucurbitariaceae. Legume and fine residues 
(R1L1) increased the abundances of Actinobacteriota and 
Cyanobacteria, and reduced the abundance of Proteobacte-
ria, Clavicipitaceae, Glomerellales and Venturiaceae. The 
input of coarse residues (R2L1) stimulated the abundance of 
Chloroflexi and Acidobacteriota, while reducing the abun-
dances of Bacteroidota, Clavicipitaceae, Omphalotaceae 
and Venturiaceae.

Resistance and Resilience of Soil Prokaryote 
Functioning

Prokaryotes functions were determined by assigning meta-
bolic pathways using the FAPROTAX database on identified 

taxa, and the effects of time and treatment on functional 
communities were further analyzed using PERMANOVA 
analysis (Fig. 7, Tables 3 and A9 and A10). In the two sites, 
PERMANOVA results indicated a significant treatment 
effect with a low variation (r2 ranged from 5 to 7%), while 
time was the most structuring driver, responsible for more 
than 50% of the total variation in microbial functions. The 
effect of treatments on functional profiles was not modu-
lated over time (no interaction effect). PCoA described a 
functional shift between T0 and 6 months after tree-log-
ging, and then a gradual return towards the initial state at 
both sites. To further describe how functional communi-
ties were impacted, key functions (i.e. nitrate denitrifica-
tion, nitrogen fixation, nitrification, cellulolysis, dark sulfur 
oxidation, ureolysis, aromatic compound degradation, plant 
pathogen, chitinolysis) were projected onto the ordination 
space. The congruence towards T0 was mainly associated 
with an increase in denitrification potential (r2 > 0.9 at both 
sites). Three N-related function (i.e. nitrogen fixation, deni-
trification and nitrification) pointed away from communities 
at 6 months, suggesting that these communities were less 
involved in N cycle. In the sandy site, a higher dark sulfur 
oxidation potential, which mostly relies on anoxygenic taxa, 
significantly discriminated functional profile communities 
at 6 months, while 6 months communities in the clayey site 
seemed mostly associated with higher ureolysis and aromatic 
compound degradation potentials. To compare patterns in 
prokaryote functional resistance and resilience after tree 
replanting, we computed functional Bray–Curtis distance 

Fig. 7   Principal coordinate analysis of prokaryotic (16S) functional 
profiles based on a Bray–Curtis dissimilarity matrix derived 
from functional assignment against the FAPROTAX database, 
as shaped by treatments (R0L0 = control, R0L1 = only legumes, 
R1L1 = legumes and fine residues, R2L1 = legumes and all residues, 
treatments are illustrated by different symbols) over time (at T0, 
and then 6, 12, 18 and 24 months after tree-logging, time illustrated 

by different colours). Panels A and B respectively stand for sandy 
and clayey sites. Effects of time, treatment and their interaction on 
functional communities are presented in Table 3 and A9. Functions 
significantly shaping projected profiles (i.e. aromatic compound 
degradation, chitinolysis, xylanolysis, fermentation dark sulphur 
oxidation) are plotted onto the ordination spaces (Table A10)
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to T0 and thus studied the effect of time and treatment on 
functional resilience (Fig. 8, Tables A11 and A12). At both 
sites, time had a significant effect on prokaryote functional 
distance to T0. We found a greater difference in functional 
communities between T0 and 6 months in the sandy than 
the clayey site, which again attests of a higher sensitivity of 
functional communities in the sandy site. After 24 months, 
the community from the sandy site also got closer to the 
initial state than communities from the clayey site, suggest-
ing better functional resilience. Interestingly, treatment had 
an effect on functional distance to T0 only in the sandy site, 
where the treatment with legume and all residues (R2L1) 
led functional communities towards an equilibrium farther 
from the initial state.

Discussion

Our study, based on a 24-month investigation of soil micro-
biota in two different experimental fields with distinct 
edaphic contexts, quantified and analyzed the resistance and 
resilience of prokaryotic and microeukaryotic communities 
following a disturbance induced by the tree replanting pro-
cess with regards to different cover treatments (i.e. the use 
of logging residues and legume cover). Prokaryotes were 
generally more resistant to soil perturbation, while micro-
eukaryotic communities were more affected. Prokaryotic 
recovery was also faster than that of microeukaryotes, the 
latter being deeply influenced by the cover treatments. These 
specific reassembly dynamics were particularly pronounced 
in the sandy site.

Resistance of the Soil Microbiota to the Rubber Tree 
Replanting Process

The rubber tree replanting process induced a sudden and 
deep reassembly of the soil microbiota at both sites. Indeed, 
6 months after soil perturbations, net changes in microbial 
community structure, taxonomy and functioning, together 
with losses in network connectivity, were observed. The 
rubber tree replanting resulted in a shift in the taxonomic 
composition of both prokaryotic and microeukaryotic com-
munities in both clayey and sandy pedological contexts after 
6 months. We showed that communities at 6 months were 
concomitant with low soil moisture, weak aggregate sta-
bilities, and high soil NH4

+ and NO3
− contents. Wheeling 

with a heavy agricultural vehicle has been shown to increase 
bulk density in the topsoil and to substantially reduce air 
permeability and gas diffusion [80], which can thus lead 
to anoxic conditions [14]. In addition, the removal of tree 
vegetation and subsequent opening of the canopy might also 
have led to shifts in soil microbial populations by altering 
the feedback system between plants and soil and changing 
soil microclimate [81, 82]. Soil perturbations promoted 
microbial taxa with lifestyle adapted to the observed harsh 
conditions (i.e. reduced moisture and soil compaction) such 
as facultative aerobic (i.e. Nitrospirota [83], parasites (i.e. 
Dependentiae [84] and Clavicipitaceae [85]) or competi-
tive bacteria (i.e. Acidobacteria [86]). Soil compaction can 
impact microbial metabolic activities by limiting or inter-
rupting aerobic processes, such as nitrification and miner-
alisation [87]. For instance, we observed that bacterial com-
munities at 6 months were less susceptible to performing 

Fig. 8   Functional dissimilarity 
of prokaryote to communities 
at T0, over time (after 6, 12, 18 
and 24 months) and for the dif-
ferent treatments (R0L0 = con-
trol, R0L1 = only legumes, 
R1L1 = legumes and fine 
residues, R2L1 = legumes and 
all residues). Effects of time, 
treatment, and their interaction 
are presented in Table A11 and 
A12. Different letters indicate 
significant differences over 
time, all treatment included
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N-related functions (i.e. nitrogen fixation, nitrification, and 
denitrification). The observed functional changes could be 
explained by soil compaction, which shifts bacterial commu-
nities towards anaerobic bacteria [17, 88], that might have 
inhibited N fixation and nitrification, and thus denitrification 
by substrate provision interruption.

For prokaryote specifically, diversity levels of abundant 
taxa have not fallen after the tree replanting process and 
were sometimes even higher 6 months after soil perturba-
tion. Similar findings have been reported by Hartmann and 
colleagues [17] in response to forest soils’ compaction. 
Authors found an increase in bacterial diversity that they 
attributed to taxa with low oxygen availability and capa-
ble of anaerobic respiration in compacted soils. Conversely, 
microeukaryotic diversity was less resistant to the tree 
replanting-induced disturbances at both sites. Indeed, fungi 
are known to be particularly sensitive to soil compaction 
induced by deforestation [89]. This can partly be explained 
by the generally higher sensitivity of microeukaryotes to 
low oxygen availability induced by soil compaction [14] and 
other studies pointed such differential response to compac-
tion [17]. In our study, observations derived from co-occur-
rence network modelling also support the hypothesis of less 
resistant microeukaryote communities to the tree replanting 
process. At both sites, a net loss in network connectivity was 
observed, and this complexity reduction was mainly imput-
able to a loss of 18S nodes. While fungal network sensitivity 
to soil labor has been previously demonstrated [90], this 
is, to our knowledge, the first study to report lower resist-
ance of the microeukaryote network over prokaryotes to soil 
compaction.

Microbial Resilience Was Modulated by Soil Cover 
Treatments

We observed that cover practices had only a weak impact 
on the resistance (observed 6 months after perturbation) of 
microbial communities to the tree replanting process. This 
was anticipated as neither legume growth nor tree residue 
decomposition had really started yet. The treatment effects 
were noticeable later in the resilience trajectory and varied 
between prokaryotes and microeukaryotes, with microeu-
karyotes being more responsive to logging residue inputs. 
This particular sensitivity may be related to the high poten-
tial of mycelia to actively colonize plant residues [91] or to 
the niche modification induced by organisms from the tree 
phyllosphere that are inoculated with tree residues. These 
organisms are the early colonizers and decomposers of dead 
plant biomass and might play a key role in microbial succes-
sion during organic matter decomposition [92]. This latter 
hypothesis is supported in our study by a higher complexity 
in networks from treatments that include tree residues.

Soil properties improvement (higher C and N contents) 
in rubber-based diversified systems compared to mono-
culture was also evidenced in the study by [93]. Microbial 
communities and the ratio between fungal and bacterial 
biomass are strongly influenced by the C/N ratio [94]. 
Organic matter inputs used in our study had distinct C/N 
ratios (i.e. legumes only < legume with fine residues < leg-
ume with all residues) that we expected to affect soil 
microbial successions and community resilience. Puer-
aria phaseoloides is able to recruit a specific cohort of 
arbuscular mycorrhizal fungi (AMF) communities [95], 
and bacterial communities are dependent on mycorrhi-
zae for their carbon resources [96]. One could expect that 
legume cover should thus be an efficient strategy for soil 
properties recovery. However, in this study, the treatment 
involving only legume cover has led to intermediate resil-
ience trajectories. An explanation could be that hampered 
N metabolism due to the anoxic soil conditions brought on 
by soil compaction [80] has partially interrupted microbial 
successions.

The treatment combining fine tree residues and legume 
cover has led to a better (though still incomplete) recovery 
of the Sorensen index at both sites for microeukaryotes and 
in the sandy site for prokaryotes after 24 months. The high 
C/N ratio of woody debris is well known to benefit to the 
fungal biomass. Indeed, fungi are the main decomposers of 
tree residues because of their ability to catabolize woody 
complex carbon molecules (i.e. cellulose and lignin) with 
the nutrient-mineralizing extracellular enzymes they pro-
duce and their hyphal extension capabilities [97]. Carbon 
organic matter combined with sufficient N input might 
have favored the hyphal production. The latter is respon-
sible for the formation of macro-aggregates that host most 
microbiological activities [98]. It is thus likely that tree 
residues, by indirectly improving soil structure, favored 
microbial activities and speed up their succession.

In the sandy site specifically, the treatment combining 
all tree residues with legume cover harbored the high-
est prokaryotic and microeukaryotic α-diversity levels 
24 months after perturbation. This result is surprising 
as C:N stoichiometry has been globally shown to have 
some negative effects on microbial alpha diversity [99]. 
It is possible that the high microbial richness observed 
after 24 months hides a diversity decline in the following 
months. Indeed, Dossa et al. [100] observed fungal succes-
sion in decomposing woody debris across a tropical forest. 
They showed a decline in fungal diversity after 18 months 
that they explained by increasing competition through time 
for remaining resources. In this context, care needs to be 
taken in drawing any conclusions about a beneficial effect 
of this specific treatment; a longer diachronic study should 
provide more insights.
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A Leading Influence of Pedological Context 
in Driving Community Dynamics?

The field site was the predominant driver of microbial recov-
ery dynamics. The two studied field sites are subjected to a 
similar climate but harbor soil key textural and chemical dif-
ferences. Briefly, both soils have acidic pH. The clayey site 
is more finely textured (clayey loam with 23% clay) than the 
sandy site (sandy loam with 10% clay) and is characterized 
by a higher N and C contents and lower available phospho-
rus, as fully described in Perron et al. [31, 37]. Soil texture, a 
well-known driver of microbial diversity [101], may explain 
the differences in microbial community structure across the 
two sites that already existed before the establishment of 
the experiment.

Sandy soils exhibited less resistance but a better resil-
ience than clayey soils to the soil tillage and compaction 
induced by the tree replantation process. This is not fully 
in line with Hartmann and colleagues [17], who observed 
less resistance and resilience in clayey than in sandy com-
pacted soils. In their study, they exclusively focused on the 
effect of soil compaction, which contrasts with the subsoil-
ing and windrowing that our studied soils underwent. We 
observed that the lowest resistance of sandy soils could be 
largely attributed to microeukaryotes. Fungi may better colo-
nize sand-associated large pores, and recent studies have 
pointed out that fungal diversity was consistently promoted 
in coarse-textured soils [102]. Altogether, this suggests that 
the particular sensitivity of sandy soils may thus be the con-
sequence of soil tillage and successive compaction, known 
to disrupt the mycorrhizal network [103], and to particularly 
reduce fungal biomass [104].

Due to its small particle size (< 2 µm), clay provides the 
largest surface area to bind organic material [105]. Thus, 
soil organic matter associated with clay is more stabilized 
by chemical or physico-chemical binding to soil minerals 
[106, 107], which could also partly explain the better resist-
ance of the communities in the clayey site. A minor effect 
of treatment was observed on shaping microbial community 
structures and diversities in the clayey site. However, the 
effect of treatment varied over time for both prokaryotic and 
microeukaryotic communities in the sandy site, where, after 
24 months, each treatment has led to new and distinct com-
munities. It describes a study conducted by Neumann et al. 
[108], emphasizing the microbial responsiveness to organic 
matter inputs across different particle sizes, with a specific 
focus on the protective capacity of clay fractions against 
changes. The buffering effect of clay particles size could 
explain why we did not observe a clear effect of the various 
treatments in the clayey site.

Our results suggest that differential impact of soil per-
turbation on the two textures might be responsible for 
the different resistance and resilience trajectories [109]. 

However, as the amount of applied organic matter differed 
between the two sites and because only two sites were 
compared here, a proper dedicated empirical study should 
be conducted in order to validate such hypothesis.

Conclusion

Our diachronic monitoring emphasized a predominant role 
of the pedologic context in shaping the soil microbiome 
responses to rubber trees clear-cutting. The impact of tree-
logging on soil communities was much more pronounced 
in the sandy site, particularly for microeukaryotes. The 
significant importance of soil texture in microbial response 
dynamics draws attention to the need to consider soil ped-
ological context when designing agroecological practices 
that sustain soil functioning.

The practice involving a combination of logging resi-
dues and legume cover in rubber plantation has shown 
certain beneficial effects on the resilience of microbial 
communities after tree-logging and associated soil per-
turbation in the sandy site. It thus appears as a promising 
agroecological practice that should be further studied.

Despite the statistical power of our sampling design 
not allowing a deep description of the effect of treatments 
across time on microbial networks, cross-domain co-
occurrence network modelling provided useful insights 
into the soil microbiome resistance and resilience. It not 
only supported the trend observed with alpha and beta 
diversities, but also highlighted the key role of microeu-
karyotes in the resilience dynamic. We argue that this tool 
should be more widely used to describe microbial com-
munity dynamics, and that microbial ecologists should 
thus anticipate the number of replicates required for its 
efficient use.
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