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ARTICLE INFO ABSTRACT
Keywords: Soil biodiversity as a critical component of terrestrial ecosystems and their functioning varies across spatial scales
Soil biodiversity and environmental conditions. However, it remains unclear whether and how biodiversity patterns co-vary
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Spatial integration

among different soil taxa across ecosystems.

In this study, we compared diversity patterns of plants, earthworms, nematodes, bacteria, and fungi, as five
major groups of soil organisms, across six strongly contrasting ecosystems ranging from mountain peatland to
crop fields, including within-ecosystem variation in soil moisture. We hypothesized co-variation in taxonomic
richness (alpha diversity) and composition (beta diversity) of multiple groups of soil organisms across ecosys-
tems, moisture conditions and spatial scales.

In partial contrast to our initial hypothesis, co-variation in the taxonomic richness among these groups was
limited, though significant positive associations were found among bacteria, fungi, and earthworms across all
sites. Plant diversity showed distinct associations with soil organism diversity, particularly with earthworms and
bacteria, highlighting above-belowground biodiversity linkages. Beta diversity showed substantial co-variation
among all soil organism groups, reflecting a spatial coupling of their communities that was influenced by dif-
ferences in soil moisture conditions. These patterns were more pronounced in near-natural and no-till agro-
ecosystems compared to conventional agricultural systems. Our results highlight that ecosystem type shapes
broad-scale taxonomic richness, while local soil moisture critically influences soil biodiversity and spatial
community composition, emphasizing the multi-scale drivers of soil biodiversity.

1. Introduction Van Der Putten, 2014; Eisenhauer et al., 2017; Guerra et al., 2020). This
diversity encompasses a wide range of organisms, including plants, soil

Soil biodiversity is a critical component of terrestrial ecosystems, fauna, and microorganisms, each playing distinct yet interrelated roles
contributing to essential ecosystem functions such as the regulation of across various spatial and temporal scales (Bardgett and Van Der Putten,
nutrient cycling and carbon dynamics (Wall et al., 2012; Bardgett and 2014). Plants, earthworms, nematodes, bacteria, and fungi have been
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shown to be particularly important in structuring soil food webs and
influencing community dynamics across multiple spatial scales (Berg
and Bengtsson, 2007; Brussaard et al., 2007; Morrién, 2016). Plants, as
primary producers, are at the bottom of the soil food web by contrib-
uting most of the organic matter to soils (Cebrian and Lartigue, 2004),
while earthworms act as ecosystem engineers, modifying soil structure
and other properties such as organic matter content and its distribution
(Lavelle et al., 1997; Lavelle and Spain, 2001; Blouin et al., 2013).
Nematodes, along with bacterial and fungal communities, drive much of
the nutrient cycling, and are thus at the interface of soil fauna and pri-
mary producers, playing an essential role in biodiversity dynamics
(Bardgett and Van Der Putten, 2014; Trap et al., 2016; van den Hoogen
et al., 2019; Zhang et al., 2024).

All these organisms interact within a complex soil ecological
network, the determinism of which remains poorly understood (Potapov
et al., 2023). Key abiotic drivers such as soil moisture, temperature, and
nutrient availability significantly affect the spatial distribution of soil
community composition and diversity. The different groups of soil or-
ganisms differ in their sensitivity and range of tolerance to variability in
these abiotic factors, adding to the complexity of soil community re-
sponses to environmental gradients (Siebert et al., 2019). Biotic in-
teractions are a further component influencing spatial patterns and
dynamics of diversity. For example, plant-derived resources have a
direct effect on the diversity and structure of the heterotrophic soil fauna
and microbial communities (Korboulewsky et al., 2016; Fujii et al.,
2020) and different trophic guilds of nematodes feeding either on bac-
teria, fungi, or plant roots depend on these groups of organisms for their
growth and reproduction (Yeates et al., 1993). However, the extent to
which soil food webs are structured across different spatial scales re-
mains largely unexplored (Liu et al., 2020). Surprisingly little is known
about how composition and diversity co-vary among different groups of
soil organisms across various types of ecosystems, spatial scales, and
environmental gradients (Maraun et al., 2003; Eisenhauer et al., 2012).
This is despite the fact that such knowledge is critical to anticipate
changes in soil biodiversity in the current context of land-use and
climate change. Ecosystem-type independent general patterns of soil
biodiversity may also provide the possibility for relatively easy to
determine proxies for soil biodiversity with the increasing need for
ecosystem monitoring and assessment.

Human activities are likely to have a profound impact on the
composition and diversity of soil biological communities (De Vries et al.,
2013). The simplification or alteration of sources of organic matter in
agroecosystems, compared to near-natural ecosystems, can lead to
reduced soil biodiversity, biotic homogenization, and potentially
weaker resilience to climate fluctuations (De Vries et al., 2012; Tsiafouli
et al., 2015). The increasing frequency and intensity of extreme climatic
events pose further risks, potentially accentuating biodiversity loss,
decline in abundance of certain taxa, and shifts in community compo-
sition, which may result in a loss of soil organism functional diversity
(Maestre et al., 2015; Cavicchioli et al., 2019; Guerra et al., 2021).
Flooding, droughts and subsequent soil rewetting, for example, can
impose significant stress on various organism groups, from plants to
microorganisms (Schimel, 2018). Understanding how human activities
and climate change-induced variations in water regimes influence soil
organism diversity is therefore crucial for predicting ecosystem re-
sponses and ensuring sustainable management practices (Dubrovsky
et al., 2014).

To estimate variation and shifts in communities across ecosystems
and environmental conditions requires assessments beyond alpha di-
versity, that characterizes the richness and diversity of soil communities
within a given site or spatial scale. Rather, beta diversity has emerged as
a key metric for understanding how biodiversity changes across
different spatial scales, environmental gradients, or disturbance re-
gimes. Beta diversity explicitly takes into account the composition of the
communities (e.g. the identity of the species), and quantifies the dif-
ference in composition across different sites (Soininen et al., 2018). It
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provides valuable insights into both near-natural ecosystems and
intensively managed ecosystems such as agroecosystems, as it integrates
across the effects of land use, habitat fragmentation, and environmental
heterogeneity on biodiversity. High beta diversity at a given site un-
derlies ecosystem stability and resilience, while its decline may reveal
biotic homogenization and a loss of functional diversity, with significant
implications for ecosystem services and functioning (Mori et al., 2018).
Beta diversity also reflects the influence of abiotic factors, such as soil
moisture, and of biotic interactions, which vary across ecosystems.
Distinct patterns in beta diversity may help us better understand how
certain taxa could serve as indicators of biodiversity changes, aiding
conservation and monitoring efforts. Distinguishing between turnover, i.
e. the replacement of species, and nestedness, i.e. the subset of species
occurring in different communities, may further provide insight into the
underlying processes shaping biodiversity patterns and community as-
sembly (Mori et al., 2018). While turnover is often driven by environ-
mental differences or disturbances, and tends to dominate at local and
regional scales where communities respond to distinct ecological filters,
nestedness is often a result of habitat degradation or species loss
(Baselga, 2010, 2012).

In this study, we aim to assess how the diversity and composition of
different groups of soil organisms, with a focus on plants, earthworms,
nematodes, fungi and bacteria, co-vary and to what degree such co-
variation differs across spatial scales. Specifically, we explore whether
the contrasting environmental conditions in agroecosystems, compared
to near-natural ecosystems, are associated with distinct patterns of co-
variation in the diversity and composition of different soil organism
groups. We also examine whether changes in diversity caused by varying
moisture conditions across different ecosystem types are correlated
among different groups of soil organisms. We expected that the diversity
of plants, implying biochemical diversity of rhizodeposits influencing
soil organic matter chemistry, should favor more diverse soil bacterial
and fungal, nematode, and earthworm communities. As such, we hy-
pothesized that taxonomic richness and community composition of the
different groups of organisms co-vary spatially. We further anticipated
that soil moisture conditions would modulate above-belowground di-
versity relationships, with the nature of these couplings varying ac-
cording to organism groups and moisture conditions. Moderate moisture
differences might sustain positive co-variations among organism groups
through shared resource and habitat conditions, while extreme moisture
levels (drought or waterlogging) would act as strong environmental
filters disrupting these associations. Specifically, we hypothesized that
in excessively wet conditions, fauna (earthworms, nematodes) would
show reduced diversity due to hypoxia, while microbial diversity (bac-
teria, fungi) might increase due to enhanced moisture availability.
Conversely, under drier conditions, plant-fauna diversity couplings
might be maintained through plant-mediated mechanisms supporting
soil fauna diversity, whereas microbial communities would likely
exhibit drought-adapted compositions. These expectations reflect the
different physiological and ecological tolerances of organism groups to
soil moisture stress.

By examining these patterns, our research seeks to improve our un-
derstanding of the relationships among different soil biodiversity com-
ponents, providing essential insights for biodiversity conservation and
sustainable ecosystem management.

2. Material and methods
2.1. Study areas and design

Six study sites were selected in the Occitanie region, France, to
encompass a gradient of land-use intensity from near-natural ecosystems
to agroecosystems (Fig. 1). The three near-natural ecosystems included a
Mediterranean oak forest, a mountain peatland, and a temperate ripar-
ian forest. The three near-natural habitats were chosen to represent
highly contrasting environmental and ecological conditions,
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Fig. 1. (A) Geographic location of the study sites in southern France, representing agroecosystems (red triangles) and near-natural ecosystems (yellow triangles). The
sites include Auradé, Confluent, Lavalette (ConvA and ConsA, conventional and conservation agriculture respectively), Puéchabon, and Bernadouze. (B) Schematic
representation of the sampling experimental design with the two site-specific extremes in soil moisture (dry and wet). Each of these humidity conditions includes
three plots (A, B, C), each with three sampling points located in close proximity (3 m). Soil biodiversity (plants and their roots, earthworms, nematodes, bacteria,
fungi) is assessed at each sampling point. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

spanning variations in environmental constraints, soil types,
vegetation structure, and successional stages, allowing us to
examine how soil biodiversity varies along these gradients, with
each habitat offering unique soil properties and microclimates that
drive soil biodiversity. The three agroecosystems comprised a
temperate crop field and two Mediterranean crop fields, the latter under
contrasting soil management practices (conventional tillage and con-
servation agriculture). This distinction resulted in a total of six study
sites, spanning a broad gradient of land-use intensity and soil moisture
conditions.

The Mediterranean oak forest at Puéchabon has been instrumented
since 2001 as part of several national and international research in-
frastructures (ICos https://meta.icos-cp.eu/resources/stations/
ES FR-Pue, AnaEE RI, OSU OREME) with continuous monitoring of
water and carbon budgets along with meteorological and soil variables.
The mountain peatland of Bernadouze, is a long term monitoring site
(OHM Homme Milieu, SNO Tourbieres, https://deims.org/708c9dc
d-6757-4bb8-b849-3cc5666252f2) for water and carbon budgets
(Rosset et al., 2020; Garisoain et al., 2024). The temperate riparian
forest is part of a nature reserve at the confluence of the Garonne and
Ariege rivers, characterized by periodic flooding and fluctuating
groundwater levels (RNR Confluence Garonne-Ariege, 2024). The
temperate crop field at Auradé (temperate conventional agriculture
hereafter) has followed a wheat/rapeseed/wheat/sunflower crop rota-
tion since 2004, with the recent introduction of winter cover crops (ICOS
https://meta.icos-cp.eu/resources/stations/ES_FR-Aur). Within the
Mediterranean crop field at Lavalette (OSU OREME), two management
systems were considered as distinct study sites: conventional tillage
(Mediterranean conventional agriculture hereafter) and no-till conser-
vation agriculture (Mediterranean conservation agriculture).

Together, these six sites covered a wide range of ecosystem types,
climatic conditions, soil properties and land-use intensities (Table 1,
Table B 1), allowing examination of how soil biodiversity responds to
contrasting environmental conditions. The classification into “dry” and
“wet” plots was based on long-term monitoring of soil water content or
intrinsic experimental setups (e.g., rain exclusion and irrigation). We
additionally installed soil humidity sensors (TMS-4 data loggers,
TOMST, Prague, Czech Republic, Wild et al., 2019) at all sampling plots
at time of sampling and measured soil humidity over the course of one

year. The variability in soil moisture within these sites was driven by
either experimental manipulation or natural hydrological dynamics. At
Puéchabon (Mediterranean oak forest), a long-term rainfall exclusion
experiment, implemented since 2003, reduces precipitation by 25-30 %
to simulate drier conditions (Limousin et al., 2009; Gavinet et al., 2019).
At Lavalette (Mediterranean crop field), soil moisture is influenced by
contrasting irrigation practices in each of the two management regimes
(conventional and conservation agriculture). In contrast, at Bernadouze
(mountain peatland), Confluent (temperate riparian forest), and Auradé
(temperate conventional agriculture), soil moisture variability arises
from contrasting topography. These sites are monitored for multiple
years with continuous data collection of climatic and soil variables.
Based on this monitoring, six plots were identified within each site
(three in comparatively wetter and three in comparatively drier condi-
tions, see sampling design description below). This classification in-
tegrates multiple temporal and spatial variations in soil moisture
records, taking into account parameters such as topography, distance
from the river, and depth of the water table, in addition to quantitative
data from soil moisture loggers (Fig. B 1).

Although variable among sites, individual plots were on average at a
distance of about 50 m (maximum range between 10 m and 200 m).
Within each site, six plots were established at the extremes of the site-
specific soil moisture gradient, three representing comparatively
wetter conditions and three representing drier conditions (Fig. 1). Each
plot contained three sampling points (1 m? each) spaced approximately
3 m apart, resulting in 18 sampling points per site and 108 across all
sites.

2.2. Data collection

Data on soil organism diversity were collected between 28 March
2022 (Lavalette) and 10 June 2022 (Bernadouze), following the
sequence of sites: Lavalette (ConvA) — Lavalette (ConsA) - Puechabon -
Confluent - Auradé — Bernadouze. Sampling was aligned with the site-
specific phenological spring, defined by leaf outbreak of deciduous
woody species to assure sampling at the same phenological period at all
sites. Sampling was conducted under generally mild and favorable
weather conditions for soil biodiversity sampling typical of Spring
following a relatively mild Winter. While daily variations in weather (e.
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Table 1

Environmental and soil properties of the six study sites (including two management types at the Lavalette site). Mean annual precipitation (MAP), mean annual temperature (MAT); Soil texture is represented by pro-
portions of sand, silt and clay.

Site GPS Climate type Ecosystem type Land use Drivers of Altitude MAP MAT Soil pH Soil bulk Soil C/N Soil organic  Sand (g/  Silt (g/kg) Clay (g/
coordinates within-site (masl) (mm) (°C) density (g. matter (g/ kg) kg)
variation in soil cm-3) kg)
moisture
Auradé (Temperate ~ 43°32'58.7'N  Mediterranean, hot Agroecosystem Conventional  Topography 250 668 131 6.4+0.55 1.3+0.09 9.2+0.42 182+3.13 202+65 498+66 300+ 58
conventional 1°0622.0'E and dry summer agriculture
agriculture) (Csa)
Lavalette 43°38'42.7'N, Mediterranean, hot Agroecosystem Conventional  Irrigation 38 745 147 85+0.04 1.5+0.07 9.4+099 150+210 363+88 438+58 200=+31
(Mediterranean 3°52'28.1"E  and dry summer agriculture
conventional (Csa)
agriculture)
Lavalette 43°3842.7'N, Mediterranean, hot Agroecosystem Conservation  Irrigation 38 745 147 85+0.05 1.8+0.06 10.4+0.81 20.7+3.59 354+101 442+68 205+ 35
(Mediterranean 3°52'28.1"E  and dry summer agriculture
conservation (Csa)
agriculture)
Puéchabon 43°44'29"N, Transitional Near-natural Unmanaged Rain exclusion 270 967 13,5 7.6+0.17 0.82+0.08 18.7+3.27 176 +50 282 +66 517 +£81 201 +49
(Mediterranean 3°35'45"E Mediterranean, ecosystem forest
oak forest) warm summer (Evergreen
(Cfb) broadleaf forest -
EBF)
Bernadouze 42°4809.3'N  Sub-alpine, warm  Near-natural Extensive Elevation above 1343 1478 75 51+0.8 0.12+0.04 26.6+11.6 749+186 - - -
(Mountain 1°25'25.7"E summer (Cfb) ecosystem grazing the water table
peatland) (Minerotrophic
peatland)
Confluent 43°31'24.1'N  Transitional Near-natural Natural Proximity to 145 660 144 7.9+0.08 0.86+0.18 12.6+0.97 63.0+ 149 237 +£164 505+ 113 259 + 62
(Temperate 1°25'07.4"E Mediterranean, ecosystem reserve and elevation

riparian forest)

warm summer
(Cfb)

above the
Garonne River
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g., sunny or rainy days) can influence soil fauna activity, particularly for
earthworms, conditions during our sampling were consistently humid
across sites, minimizing potential biases in organism representation.

At each sampling point (1 m?), a soil monolith (25 x 25 cm, 0-20 cm
depth) was collected from the center of the vegetation survey area to
assess earthworm organism communities, which can have significant
vertical activity. Four cylindrical soil cores (5.3 cm in diameter, 0-10 cm
depth) were taken 5 cm away from each side of the monolith to quantify
soil bulk density and physicochemical properties, and to characterize
soil microbial (bacteria, fungi) and nematode communities. The 0-10
cm layer was chosen because it corresponds to the biologically most
active topsoil horizon, where most microorganisms and fine roots occur.
An additional soil core (5 cm in diameter to a depth of 5 cm) was taken at
each sampling point to determine soil water content at field capacity. All
sampling procedures followed international standard protocols for soil
parameters and the specific groups of soil organisms to ensure compa-
rability of biodiversity and soil measurements with other databases
globally. Prior to monolith and core extractions, surface litter was
carefully removed from the topsoil layer.

2.2.1. Soil properties

The soil cores specifically sampled to determine soil water content at
field capacity were covered with lids on both sides immediately after
sampling and transported to the laboratory. Fresh weight at sampling
was measured before the cores were placed in a water bath for 12h. The
water saturated cores were then placed with a lid on top on a water-filled
sand bath and drained for 48 h to reach field capacity, reweighed and
then dried at 105 °C to constant weight and weighed again.

2.2.2. Vegetation survey

At each sampling point, we started with the identification of all plant
species within the sampling plot area of 1 m?2. Identification was per-
formed at the species levels for almost all individuals except for rare
cases where seedlings could only be identified at the genus or family
level. We visually estimated total plant cover (in %), as well as cover of
each individual species (Dengler, 2023). Relative species abundance was
calculated based on proportion of total species-level cover values. For
plot- and site-level considerations we averaged the percentage cover
values obtained at the sampling point level.

2.2.3. Earthworm sampling

Earthworms were extracted manually from one half (vertical split) of
the soil monoliths and placed in a vial containing soil for transport. In
the laboratory, earthworms were counted, weighed and identified based
on Bouché (1972).

2.2.4. Nematode community sampling and identification

Nematodes were extracted using the Oostenbrink direct cottonwood
filter method (Townshend, 1963) using a 16 cm diameter and 2 cm deep
PVC “Petri dish”-Baermann device from 100 g of fresh soil samples for
48h at 25 °C in the dark. Extracted nematodes were then counted under
a stereomicroscope and around 200 individuals per sample were
randomly selected and identified at the genus or family level with a
compound microscope. Taxa were then assigned to trophic groups as
described by Yeates et al. (1993). Nematode genus abundance was
calculated as number of nematodes per kg of dry soil.

2.2.5. Microbial soil community

For microbial community analysis, all samples were sieved to 2 mm
and immediately frozen for molecular analyses upon return from the
field.

In order to characterize diversity of bacterial and fungal commu-
nities, total soil genomic DNA was extracted from 500 mg of soil with the
FastDNA SPIN™ kit for soil (MP Biomedicals Santa Ana, CA, USA) as
described by Tournier et al. (2015). DNA was quantified using Pico-
Green fluorescence (Molecular Probes, Paris, France) and kept at —20 °C
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until amplification.

Bacterial and fungal community diversity were assessed by
sequencing the V3-V4 region of the 16S rDNA and the internal tran-
scribed spacer ITS2 of the nuclear ribosomal RNA on a MiSeq Illumina
sequencer. Sequencing was performed by ADNId laboratory Qualtech
group (https://www.adnid.fr/) (Montpellier, France) as described in
Brondani et al. (2022). Primers and PCR conditions are described in
Appendix B (Appendix B, Table B 2).

DNA amplification was performed by PCR in a total volume of 15 pl
containing 1X master mix, Type-it Microsatellite PCR Kit (Qiagen, Hil-
den, Germany), 0.13 pM of each primer and 2 pl of genomic extracted
DNA. PCR amplifications were verified by electrophoresis migration on
a 1.5 % agarose gel. PCR products were purified using the Agencourt®
AMPure® XP kit (Beckman Coulter, Italy, Milano). Each PCR product
was tagged using the Nextera XT DNA Library Prep Kit (Illumina Inc.,
San Diego, CA) in a second PCR reaction. Tagged PCR products were
purified using the Agencourt® AMPure® XP kit (Beckman Coulter, Italy,
Milano) and quantified with the Tecan Nanoquant spectrometer. Equal
amounts of DNA for each sample were pooled and then cleaned using the
Agencourt® AMPure® XP kit (Beckman Coulter, Italy, Milano). The
DNA library was controlled on Fragment analyzer from Advanced
Analytical and quantified using SYBR Green-Quantitative Polymerase
Chain Reaction on real-time PCR. The DNA library was finally
sequenced on an Illumina Miseq instrument with 2 x 250-bp technology
and V2 chemistry (Illumina Inc., San Diego, California, USA). For bac-
terial and fungal community analysis, sequences were clustered using
SWARM with a distance of 1, which is a distance-based method rather
than a percentage similarity threshold. Although this approach is similar
to generating Amplicon Sequence Variants (ASVs), we refer to these
clusters as OTUs throughout the manuscript for consistency. Illumina
sequencing data were analyzed as described in Brondani et al. (2022).
The raw data are available under the bioproject PRJEB106611 (Table B
2).

2.3. Diversity indices

Organisms were identified to the highest possible taxonomic reso-
lution, which varied by group according to common practice, such dis-
crepancies are inevitable given the wide range of organisms considered
here. Plants and earthworms were identified to the species level, nem-
atodes to the genus level and bacteria and fungi to operational taxo-
nomic units (OTU). At each sampling point, we calculated relative
abundance for each taxon as well as total species, genus, or OTU rich-
ness. To assess patterns at broader spatial scales, we aggregated these
measures at the plot and ecosystem levels by calculating mean relative
abundance across all sampling points within each spatial unit. As taxo-
nomic identification was based on different taxonomic identification
levels, we use the term taxonomic richness throughout. We also calcu-
lated the Shannon diversity index using the vegan package (Oksanen
et al., 2022).

We calculated a multidiversity index following the procedure of
Beaumelle et al. (2023), using the standardized richness of the five soil
organism groups. Specifically, for each group, we computed a z-score of
taxonomic richness and averaged these values to obtain a single multi-
diversity index (Allan et al., 2014).

To assess spatial associations between organism groups and compare
beta diversity partitioning, we first calculated beta diversity using
presence/absence data to ensure consistency across taxa, excluding
abundance. We used the Sgrensen dissimilarity index (Bsor) to quantify
total compositional variation (Bsor = Psiv + PsnE), where gy represents
turnover, and Pgyg accounts for nestedness-resultant dissimilarity,
measured on a normalized scale from zero to one.

2.4. Statistical analyses

For each organism group, mean taxonomic richness and Shannon
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diversity were computed per site and per site x soil moisture condition.
Pairwise post-hoc comparisons were performed between sites following
a Kruskal-Wallis test to identify significant differences between groups;
significant groupings are indicated by letters on the boxplots. To eval-
uate the differences in mean diversity metrics based on soil moisture
across sites, Wilcoxon rank-sum tests were conducted separately for
each organism group and each site. Detailed results of these tests are
provided in appendix A.

We performed additive diversity partitioning to decipher the pro-
portional contributions of diversity relative to each spatial level in the
spatially hierarchical sampling design. We decomposed gamma di-
versity into alpha diversity and five successive beta diversity compo-
nents corresponding to increasing spatial scales: dissimilarities in
species composition among sampling points within a plot (1), among
plots within a soil moisture condition (B2), among soil moisture condi-
tions within a site (f3), among sites within an ecosystem type (agro-
ecosystem or near-natural ecosystem) (B4), and among ecosystem types
within the region (fs5). These analyses were performed using the vegan
package with 1000 randomizations to test the significance of each
component. This approach was applied to both taxonomic richness and
Shannon diversity to evaluate how biodiversity is structured across
scales. While beta diversity in taxonomic richness reflects dissimilarities
in species composition, beta diversity in Shannon diversity accounts for
both species composition and relative abundances, capturing differences
in community structure across spatial scales. A final level distinguished
agroecosystems (Mediterranean and Temperate agriculture) from near-
natural ecosystems (mountain peatland, Mediterranean oak forest, and
temperate riparian forest). According to our experimental design, we
performed a beta diversity partitioning at two spatial scales: among sites
(B4), separately for each organism group, and between wet and dry soil
moisture conditions within each site (3), also separately for each group.
We partitioned the total beta diversity (Bsor) into turnover (Bsmps) and
nestedness (Psyg) components by applying the function beta.multi() from
the betapart package (Baselga and Orme, 2012).

Standardized mean difference effect sizes (Hedges' g) were calcu-
lated based on average differences between taxa diversity (separately for
multidiversity index, taxonomic richness, and Shannon diversity index)
under the different soil moisture conditions (wetter versus drier)
(Gibbons et al., 1993; Cohen, 2013; Hedges and Olkin, 2014). The
Hedges’ g effect size represents a standardized mean difference cor-
rected for positive bias, i.e. the raw mean difference is divided by the
pooled standard deviation of the two groups. It was calculated using the
cohen.d() function from the effize package.

We applied partial correlation networks to examine associations
among taxa based on alpha and beta diversity metrics. Separate net-
works were constructed for alpha diversity and for beta diversity,
ensuring independent analyses of community structure and composi-
tional variation. Alpha diversity networks were built using taxonomic
richness and Shannon diversity indices, while beta diversity networks
were based on pairwise compositional dissimilarity using the beta.pair()
function with the Sgrensen dissimilarity index. The advantages of
building partial correlation networks include that they do not require a
priori knowledge of the structure (Harris, 2016) and that correlations
can be graphically represented and analyzed to reveal key
inter-dependencies and highly connected variables (Friedman et al.,
2008). Networks were inferred using the Graphical Lasso method (Least
Absolute Shrinkage and Selection Operator, LASSO) implemented in R
package bootnet (Epskamp et al., 2018), which estimates partial corre-
lations while controlling for the influence of other variables (Epskamp
and Fried, 2018). A regularization penalty was applied to limit the
number of parameters, with the tuning parameter selected using the
Extended Bayesian Information Criterion (EBIC). Networks were visu-
alized as undirected weighted graphs (i.e., there is an association, but
the direction is not determined), where nodes represent diversity met-
rics for each taxon and edges indicate significant (undirected) partial
correlation coefficients (Ohlmann et al., 2018; Pedersen, 2024). To
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ensure robustness, we implemented a bootstrap procedure with the
CorStability() function and only interpreted edges with stability values
> 0.5 (Epskamp and Fried, 2018; Epskamp et al., 2018). The strength
centrality measure (i.e., the sum of absolute edge weights) was used to
assess the relative influence of each taxon in the network. To explore
diversity associations at different spatial scales, three sets of networks
were constructed. The first set provided a global perspective by inte-
grating all sampling points across sites. The second set focused on
site-specific relationships, with separate networks for each site. The
third set targeted beta diversity under contrasting soil moisture condi-
tions, with one network capturing associations between the wet and dry
points within each site and another comparing beta diversity within
similar moisture conditions (either wet or dry points). Edges in the
networks reflect taxon associations, with positive edges indicating
co-variation in diversity metrics or beta diversity patterns, and negative
edges suggesting opposing trends (Bhushan et al., 2019). Non-significant
associations were excluded. Details on network accuracy assessment,
tuning parameter selection, and stability analyses are provided in the
Appendix. For all these analyses we followed the procedure provided by
Montoya-Sanchez et al. (2023).

All analyses were performed with R software version 4.3.3 (R Core
Team, 2022).

3. Results

3.1. Alpha diversity patterns: correlations between groups and influence
of soil moisture

Across all sites, we recorded 122 plant species, 15 earthworm spe-
cies, 92 nematode genera, 9377 fungal OTUs, and 50,353 bacterial
OTUs. Taxonomic richness markedly differed among the six study sites
(Fig. A1), with the mountain peatland hosting the highest plant richness,
while fungal and bacterial richness peaked in the temperate riparian
forest (p < 0.05). Nematode richness was highest in Mediterranean sites,
and earthworm richness was generally low but slightly higher in the
temperate ecosystems. Overall, we observed the same patterns for the
Shannon diversity index (Fig. A 2).

Taxonomic richness was influenced by soil moisture conditions
across sites. The number of nematode genera was higher in drier con-
ditions, whereas wetter conditions favored higher bacterial and fungal
OTU richness (p < 0.05; Fig. A 2, Fig. A 3). This pattern was consistent
for Shannon diversity for bacteria only, with higher bacterial OTU di-
versity observed under wetter compared to drier conditions (Appendix
A: Fig. A 2, Fig. A 3). To further characterize the magnitude of these
shifts in taxonomic richness, we examined the effect sizes. Overall, we
found no effect of the comparatively drier conditions on the multi-
diversity index, i.e. considering all five taxonomical groups together,
across the six different sites (Fig. 2A). However, drier conditions had a
negative impact on the multidiversity index in the peatland, but a pos-
itive one in the temperate riparian forest (Fig. 2A). When breaking down
these effect sizes on taxonomic richness by soil organism group and per
site, drier conditions had, in general, negative effects on the number of
taxonomic units compared to wetter conditions (Fig. 2B). Drier condi-
tions exhibited lower fungal richness across all sites except in the ri-
parian and the Mediterranean oak forests. Bacterial communities
showed site-specific effects varying between neutral to negative re-
sponses to drier conditions. For nematodes and earthworms, we
observed higher taxonomic richness under drier, compared to wetter
conditions, in the temperate riparian forest. In contrast, plant and
nematode richness in the peatland were lower under drier conditions.
Similar patterns were observed using the Shannon diversity index (see
Fig. A 5). Effect size of soil moisture was never significant in the Med-
iterranean oak forest.

Across all sites, we found significant correlations between taxonomic
richness of the different soil organism groups (Fig. 4, Table A 1). There
were significant positive correlations between bacteria and fungi
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Fig. 2. Hedges's effect size of soil moisture conditions (wetter versus drier) on (A) multidiversity index and (B) taxonomic richness across ecosystems and soil
organism groups. Positive or negative effect sizes indicate positive or negative effect of drier sites on diversity, respectively. Significant differences between soil
moisture conditions are highlighted in purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

vs)

Taxonomic richness

Fig. 3. Taxonomic richness co-variations between soil organism groups (i.e. plants, earthworms, nematodes, fungi and bacteria) across all sites (A) and within each
site (B). In panel (A), the global co-variation network illustrates the significant partial correlations between taxonomic richness for different soil organism groups
when all sites are considered together. Positive correlations are represented by blue lines and negative correlations by red lines. Panel (B) shows the site-specific co-
variation networks, highlighting how the relationships between soil organism groups vary among the study sites. The dashed lines represent associations with
network stability values below 0.25. Stability values for each network are displayed below the corresponding graphs. Taxa with the highest strength centrality values
in the networks are highlighted with a thicker border. Additional details on network stability and strength centrality values are provided in appendix A Tables A 1
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richness and also between bacteria and earthworm richness. In contrast,
a negative correlation was detected between earthworm and plant
species richness. When accounting for environmental covariates such as
soil pH and soil organic matter (SOM) through additional analyses
(Supplementary Figures A 6 and A 7), we observed distinct groupings:
plants and earthworms were more closely associated with SOM, while
bacteria and nematodes were linked to soil pH, with a notable negative
correlation between soil pH and SOM. When each site was analyzed
separately, we found relatively few significant relationships in only two
sites (Fig. 4, Table A 1) and none when we added pH and SOM (stability
value < 0.25), probably due to limited statistical power with relatively
low intra-site replication. In the mountain peatland we found positive
correlations between fungal and bacterial richness, between plant and
bacterial richness, and between nematode and plant richness. In the
temperate riparian forest, the network had a low stability value (<0.25)
suggesting that the negative relationship between nematode and

bacterial richness should be interpreted with caution (Table A 2). No
significant correlation between taxonomic richness was found in the
agroecosystems and in the Mediterranean oak forest (see Fig. A 8 for
detailed results on Shannon diversity index, Tables A 1, A 3).

3.2. Diversity partitioning

The additive partitioning of diversity showed that patterns of soil
biodiversity across spatial scales were relatively consistent among
groups of organisms, despite a few notable differences (Fig. 4). Across all
groups, broad-scale p-diversity components (4 and ps, corresponding to
B-diversity between sites and between ecosystem types respectively)
accounted for most of the taxonomic richness, particularly in plants,
fungi, and bacteria (with 4 + ps ranging from 70.0 % to 75.7 %), and to
a slightly lesser extent in earthworms (B4 = 42.7 %, fs = 15.6 %). In
contrast, nematode diversity was more evenly partitioned across spatial



A. Tortosa et al.

Soil Biology and Biochemistry 215 (2026) 110093

( reioarae N 1 Ea e

Temperate Mediterranean Mediterranean
conventional conventional conservation
agriculture agriculture agriculture
B
—

0.68

0.22
& {\‘5
A
%\jrl l
0.75 0.28 0.44

S Stability value: 0.75 g

4 N X N\

Temperate
riparian forest

Mediterranean

eakforest Mountain peatland

0.67

0606 06

@ 0e 0e o
o

@ .,@ @  ® @ O

Fig. 5. Co-variations in taxonomic composition (beta diversity measured using the Sgrensen dissimilarity index) between soil organism groups (i.e. plants, earth-
worms, nematodes, fungi and bacteria) across all sites (A) across all sampling points (n = 18) within each site (B), and between points under wet versus dry
conditions (n = 9 for each humidity conditions, C). In panel C, earthworms were not included in mountain peatland due to the absence of species in dry conditions,
preventing p-diversity calculations between wet and dry. Edge thickness is proportional to partial correlation coefficients, with blue edges indicating positive
correlations (i.e., greater similarity in the composition of one taxon corresponds with greater similarity in another taxon) and red edges indicating negative cor-
relations (i.e., greater dissimilarity in one taxon corresponds with similar community composition in another taxon). The length of the edges is not meaningful. Nodes
are transparent when a group of organisms is absent. The dashed lines represent associations with network stability values below 0.25. Stability values for each
network are displayed below the corresponding graphs. Taxa with the highest strength centrality values in the networks are highlighted with a thicker border.
Additional details on network stability and strength centrality values are provided in appendix A Tables A 1, A 4 and A 5. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

scales, with alpha diversity contributing moderately (20.3 %) and
B-components showing balanced contributions (each between 11.4 %
and 24.6 %). However, Shannon diversity patterns differed notably from
those of taxonomic richness, with a stronger contribution of local-scale
variation across most organism groups. For bacteria, fungi, and nema-
todes, alpha diversity (diversity at each sampling point) represented the
largest share of gamma diversity (77.5 %, 60.4 %, and 64.9 %, respec-
tively), indicating relatively homogeneous communities across space
but substantial variation in species evenness at the sampling point. In
contrast, alpha diversity contributed less to overall diversity in plants

(36.5 %) and earthworms (30.3 %), where larger-scale components,
particularly variation among sites (f4) and between ecosystem types
(Bs), accounted for a substantial proportion of diversity. Intermediate
spatial levels (f;—p3) had lower and more variable contributions across
all taxa.

Most of the B4 (dissimilarities in species composition among sites
from the same ecosystem type) and Ps (dissimilarities in species
composition among soil moisture conditions within sites) diversity
components resulted from taxa turnover (Fig. A 9). The mean total beta
diversity among sites varied from 0.50 (nematodes) to 0.96 (plants)
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showing high dissimilarities among sites. For all soil organism groups,
turnover dominated the total beta diversity ranging from 70 % for
earthworms to 91 % for plants. Nestedness was highest for earthworms,
accounting for 11 % of the total beta diversity across sites (Fig. A 9).
When analyzing sites separately, the Bsoil moisture associated with the two
contrasting soil moisture conditions at each site showed differences
depending on the organism groups. For instance, in agroecosystems,
earthworms had a relatively higher contribution to species nestedness
compared to other groups, while for nematodes, beta diversity was
consistently dominated by species turnover across different sites (Fig. A
9.

3.3. Between- and within-site co-variations patterns in community
composition across soil organism groups

Graphical Lasso analysis of beta diversity across all sites highlighted
significant co-variations in the taxonomic composition of soil organism
groups. Strong positive associations were observed between fungi and
bacteria, earthworms and fungi, as well as bacteria and nematodes,
reflecting shared spatial dissimilarity patterns (Fig. SA-Table A 1). In
other words, when fungal communities are more similar between two
points (i.e., low beta diversity), bacterial communities also tend to be
more similar. Conversely, higher spatial dissimilarity in fungal com-
munities corresponds to higher dissimilarity in bacterial communities,
highlighting parallel spatial structuring processes across these groups. In
contrast, plants and earthworms exhibited a negative association
(Fig. 5A-Table A 1).

When Graphical Lasso networks were analyzed separately for each
site, considering all 18 sampling points (two moisture conditions each
with three plots and three sampling points per plot) (Fig. 5B), arecurring
pattern emerged: bacteria-fungi and bacteria-earthworm associations
were consistently observed across most sites, except in the mountain
peatland for the bacteria-earthworm association, which likely is simply
because of essentially no earthworm presence in this ecosystem type. In
agroecosystems, the networks were more complex in the no-till site
(Mediterranean conservation agriculture) compared to tilled agro-
ecosystems, as well as in natural systems. Specifically, the number of
associations was higher in Mediterranean conservation agriculture (5
associations), Mediterranean oak forest (5), mountain peatland (6), and
temperate riparian forest (7), compared to tilled agroecosystems such as
Mediterranean conventional agriculture (2) and Temperate conven-
tional agriculture (2) (Fig. 5B-Table A 4). The centrality of soil organism
groups, as indicated by strength values (the sum of all correlations
involving a given soil organism group), varied across sites (Table A 4).
Bacteria had the highest strength values in most of the sites (values =
1.09 to 1.45 Table A 4) making them the most central group, except in
Mediterranean oak forest and mountain peatland, where fungi exhibited
the highest strength values (1.22 and 1.47 respectively; Table A 4).

Graphical Lasso networks were also constructed to analyze co-
variations in the taxonomic composition of soil organism groups
across contrasting moisture conditions (wet vs. dry) within each site
(Fig. 5C). Compared to the site-specific networks including all sampling
points, the number of significant associations was generally lower for
wet-dry contrasts. For example, networks displayed only one association
in Temperate conventional agriculture against two in networks
including all points, two against five in Mediterranean oak forest, four
against seven in mountain peatland, and three against seven in
temperate riparian forest. At the Mediterranean agriculture sites, net-
works exhibiting low stability values (<0.25), indicating limited con-
sistency of the relationships in these contexts (Table A 5). Despite lower
network stability for Mediterranean agriculture sites, a recurrent pattern
was observed across all other sites: with a consistent positive association
between bacteria and fungi, while associations involving soil fauna or
plants were generally absent or limited. Bacteria and fungi were the
most central groups in networks from Temperate conventional agricul-
ture, while bacteria dominated in temperate riparian forest and fungi
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were the most central in mountain peatland and Mediterranean oak
forest (Fig. 5C-Table A 5). Furthermore, the strength of recurrent as-
sociations, such as bacteria-fungi, was generally weaker under wetter
versus drier conditions within each site compared to the site-specific
networks.

4. Discussion

With a focus on the five distinct groups of soil organisms, plants,
earthworms, nematodes, fungi and bacteria, our study explored whether
their diversity co-varies and how this variation is spatially structured.
We chose to address this question across highly contrasting ecosystems
to search for general patterns independent of obvious ecosystem-type-
specific patterns. A secondary goal was to explore the possibilities of a
generally applicable proxy to evaluate soil biodiversity without the need
to characterize multiple groups of organisms in detail. In partial contrast
to our initial hypothesis, co-variation in the taxonomic richness among
these groups was limited, suggesting that it may not be sufficient to
characterize the taxonomic richness of one particular, possibly more
easily to determine, group of organisms to draw conclusions about the
taxonomic richness of other groups. On the other hand, when consid-
ering spatial differences in community composition (i.e. beta diversity),
substantial co-variation was observed across all soil organism groups,
indicating significant connections in the spatial organization of multiple
soil organism communities. As expected, these co-variation patterns
were stronger in near-natural ecosystems and in no-till agricultural
system than in conventional agricultural systems. Ecosystem type (near-
natural vs. agroecosystems) influenced taxonomic richness at a broader
scale, while local soil moisture conditions played a critical role in
shaping the spatial composition of soil biodiversity at finer spatial
scales. These findings underscore how both ecosystem type and small-
scale environmental conditions act as significant determinants of spe-
cific aspects of soil biodiversity.

4.1. Weak co-variations in alpha diversity among groups of soil organisms

As a result of our selection of highly contrasting sites in terms of land
use and climate, it was not surprising that taxa composition showed little
overlap across sites, reflecting the role of site-specific characteristics and
historical factors in shaping soil communities (Maravalhas and Vas-
concelos, 2020; Liu et al., 2024). Limited overlap in community
composition across sites was a strength of our study when testing for
co-variation in richness among different groups of organisms, indepen-
dent of species identity. The generally positive co-variation in taxo-
nomic richness we observed between bacteria and fungi, and to a lower
degree between earthworms and bacteria, suggests relatively coherent
richness patterns among these three groups at large spatial scales across
vastly different ecosystems and environmental conditions covered with
our study. This result is consistent with studies showing that earthworms
can influence microbial diversity and composition directly by eating soil
and indirectly by altering soil structure and nutrient cycling (Nechitaylo
et al.,, 2010; Koubova et al., 2015; de Menezes et al., 2018).
Earthworm-driven changes in soil aeration, porosity, and moisture dy-
namics may create favorable conditions for microbial communities,
which could explain the co-variation observed here (Homet et al., 2021;
Ganault et al., 2024). However, nematode richness showed little or no
co-variation with microbial or earthworm richness. While nematodes
are known to interact with soil microbes, particularly as bacterial and
fungal grazers, their response patterns appear more context-dependent
and less predictable (Pereira et al., 2024). Their relatively indepen-
dent variation across sites and conditions may reflect specific trophic
interactions, microhabitat preferences, or resilience to environmental
filtering not shared with the other groups studied. More surprising was
the negative relationship between earthworms and plants across all
sites. This pattern was the result of the particular situation at two of our
sites. At the time of sampling the temperate conventional agricultural



A. Tortosa et al.

site was essentially without plants, as it typically occurs for some part of
the year in conventionally managed croplands. At the same time, there
was a relatively high earthworm richness at this same site. This pattern
may have been influenced by the timing of sampling, which occurred
during the bare soil period in agricultural fields just before sowing crops.
During this period plants are sparse or almost completely absent (in
conventional agriculture involving ploughing), highlighting the impor-
tance of considering phenological stages when interpreting a-diversity
relationships. The second site was the mountain peatland, where plant
species richness was high, but earthworms were almost absent. This il-
lustrates the limitations of our approach comparing vastly different
ecosystems. Interestingly, when considering soil pH and SOM as addi-
tional factors, we observe that while these environmental variables
show expected relationships with biodiversity patterns (e.g., positive
pH-bacteria correlation as documented by Fierer, 2006), they do not
substantially alter our main conclusions regarding taxonomic richness
co-variations. The co-variation of soil pH and organic matter with
distinct soil organism groups across sites suggests that these environ-
mental variables interact in complex ways to shape biodiversity pat-
terns, potentially mediating some of the a-diversity associations we
observe. However, the persistence of bacteria-fungi co-variation even
after accounting for these environmental factors supports our interpre-
tation of biological interactions playing a key role in structuring these
communities. Our data on alpha diversity demonstrate the significant
influence of soil moisture, in shaping taxonomic richness. However, the
effect of soil moisture conditions was rarely homogeneous among
groups of soil organisms, which illustrates general differences in soil
moisture dependencies among broad groups of organisms. Only the
mountain peatland showed a consistent pattern of decreasing taxonomic
richness in drier conditions for four groups of soil organisms concur-
rently, plants, nematodes, fungi and bacteria. This pattern likely re-
flected the common sensitivity of these organisms adapted to stable,
water-saturated conditions, to fluctuating soil humidity, with particu-
larly dry conditions during summer (e.g., Toberman et al., 2008; Hillgén
et al., 2024) and linked soil moisture variations to shifts in microbial
communities and enzyme activities, and carbon and nitrogen cycling in
peatlands (Xu et al., 2021). At other sites, groups of soil organisms were
influenced in different ways by soil moisture conditions, displaying
positive, negative, or neutral patterns. For instance, in the temperate
riparian forest, nematode and earthworm richness increased under drier
conditions, likely due to reduced flooding stress, while fungal richness
remained stable and bacterial richness declined. These contrasting pat-
terns suggest that certain groups, like macrofauna, may benefit from
alleviated anoxic stress, whereas microbial communities remain tightly
constrained by moisture-dependent nutrient cycling (Annala et al.,
2022). In the Mediterranean agroecosystem, dryness negatively affected
fungal and nematode richness, but had neutral or weak effects on other
groups. Drought in these soils may limit decomposition, oxygen avail-
ability and organic matter decomposition (Franco et al., 2019; Biryol
et al., 2024), creating patchy microhabitats. Contrary to previous
studies, no taxonomic richness of any group of organisms has increased
or decreased significantly with drier conditions in the Mediterranean
oak forest. This is possibly due to the presence of taxa adapted to fluc-
tuating moisture in forest litter (Richard et al., 2011; Shahin et al., 2013)
and the buffering effect of perennial vegetation. These contrasting pat-
terns highlight that soil organism responses to moisture conditions are
highly context-dependent. Within a given site, some taxa are con-
strained by abiotic limitations (e.g., microbial groups in peatlands),
while others benefit from alleviated stress (e.g., earthworms in riparian
zones). In many cases, changes in vegetation composition under drier
conditions may indirectly drive changes in microbial and faunal com-
munities via shifts in rhizosphere interactions (Maestre et al., 2015;
Franco et al., 2019). For instance, drought-tolerant plants may host
microbial taxa adapted to low-moisture conditions, which may influence
herbivore and bacterivorous or fungivorous nematode populations
(Castro et al., 2010; Naylor and Coleman-Derr, 2018; Biryol et al.,
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2024). Differences in sampling depth among organism groups may also
contribute to the observed patterns. Moisture in shallow soil layers is
typically more variable (Meng and Sun, 2023; Li et al., 2024) and may
exert stronger short-term control on microorganisms and nematodes
sampled in the 0-10 cm layer, whereas earthworms sampled at deeper
layers (0-20 cm) may experience less variable and more favorable
moisture conditions. Nonetheless, it remains unclear whether this
organism-specific sampling could result in a methodological bias or
rather adequately represents organism-specific differences in size and
mobility within the soil.

Collectively, these findings emphasize that the impact of dryness
varied not only across taxa but also depending on local site character-
istics and underscore the critical role of local hydrological context in
mediating soil biodiversity responses.

4.2. The spatial structure of co-variation in soil biodiversity

The spatial variation in soil organism diversity reflects a complex
interplay between ecosystem type and local environmental conditions, a
pattern observed across all groups of soil organisms. Ecosystem type
emerged as a key determinant of taxonomic richness, suggesting that
broad spatial scales capture key environmental drivers shaping biodi-
versity. This is in line with studies showing sharp community transitions
across ecosystem boundaries (Miyashita et al., 2014). In contrast,
within-ecosystem variation played a more prominent role for nematodes
and earthworms, possibly due to their greater sensitivity to local mi-
crohabitats and spatially heterogeneous resources (van den Hoogen
et al., 2019).

Beta diversity associations revealed positive co-variations among
bacterial and fungal, bacterial and nematode, and fungal and earthworm
community compositions. These associations may result from shared
responses to environmental gradients, parallel ecological filtering, or
direct or indirect biotic interactions (Medina-Sauza et al., 2019; Thakur
and Geisen, 2019; Pelaez-Sanchez et al., 2024). For instance, the posi-
tive bacterial-fungal association, which was observed across both
ecosystem types and at all sites, may reflect shared environmental in-
fluences or direct biotic interactions due to their complementary roles in
different soil processes (Van Der Heijden et al., 2008; Hartmann and Six,
2023). Indeed, fungi facilitate bacterial dispersal and resource avail-
ability by decomposing recalcitrant organic matter, releasing substrates
that fuel bacterial activity (Bahram et al., 2018) and creating micro-
habitats that sustain bacterial diversity (Bahram et al., 2018; Deveau
et al., 2018). This relationship may be sufficiently robust that it is also
observed in agroecosystems despite their frequent disturbances. In
contrast, the relationships among other groups of soil organisms appear
to be more fragile in more disturbed agroecosystems, perhaps through
reduced interaction complexity as disturbance-tolerant species domi-
nate, potentially weakening interactions density. This fragmentation
may impair essential soil functions, such as organic matter decomposi-
tion and nutrient cycling (Yang et al., 2021). Interestingly, beta diversity
co-variation between bacteria and nematodes was positive and rela-
tively robust when assessed across all sites, but absent in five of the sites
and very weak in temperate riparian forest when analyzed at the site
level. This suggests that local conditions may modulate their community
composition co-variation. These co-variation patterns among soil or-
ganism groups may have functional implications, as taxa with comple-
mentary roles in decomposition, nutrient cycling, or organic matter
turnover could influence ecosystem processes. Although the present
study did not focus on diversity-function linkages, the observed struc-
turing of beta diversity suggests potential links between community
composition and soil processes. This was particularly true in
near-natural ecosystems, suggesting that comparatively low levels of
disturbance may favor similar beta diversity patterns across distinct
groups of soil organisms. However, near-natural ecosystems themselves
are environmentally highly heterogeneous. These environmental con-
trasts are reflected in the structure of beta-diversity networks observed
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in our results, with the riparian forest showing a more extensive network
of associations than the mountain peatland or the Mediterranean oak
forest. The Mediterranean forest with the simplest network among the
three natural ecosystems is characterized by a coarse-textured soil
within a rocky matrix, severe summer drought, the mountain peatland
by cool and humid conditions, and the riparian forest by often water-
logged soils near the Garonne river. These differences likely shape both
local environmental filtering and the potential for co-occurrence among
taxa, potentially explaining the observed variation in network
complexity in the studied natural ecosystems.

Similar to the switch from near-natural ecosystems to agro-
ecosystems, contrasting soil moisture conditions further disrupted these
patterns, decreasing associations between soil fauna and plants or be-
tween bacteria and nematodes. This loss of spatial co-variation may be
the result of disturbance due to more extreme soil moisture conditions.
For example, plants may reduce rhizodeposition under more constrained
soil moisture conditions such as in drier areas (Preece and Penuelas,
2016), but also under more frequent anoxic conditions, such as in the
wetter part in the temperate riparian forest, which limits the provision of
critical resources for soil fungi and bacteria and the soil food web that
they sustain (Wagg et al., 2019). Although the bacterial-fungal associ-
ation remained stable across sites and moisture conditions, increasing
drought frequency could further destabilize these interactions, favoring
drought-adapted fungi while reducing functionally specialized bacterial
taxa (De Vries and Shade, 2013; de Vries et al., 2018). Such shifts may
decouple  bacterial-fungal = networks, ultimately = weakening
microbial-mediated soil processes essential for ecosystem resilience (Ali,
2023).

At the site level, beta diversity was mainly driven by species turnover
rather than nestedness. The only small contribution of nestedness to beta
diversity further suggests that few species are ubiquists. This aligns with
findings that more intensive land use, for example through planting
monocultures or through frequent tillage, shifts community composition
towards disturbance-tolerant or generalist taxa, often resulting in
taxonomic homogenization rather than diversity loss (Villarreal-Barajas
and Martorell, 2009; Tsiafouli et al., 2015). Moist sites, like the
temperate riparian forest and the mountain peatland, exhibited pro-
nounced community composition variations, i.e. higher beta diversity
between wetter and drier conditions than at the other sites. This may
result from threshold effects with temporarily completely
water-saturated soils in these two ecosystems requiring particular
adaptive traits from soil organisms during prolonged anoxic conditions.
For certain groups of soil organisms, such as earthworms, the nestedness
component of beta diversity sometimes exceeded turnover, reflecting
habitat filtering or local extinctions under changing conditions. In
contrast, the Mediterranean oak forest showed no significant community
composition shifts in response to soil moisture variations. This stability
might reflect adaptations of resident taxa to naturally fluctuating
moisture levels that were not sufficiently profoundly modified by
additional rain exclusion. Rather than changes in overall diversity,
variations in abundance, functional group composition, or seasonal
shifts may play a more significant role in shaping these communities
(Richard et al., 2011; Homet et al., 2023).

These patterns can be better understood by considering life history
traits and dispersal abilities across groups of soil organisms. Earth-
worms, nematodes, fungi and bacteria, featuring highly contrasting
mobility, exhibit different patterns of diversity across scales. Relatively
less mobile organisms may show higher beta diversity at finer spatial
scales, reflecting more localized community shifts. In contrast, organism
groups with higher dispersal capacity may exhibit greater turnover at
larger scales (Soininen et al., 2018). Furthermore, intermediate trophic
levels, such as predatory and bacterivorous nematodes, may exhibit
weak correlations with prey or resource groups, reflecting combined
top-down and bottom-up influences rather than absence of ecological
interactions (Coleman et al., 2014). This variation in beta diversity
components across groups of soil organisms supports the idea that
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dispersal limitations and ecological traits, such as substrate specificity
and resource availability, play a significant role in shaping community
structure at different scales (Litchman, 2015; Liu et al., 2022).

5. Conclusions and future research directions

The diversity of five major groups of soil organisms across an
exceptionally broad range of ecosystems varied largely independently,
suggesting that it may be difficult to conclude about general soil
biodiversity patterns based on a detailed assessment of a particular
group of organisms. Nevertheless, we found that plant diversity was
linked to soil biodiversity, particularly through its associations with
earthworms and bacteria, underscoring that above- and belowground
communities shared spatial and environmental processes. In addition,
the positive correlations between taxonomic richness of fungi and bac-
teria, and to a lesser degree with earthworms across all ecosystems
indicate that there may be some general principles in soil biodiversity
patterns at large spatial scales. This opens promising avenues for further
studies inquiring general patterns in soil biodiversity. However, despite
the complementary expertise needed and the labour-intensive nature of
the work involved, our results suggest that more generalizable patterns
may only be found via larger sampling effort, including a larger spec-
trum of ecosystem types or a larger gradient of soil moisture. Moreover,
more robust patterns would likely emerge from higher temporal (within
and across years) and spatial (within and across ecosystem types)
replication of sampling. Considering additional soil invertebrate groups
such as micro- and macro-arthropods would also increase the generality
of such findings.

Nonetheless, the consideration of how communities vary in taxo-
nomic composition across space (beta diversity) revealed substantial co-
variation across all groups of soil organisms, suggesting that the spatial
organization of biodiversity in contrasting groups of soil organisms are
structured in similar ways. This has substantial implications for the
general understanding of how soil biodiversity is organized in space and
for management and conservation strategies.

Notwithstanding the rather qualitative nature of the contrasted soil
moisture conditions we evaluated with our study, our data suggest a
strong influence of soil moisture on the spatial structuring of soil
biodiversity. This indicates that ongoing climate change may modify the
relationships in biodiversity among groups of soil organisms and their
spatial structure with likely consequences for ecosystem properties.
Experimental approaches would be needed to understand these changes
and their consequences in more mechanistic detail. Additionally, soil
moisture emerged as a key local environmental driver, influencing both
biodiversity patterns and the strength of associations among taxa.

Future research should aim to disentangle the relative contributions
of environmental filtering, biotic interactions, and stochastic processes
in shaping soil biodiversity at multiple spatial scales. In particular, the
role of soil moisture gradients in structuring beta diversity warrants
further investigation in the context of global climate change scenarios.
Experimental approaches manipulating soil moisture across spatial and
temporal scales could provide valuable insights into the resilience of soil
communities and develop effective strategies for its conservation and
management.
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