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Nicolas Henon b,c, Franck Noël m, Guénola Pérès e, Mathias Peron n, Samuel Prunot b,c,  
Philippe Reisdorf o, Olivier Rose p, Marc Roucaute e, Cyril Versavel c, Cécile Villenave g,  
Quentin Vincent n, Mickaël Hedde c,*
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A B S T R A C T

Soil biodiversity is fundamental to ecosystem functioning but remains underrepresented in conservation policies 
and large-scale monitoring. Here, we present RMQS-Biodiversity, a nationwide soil biodiversity survey inte
grated into the French Soil Quality Monitoring Network (RMQS), and illustrate its potential for soil ecology 
research. In this pioneer study, we examine three major ecological aspects: (i) how systematic grid-based sam
pling captures micro-food web patterns using nematode communities, (ii) the spatial turnover of detritivore 
communities (Collembola, Isopoda, Diplopoda) in response to environmental and geographic gradients, and (iii) 
the influence of macroecological drivers on predator (Carabidae) morphological traits. Across 69 sites, we 
identified a few widespread species coexisting with numerous rare taxa, underscoring the value of large-scale 
surveys for detecting cryptic biodiversity. Nematode indicators revealed high variability in food web structure 
across land uses, with increased facultative phytophagous nematodes in forests. Isopods and diplopods were 
strongly structured by dispersal constraints, while springtails exhibited weaker environmental responses, likely 
due to their higher dispersal capacity. Additionally, sexual size dimorphism in Carabidae varied by habitat, with 
female-biased dimorphism in closed habitats but no dimorphism in open environments, highlighting habitat 
stability’s role in shaping morphological traits. This study demonstrates the value of multi-taxon, multi-trophic 
biodiversity assessments in long-term soil monitoring. RMQS-Biodiversity provides a robust framework for soil 
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biodiversity monitoring and conservation, refining bioindicators of soil quality and informing policies such as the 
EU Soil Monitoring Law.

1. Introduction

Soil fauna plays a fundamental role in maintaining ecosystem func
tioning, yet it remains a less explored component of biodiversity (FAO 
et al., 2020). Comprising a vast array of organisms—from microscopic 
nematodes to larger invertebrates such as springtails, macro-arthropods 
and earthworms—soil fauna contributes to key ecological processes. 
This includes organic matter decomposition, nutrient cycling, soil 
structure formation, and plant growth promotion (Angst et al., 2024; 
Bonfanti et al., 2025; Briones, 2014).

Despite its critical role in ecosystem functioning, soil fauna remains 
relatively poorly understood, particularly in terms of its spatial and 
temporal dynamics (Gérard et al., 2025; Köninger et al., 2022; Zeiss 
et al., 2022). Both alpha diversity (local species richness) and beta di
versity (community turnover across space and time) are influenced by a 
complex interplay of environmental, climatic, and anthropogenic fac
tors (Calderón-Sanou et al., 2024; Thuiller et al., 2024), yet large-scale 
patterns and their underlying drivers remain largely unresolved 
(Anthony et al., 2023). Many soil invertebrate species in France, 
particularly diplopods and isopods, show restricted geographic ranges, 
likely due to their low dispersal ability, strong dependence on specific 
habitat conditions, and historical biogeographic constraints (Kime and 
Enghoff, 2011, 2017, 2021; Séchet and Noël, 2015). Such restricted 
ranges contribute to increased β-diversity between regions, because 
communities differ strongly when locally endemic or specialized species 
are present. However, the relative contribution of environmental 
dissimilarity versus geographical distance in shaping this spatial turn
over of communities remains poorly understood.

These restricted ranges and their consequences for β-diversity illus
trate the broader knowledge gaps that still limit our ability to predict soil 
fauna diversity responses to global change and land management, and to 
design effective conservation strategies (Gérard et al., 2025; Zeiss et al., 
2022). To bridge these gaps, a transition is needed from documenting 
local or taxon-specific patterns to developing integrated frameworks 
that combine macroecological perspectives with long-term monitoring 
and conservation-oriented approaches (Santini et al., 2021). Macro
ecology by focusing on large-scale patterns and temporal scales, em
phasizes statistical relationships and general principles governing 
biodiversity, species distributions, ecosystem functions, and environ
mental gradients (Diniz-Filho, 2023). Macroecology often tests so-called 
macroecological laws, such as species–area relationships, latitudinal 
gradients in diversity, or sexual size dimorphism (SSD) as formulated in 
Rensch’s rule (Fairbairn et al., 2007). These rules have been observed 
across various animal taxa and is often linked to ecological and evolu
tionary factors such as mating strategies, resource competition, and 
environmental constraints (Fairbairn et al., 2007).

Although such patterns are well documented for many aboveground 
taxa, they remain poorly explored for soil invertebrates. By leveraging 
standardized methodologies and broad-scale biodiversity assessments, it 
will be possible to enhance our understanding of trends in soil fauna 
diversity, their ecological drivers, and their implications for ecosystem 
resilience and sustainability. Indeed, soil fauna faces multiple threats, 
including habitat destruction, intensive land use, pollution, climate 
change, and biological invasions (Arias-Navarro et al., 2024; Gardi et al., 
2013; Orgiazzi et al., 2016), all of which can disrupt key ecological 
processes and reduce ecosystem resilience (Wall et al., 2015). Despite 
these risks, soil organisms remain largely overlooked in conservation 
policies and monitoring frameworks (Gérard et al., 2025). The EU 
Directive on soil monitoring and resilience highlights the urgent need 
for reliable indicators to assess soil quality and biodiversity (European 
Commission, 2023), reinforcing the necessity of improving our 

understanding of soil organism ecology.
Several monitoring programs across Europe or worldwide aim to 

assess soil biodiversity and its role in ecosystem functioning (Bispo et al., 
2021). For instance, programs such as the LUCAS Soil Survey at the EU 
level, and national biodiversity observatories integrate soil biological 
indicators into their frameworks. These initiatives vary in scope, 
methodology, and objectives, ranging from broad-scale soil quality as
sessments to more targeted studies on specific taxonomic groups. 
Furthermore, most of these programs are temporary and therefore are 
not usable to assess long term soil biodiversity trends (Imbert et al., 
2023b). Despite important efforts to develop and support these pro
grams, major challenges remain in harmonizing methodologies, 
ensuring long-term data continuity, and linking soil biodiversity in
dicators to ecosystem functioning and policy frameworks. Strengthening 
these monitoring efforts is essential to provide a comprehensive un
derstanding of soil biodiversity trends and their implications for sus
tainable land management and conservation.

The French Soil Quality Monitoring Network (RMQS) has been 
implemented in France since 2000 (Arrouays et al., 2003). This network 
of 2240 sites is based on a systematic grid covering continental France 
and overseas territories (French Guiana, West Indies, Reunion and 
Mayotte islands), with a fifteen-year sampling frequency. For twenty- 
five years, this network has provided data at a national level on soil 
parameters distribution and evolution (Froger et al., 2021; Meersmans 
et al., 2012; Rabot et al., 2024; Saby et al., 2009), also contributing to fill 
knowledge gaps on soil microorganisms (bacteria, archaea and fungi) 
(Karimi et al., 2018). Following a recommendation to initiate a 
comprehensive monitoring of terrestrial biodiversity in France 
(Touroult et al., 2017), then as part of listed actions in the 2018 French 
national Biodiversity Plan, and, more recently, the development in 
France of a National Terrestrial Biodiversity Monitoring Program, the 
French Office for Biodiversity (OFB) asked INRAE to consider a soil 
biodiversity monitoring including micro-organisms (bacteria, fungi, 
protists) as well as micro-, meso-and macro-fauna. This network is called 
RMQS-Biodiversity and was deployed in 2024 over the entire metro
politan French territory during the second sampling campaign of the 
RMQS (2016–2027).

This study asks whether a nationwide, systematic grid design can 
simultaneously improve our understanding of fundamental ecological 
processes in soil fauna and provide robust baselines for soil bio
indication. We hypothesize that RMQS-Biodiversity, by covering diverse 
land uses, taxa and trophic groups in a standardized manner, will reveal 
new ecological patterns while refining indicator ranges.

To explore this, we focused on three aspects of soil fauna ecology. 
First, focusing on the micro-trophic food web, we examined whether the 
grid approach helps refine nematode indicators by capturing a wider 
range of values, including unusual or rarely sampled habitats. Second, 
we looked at how detritivore communities (springtails, woodlice and 
diplopods) change with environment and distance, in order to tease 
apart the roles of niche effects and dispersal limits. Third, we tested 
whether a classic macroecological pattern – Rensch’s rule of SSD – can 
be detected in top predators (ground beetles) across contrasting vege
tation structures. Closed vegetation (forests and shrublands) provide 
more stable and resource-rich conditions, while open (croplands and 
grasslands) are more disturbed and resource-limited, conditions that 
may constrain how much individuals invest in body mass and thus shape 
SSD.

From these questions we formulated three hypotheses: (i) the 
nationwide grid will capture the wide intra-land use variability of 
nematode communities, including rare or atypical situations, while also 
clearly discriminating differences between land uses, (ii) β-diversity of 
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detritivores is more strongly shaped by dispersal limits in isopods and 
diplopods than in springtails, and (iii) sexual size dimorphism in Cara
bidae differs between closed and open habitats, providing a first test of 
Rensch’s rule for soil invertebrates.

2. Materials and methods

2.1. RMQS scheme

The French Soil Quality Monitoring Network has been implemented 
in France since 2000. This program is supported by the Scientific Interest 
Group Soil (www.gissol.fr) and is coordinated by the INRAE Info&Sols 
research unit. This network of 2240 sites is based on a 16 km × 16 km 
systematic grid covering continental France and overseas territories. The 
RMQS has been designed to be representative of the main soils and land 
uses across France including agricultural fields, meadows, urban gar
dens, wastelands, forests, vineyards, orchards, and other natural envi
ronments (Jolivet et al., 2022). Historical and actual management 
practices are collected on each RMQS site in order to facilitate data 
interpretation and modeling. The RMQS generates thousands of samples 
a year that are prepared for analysis and stored in the European soil 
samples archive. Samples may be used for a posteriori analysis of 
changes over time, to check any analytical drift or for re-examination 
using new techniques. RMQS data are gathered in a national soil in
formation system including operational databases, a data warehouse 
and a set of user interfaces built to capture and share the data. The 1st 
campaign took place from 2000 to 2015 and the 2nd campaign started in 
2016 and is expected to end by 2031. It will provide data to document 
the evolution of soil quality with major issues related to soil organic 
carbon dynamics and climate change, soil contamination and human 
health, soil water content regulation and soil biodiversity. As part of the 
development of a comprehensive monitoring of terrestrial biodiversity 
in France, a network called RMQS-Biodiversity was deployed in 2024 

over the French territory during the second sampling campaign of the 
RMQS. A test on 30 study sites was performed from 2020 to 2022 
(Imbert et al., 2023a).

Fig. 1 illustrates the locations of the 2024 sampling campaign 
(Fig. 1A & B) and the RMQS-Biodiversity sampling layout (Fig. 1C). The 
sampling strategy of the RMQS is based on a regular grid of 16 × 16 km, 
and approximately 180 sites are sampled each year during the second 
campaign at the centre of each 16 × 16 km cell. At each site, a 20 × 20 m 
sampling design is set up to collect composite samples at several soil 
depths (in most cases: 0–30 cm, 30–50 cm, 50–75 cm, 75–100 cm). In 
addition, a soil pit is dug nearby in order to describe the soil profile and 
collect samples from each horizon. The set of protocols implemented are 
described in the RMQS2 manual (Jolivet et al., 2022). The central blue 
square represents the standard RMQS sampling area (20 × 20 m). Due to 
the disruptive nature of the hand-sorting protocol, this area was 
extended to a 32 × 32 m square for the biodiversity assessment to avoid 
high disturbance in the standard RMQS sampling area.

2.2. Protocols for soil biodiversity assessment

2.2.1. Sampling period
In spring 2024, we characterized the biodiversity of a subset of 69 

sites sampled in 2023 for the RMQS (Fig. 1A & B), in order to take 
advantage of the logistics already in place the previous year (contact 
with landowners/managers, exact positioning of the sampling area, 
complete physico-chemical analyses). Unlike RMQS soil sampling, 
which is carried out throughout the year by various service providers 
(agricultural chambers, scientists, private companies, etc.), we deployed 
three dedicated teams to conduct biodiversity sampling during the most 
favorable period, from late winter (mid-March) to early spring (mid- 
June) according to local climate. A few high-altitude sites in the Alps 
and Pyrenees were sampled in July to account for the specific constraints 
of these environments. The spatial distribution of replicates is shown in 

Fig. 1. Spatial distribution of soil biodiversity sampling stations across major land use types in mainland France (A), with some photos illustrating the diversity of the 
stations (B) and description of the sampling surface (C).
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Fig. 1C.

2.2.2. Soil sampling
Twenty-five auger samples (4 cm diameter) from 0 to 30 cm depth 

were collected within the elementary sampling areas (blue cells in 
Fig. 1C) and pooled to create a composite soil sample for each site. 
Within each elementary plot, the sampling point was randomly selected 
within a one-meter radius around the marker, with no preference given 
to terrain features (e.g., depressions, elevations, or proximity to the 
marker). Samples were consistently taken from (Jolivet et al., 2022). 
The composite soil sample was subsequently used for physico-chemical 
analyses, environmental DNA metabarcoding, and nematode commu
nity assessment. Only the nematode analysis is presented in this paper.

2.2.3. Nematode extraction and identification
Nematodes were extracted from 300 g of the previous composite soil 

sample (fresh weight) by Ostenbrink elutriation followed by cot
ton–wool filter step (ISO 23611-4, 2007) and counted under a binocular 
microscope. After fixation in formaldehyde–glycerol (4 %), 220 speci
mens per sample were identified to family and genus levels in mass 
slides under a microscope.

2.2.4. Microarthopod extraction and identification
From each sampling site (Fig. 1), 3 cores of surface soil (0–5 cm 

depth, 6 cm diameter, yellow circles in Fig. 1C) were collected after the 
removal of litter (when present), according to ISO 23611 (2024). 
Microarthropods were extracted from soil cores through dry extraction 
for 7 days, according to Macfadyen (1961). The temperature above the 
cores was increased during extraction from 35 ◦C (2 days) to 45 ◦C (2 
days) and then to 60 ◦C (3 days), while the temperature below the cores 
was kept at 5 ◦C. Collected animals were preserved in 70 % ethanol. For 
each soil sample, Collembola were counted and identified at morpho- 
species level under a stereo-microscope (Kyowa optical, SDZ-TR-PL, 7 
to 45× magnification). Specimens were clarified in Marc André solution 
I and mounted in Marc André solution II (André, 1946). Species iden
tification was checked using phase-contrast microscopy (Zeiss, Axio 
Scope A1, 200 to 630× magnification) according to various dichoto
mous keys (Bretfeld, 1999; Hopkin, 2007; Dunger and Schlitt, 2011; 
Jordana, 2012; Potapow, 2001; Thibaud et al., 2004).

2.2.5. Macrofauna sampling and identification
Soil dwelling macroinvertebrates were collected using a combination 

of hand sorting and chemical expulsion with mustard. A solution was 
prepared shortly before sampling by diluting 15 g mustard (‘Amora fine 
et forte’) in 500 mL of tap water, adapted from ISO 23611-1 (2018). At 
each station, six soil monoliths (25 × 25 cm, 20 cm deep) were exca
vated using a spade, following the edges of a metal frame (green squares 
in Fig. 1C). Blocks were extracted quickly to reduce animal escape, then 
placed in individual trays. Immediately after extraction, the mustard 
solution was slowly poured into each pit over 20 min. Pouring was 
paused if ponding occurred. All animals surfacing during this period 
were collected continuously. Simultaneously, each soil block was hand- 
sorted by crumbling to fragments <1 cm. Earthworms and macrofauna 
were extracted progressively, rinsed if needed, and preserved in 96◦

ethanol.
Ground-dwelling macroinvertebrates were sampled using pitfall 

traps, with six traps placed in each RMQS station (purple circles in 
Fig. 1C). They were partly filled with salt-saturated vinegar, used as a 
preservative medium (Hedde et al., 2013). Traps were left for four weeks 
and the collected invertebrates were then preserved in 96◦ ethanol for 
identification later.

In the laboratory, individuals collected by hand sorting and with 
pitfall traps were identified at the highest possible resolution under 
stereomicroscope with dedicated identification keys. Concerning the 
most diverse/abundant groups, we used Bouché (1972a) for earth
worms, Vandel (1960, 1962) for isopods, Demange (1981) for 

diplopods, Gloor et al. (2010) for spiders, Blatrix et al. (2013) for ants, 
Coulon et al. (2011) for ground beetles. These identification keys, some 
of which are dated, were used as foundational references and supple
mented with more recent resources. The current French taxonomic 
referential, TaxRef v18, was used as a standard for taxonomy 
(Gargominy, 2025).

2.3. Nematode indicators

The taxa were grouped according trophic groups (Yeates et al., 1993) 
and a colonizer-persister (cp) class (Bongers, 1994). The c-p scale clas
sifies nematodes into five groups, including opportunistic feeders with 
short generation times and high reproduction rates (cp1), generalist 
feeders with the ability to develop when resources are limited (cp2), and 
persisters with long life spans, low reproduction rates, and greater 
sensitivity to soil disturbances (cp3–cp5). The combination of the c-p 
scale and feeding habits defines functional guilds as proposed by 
Bongers and Bongers (1998) and allows to assign to each taxa a func
tional guild and to calculate nematofauna indices (Ferris et al., 2001).

We computed the abundance of three main functional guilds, i.e. 
free-living nematodes (which include bacterial feeders, fungal feeders, 
omnivores and carnivores), facultative plant feeders and obligate plant- 
feeders. We also computed two major nematode ecological indices 
involved in soil food web diagnostic, the Enrichment index (EI) and the 
Structure index (SI) (Ferris et al., 2001). A high value of EI indicates a 
high nutrient availability in the soils whereas a high value of SI indicates 
a complex trophic web and a stable environment. The Enrichment index 
(EI) and the Structure index (SI) are indices developed specifically for 
analyse of nematode assemblage. The entire procedure is presented in 
the reference (Ferris et al., 2001). The full set of nematode indices was 
not included because (i) the present study uses nematodes as an example 
within a broader soil biodiversity framework, (ii) the dataset is still 
being expanded and will be analyzed in a dedicated paper.

Significant differences in nematode abundances (total and by func
tional guilds) among land uses were tested using the non-parametric 
Kruskal–Wallis test. The “urban park” (1 station) and “permanent 
crops” (orchards, vineyards; 3 stations) categories are displayed for vi
sual comparison with the three main land uses (croplands, meadows/ 
pastures, and forests), but they were not included in the statistical an
alyses due to their very limited sample size, which would have resulted 
in a highly unbalanced design.

2.4. Spatial turnover of detritivore community composition

We analyzed the beta diversity of soil detritivores (Collembola, Iso
poda, and Diplopoda) using Generalized Dissimilarity Modeling (GDM). 
This approach allows for assessing how environmental gradients influ
ence community composition turnover across space. Only individuals 
identified at the species level were retained for further analysis, i.e. 351 
out of 516 Diplopoda (68 %), 1207 out of 1246 Isopoda (97 %) and 2307 
out of 3066 Collembola (75 %). The three final datasets included the 
species presence/absence data of 51 Collembola species, 21 Isopoda 
species, and 27 Diplopoda species, respectively. For diplopods and iso
pods, we joined the data obtained by pitfall traps and hand sorting, 
which gave complementary species lists at site scale. Beta diversity was 
computed for all possible community pairs using Sørensen’s dissimi
larity index. GDM were built separately for each taxon group (Ferrier 
et al., 2007). Community composition turnover was modeled as a 
function of environmental gradients and geographical distance.

For the environmental predictors, we selected variables describing 
climatic, soil, and vegetation conditions, each representing different 
aspects of species’ ecological niches. We followed the framework pro
posed by Calderón-Sanou et al. (2022, 2024) and Martinez-Almoyna 
et al. (2024). We grouped predictors into five sets: above-ground 
habitat, climate, soil “stress” variables (acting as physiological con
straints), soil texture, and soil nutrients and carbon. The above-ground 
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habitat characteristics included the vegetation characteristics (Normal
ized Difference Vegetation Index—NDVI) and the type of ecosystem 
(closed habitats such as forests and shrublands vs. open habitats like 
croplands, pastures, and meadows). Climatic conditions were obtained 
for each station from the NASA POWER with nasapower R package. We 
computed cumulative degree days above 10 ◦C (from January 1, 2024, 
to the sampling date) and the average daily temperature over the 360 
days preceding sampling. The NDVI was estimated from the surface 
spectral reflectance at a resolution of 250 m from MODIS (Moderate 
Resolution Imaging Spectroradiometer) through MODIS R package. We 
computed the mean and the standard deviation of NDVI through the last 
360 days.

Soil properties were extracted from the RMQS dataset (INRAE, 
2022). It included granulometry (clay and sand proportions), nutrient 
content (C/N ratio, total organic carbon and CaCO3 content, cation ex
change capacity), pH, and metal concentrations (exchangeable cad
mium and lead contents). Spatial predictors (longitude and latitude) 
were included to account for the geographic structuring of biodiversity 
patterns.

The final models were fitted using the gdm package in R (Ferrier 
et al., 2007), following these key steps: (i) formatting the data with the 
formatsitepair() function to create site-pair matrices; (ii) fitting GDM 
models separately for each detritivore group; and (iii) extracting pre
dictor importance from the model coefficients. The obtained relation
ship between predicted ecological distance and community dissimilarity 
illustrates how well the model predicts differences in community 
composition based on environmental and spatial distances. A strong 
relationship indicates that sites with greater ecological distance (i.e., 
differing more in environment or location) also tend to have more dis
similar communities.

2.5. Carabidae body-mass scaling

We weighed all well-preserved individuals identified to the species 
level. The dataset comprises 9167 individuals, of which 8889 were 
retained after removing broken or incomplete specimens. The average 
individual mass of males and females for each species in each station was 
calculated, resulting in a dataset with 611 rows (representing station- 
species combinations) and 2 columns (male and female). We used 
analysis of covariance (ANCOVA) to test whether the parameters of the 
linear relationship between the average male and female mass (log- 
transformed) in a local population were influenced by habitat type (open 
vs. closed). Statistical tests were conducted using the car package 
(Levene’s test) and the stats package (Shapiro-Wilk test, ANCOVA) in 
RStudio (Bolar, 2019; Fox et al., 2001).

3. Results

3.1. Collected taxa

About 35 millions nematodes, 10,578 microarthropods and 48,773 
macroinvertebrates were extracted or collected. A total of 15,500 
nematodes individuals (223 in average per site) were identified to family 
level, belonging to 49 families. The spider community comprised 226 
species across 25 families, with Linyphiidae (85 species), Lycosidae (37 
species), and Gnaphosidae (32 species) being the most represented 
families. A total of 229 Coleoptera species were recorded, spanning at 
least 27 families, with Carabidae dominating (128 species). Collembola 
diversity included 51 species from 15 families, mainly Isotomidae (12 
species) and Hypogastruridae (10 species). From the pitfall, we identi
fied at least 35 earthworm species from two families, predominantly 
Lumbricidae (34 species). As the identification from hand-sorting and 
mustard is only completed at 90 %, these results are not integrated in the 
analysis. Diplopoda were represented by 27 species across nine families, 
primarily Julidae (9 species), while Isopoda included 21 species from 
eight families, with Armadillidiidae (6 species) being the most 

abundant. Among Hymenoptera, only ants (Formicidae) were identified 
to the species levels, with a total number of 50 species recorded. The 
species list is available in Annex A.

Considering all the taxa identified at species level, only 47 species 
have been collected in more than 20 % of the stations, and can be 
arbitrarily considered as common, representing less than 8 % of the total 
collected species pool (541) (Fig. 2). Parisotoma notabilis (Schäffer, 
1896), Allolobophora chlorotica (Savigny, 1826), Poecilus cupreus (Lin
naeus, 1758), Tenuiphantes tenuis (Blackwall, 1852), Lasius niger (Lin
naeus, 1758) and Philoscia muscorum (Scopoli, 1763) displayed the 
highest occurrence rate of their respective taxa (Collembola-61 %, Oli
gochaeta-58 %, Carabidae-51 %, Araneae-48 %, Formicidae-43 % and 
Isopoda-32 %, respectively). Reciprocally, most of the species (92 %) 
were present in less than 20 % of the stations, including all the diplopoda 
species. This pattern may intensify or be reduced when incorporating 
other groups with high (acari, insects) or low (centipedes) diversity, 
which have not been identified at species level yet.

3.2. Nematode-based indicators of soil quality

Fig. 3A illustrates the distribution of the 69 sampled sites based on 
the Enrichment Index (EI) as a function of the Structure Index (SI), with 
data points spanning all four quadrants. The majority of sites are clus
tered in the upper portion of the graph, where EI values exceed 50. 
Specifically, over 80 % of annual crop plots have an EI above 50, 
compared to 50 % of grassland sites and 60 % of forest sites. The lowest 
SI values are observed in agricultural plots under annual cropping, with 
five sites registering an SI below 8. In contrast, forests contain a high 
proportion of plots with elevated SI values: 45 % of forest sites exhibit an 
SI above 75. Among the forests with SI values below 45, four out of five 
represent atypical cases: two dry garrigue sites, a recently clear-cut area, 
and a former pasture undergoing reforestation.

For comparisons of nematode abundances among land uses, the 
urban site and the three “permanent crop” sites were excluded due to 
their limited representation within their respective categories, but dis
played in Fig. 3B for visual comparison. No significant differences were 
detected in the total abundance of free-living nematodes among the 
three major land-use types (annual crops, grasslands, and forests) 
(Kruskal-Wallis χ2 = 1.861, p-value = 0.394). No differences were 
detected in the abundance of opportunistic bacterivores (Kruskal-Wallis 
χ2 = 4.615, p-value = 0.100), fungivores (Kruskal-Wallis χ2 = 0.087, p- 
value = 0.957) and omnivores+predators (Kruskal-Wallis χ2 = 4.396, p- 
value = 0.111). Bacterivores from cp2-4 differed between land uses 
(Kruskal-Wallis χ2 = 7.443, p-value = 0.024), being more numerous in 
pasture and meadow than in annuals crops (data not shown). In contrast, 
obligate plant-feeding nematodes (i.e., phytoparasitic nematodes) were 
found to be statistically five times less abundant in forest soils compared 
to annual crops and grasslands. No significant difference was observed 
between annual crops and grasslands. Conversely, facultative plant- 
feeding nematodes were significantly more abundant in forest soils 
than in annual crop plots, with their relative proportion in the total 
nematode community reaching exceptionally high levels. Remarkably, 
in 35 % of forest sites, facultative plant-feeding nematodes comprised 
more than 70 % of the total nematode assemblage.

3.3. Spatial turnover of detritivore community composition

Overall, the GDM models explained varying proportions of the 
compositional dissimilarity among the three detritivore groups 
(Fig. 4A). Woodlice exhibited the highest explained variance (14.5 %), 
followed by diplopods (12.2 %) and springtails (2.3 %). For woodlice, 
community composition was primarily influenced by environmental 
stress factors (e.g., pH, heavy metals; 6.0 %), along with carbon re
sources and nutrient availability (4.0 %). Climate, habitat, and 
geographic variables had moderate effects (1.3–1.7 %), whereas soil 
texture showed no detectable influence. Diplopod community structure 
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was predominantly shaped by habitat characteristics (8.7 %, structure 
and density of the vegetation), with low contributions from other 
environmental factors (0–1.2 %). In contrast, springtail communities 
appeared weakly structured by the measured environmental variables 
(0.1–0.6 %), as indicated by the low explanatory power of the model.

The relationship between predicted ecological distance and com
munity dissimilarity varied among taxonomic groups (Fig. 4B). In 
springtails, the relationship was weak, with a high intercept (0.68) and a 
visually unstructured scatterplot, indicating no clear saturation across 
the range of modeled ecological distances. For diplopods and isopods, 
the scatterplots were more structured, reflecting a stronger response to 
ecological distance. The models revealed lower intercepts (0.24 for 
diplopods and 0.13 for isopods), along with rapid saturation of 

compositional dissimilarity, suggesting that most community turnover 
occurred at relatively short ecological distances.

The response curves of some key influential environmental variables 
exhibited non-linear patterns, with marked differences in the relative 
importance of predictors among taxonomic groups (Fig. 4C). Isopods 
showed clear trends in response to geographic distance, soil total 
organic C and average daily temperature. Diplopods showed an expo
nential response to NDVI for the highest values of the monitored 
gradient, while response rapidly saturated to geographic distance and 
soil total organic C.

Fig. 2. Species frequency across seven soil fauna groups. Each bar represents the proportion of RMQS-Biodiversity sites where a given species was detected, ranked 
by decreasing frequency within its group and over all groups. The dotted line marks the 20 % threshold distinguishing common species (≥20 % of sites) from rare 
species (<20 %).

Fig. 3. Nematofauna indicators across land uses. A) Relationship between the Structure Index (SI) and the Enrichment Index (EI) across different land uses. The dots 
are colored according to land uses. The four quadrants represent different nematode community conditions, with SI reflecting food web complexity and EI indicating 
resource availability. B) Boxplots of nematode abundance across land uses for three major trophic guilds: (i) free-living nematodes (including the bacterial-feeders, 
fungal feeders, and omni-carnivores), (ii) obligate plant-feeder, (iii) facultative plant-feeder nematodes. The fourth sub-figure displays the proportion of facultative 
plant-feeder nematodes within the total community. Urban park (1 station) and permanent crops (3 stations) are shown for visual comparison but were not included 
in the statistical analyses due to their very limited sample size. Colour codes for land use are similar to that in Panel A.
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3.4. Carabidae body-mass scaling

The mass of c.a. 9000 individuals, grouped by species, are repre
sented in Fig. 5A. The smallest recorded species are Tachyura parvula 
(Dejean, 1831) and Tachys bistriatus (Duftschmid, 1812), with average 
masses of 0.14 mg (n = 1 individual) and 0.19 mg (n = 3 individuals), 
respectively. In contrast, the largest species are Carabus coriaceus Lin
naeus, 1758, and Carabus monilis Fabricius, 1792, with average masses 
of 1365.3 mg (n = 1 individual) and 830.9 mg (n = 31 individuals), 
respectively.

ANCOVA results indicate that the average masses of males and fe
males are strongly correlated within the same population (same station) 
(p = 2e− 16) and that habitat type has a significant effect on the slope (p 
= 0.043). Fig. 5B shows that the relationship between average male and 
female mass in each station differs between open and closed habitats. In 
closed habitats, females are larger than males, with this difference being 
more pronounced in species with a lower average mass (Fig. 5B and C). 
In contrast, individuals collected in open habitats do not exhibit sexual 
dimorphism, as the slope and intercept did not differ from 1. This result 
indicates that the size ratio between the sexes is 1 and remains constant 
across the range of body mass.

4. Discussion

4.1. Assessing common and rare species for soil quality assessment

We found 50 ants, 35 earthworms, 226 spiders, 129 ground beetles, 
51 springtails, 27 diplopods and 21 woodlice species, representing 24 %, 
17 %, 14 %, 13 %, 9 %, 8 % and 5 %, respectively, of the known species 
pool of mainland France (INPN, Gargominy, 2025). These percentages 
are calculated with respect to the entire national pool, regardless of 
habitat. A smaller fraction of these species is strictly edaphic, especially 

in groups with both soil-dwelling and epigeic representatives (e.g. spi
ders, ants, carabids), whereas earthworms, springtails, diplopods, and 
woodlice are predominantly soil- or litter-dwelling taxa (Anthony et al., 
2023). In particular, many species inhabit specific environments that 
cannot be sampled by the RMQS, such as superficial subterranean 
habitats, caves, riverbanks, or aquatic environments.

As expected, a few common species (8 % of the species list) domi
nated the assemblages within each taxonomic group, reflecting their 
broad ecological tolerance and wide distribution across the sampled 
sites (e.g. Callaghan et al., 2021 for birds). Hence, species occurrences 
are left skewed: our survey revealed several rare species, highlighting 
the effectiveness of our sampling design in capturing a representative 
snapshot of soil biodiversity. Notably, among the spiders, we recorded 
species with highly restricted distributions. According to the INPN 
(Gargominy, 2025), Harpactea lepida (C.L. Koch, 1838) and Pardosa 
pyrenaica Kronestedt, 2007 were previously known from one and two 
locations respectively, while Harpactea arguta (Simon, 1907) was known 
from four locations, three of which were identified before 1914. Simi
larly, some diplopods (Occitaniulus rouchi Mauriès, 1965) and earth
worms (Gatesona serninensis (Bouché, 1972b)) species, typically 
considered rare or poorly documented in mainland France, were iden
tified in our dataset.

Large-scale monitoring is crucial for revealing taxa that would 
otherwise stay under the radar. Our current inventory is based on the 
very first year of sampling, so the share of the national species pool will 
inevitably rise in the coming years. We will also keep track of how 
quickly new species appear in the dataset, as this is a useful measure of 
completeness. The grid design is valuable not because it is exhaustive, 
but because it captures several groups of soil fauna across contrasting 
land uses within a single, standardized framework. Finally, adding an 
explicit focus on rare species may strengthen bioindication, since these 
taxa can be both sensitive markers of habitat quality and active 

Fig. 4. Environmental drivers of detritivore beta diversity. (A) Relative contributions of environmental predictors to community dissimilarity – The percentage of 
deviance explained by different environmental factors (habitat, climate, soil properties, stress, and geographic distance) for three detritivore groups (Collembola, 
Isopoda, Diplopoda). (B) Relationship between predicted ecological distance and community dissimilarity – Observed and predicted dissimilarity in community 
composition as a function of ecological distance for each taxonomic group, illustrating the explanatory power of the GDM models. (C) Response curves of four key 
environmental predictors – Partial ecological distances associated with total organic carbon, NDVI, geographic distance, and mean temperature over 360 days, 
showing their nonlinear influence on beta diversity patterns.
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contributors to ecosystem stability.

4.2. Nematodes

The analysis of nematode communities across these 69 sites did not 
reveal any significant differences in the total abundance of free-living 
nematodes between different land uses. We intentionally chose not to 
detail the various groups of free-living nematodes (e.g., opportunistic 
bacterivores, other bacterivores, fungivores, and omnivorous predators) 
to focus on one specific group that stands out in studies based on sys
tematically selected sites: the facultative plant-feeders. In our work, 
these nematodes are particularly over-represented in forest soils. How
ever, previous studies indicate that nematode communities in forests are 
usually dominated fungivorous taxa (Kondratow et al., 2019; Okada and 
Kadota, 2003). In some stations, facultative plant-feeders accounted for 
over 70 % of the nematode community. Their role in soil ecological 
functioning warrants further investigation, as facultative plant-feeders 
may influence root performance and, indirectly, biotic interactions in 
the rhizosphere.

Sampling based on a systematic grid approach also provides access to 
conventionally farmed plots, where biological indicators are rarely 
implemented. In the soil trophic network diagnostic diagram (plotting EI 
vs. SI, Fig. 3), these plots are typically positioned in the upper left corner, 
indicating a low Structure Index (SI) and a high Enrichment Index (EI) 
(Puissant et al., 2021; Villenave et al., 2013). Among the 23 annual crop 
plots examined in the 2024 RMQS-Biodiversity study, four exhibited 
such characteristics. Notably, biological diagnostics using soil nem
atofauna in France are often conducted in agricultural fields managed by 
farmers who are already engaged in agroecological approaches and are 
seeking solutions to improve their practices. ELISOL-Environnement 
reports that conservation agriculture (e.g., no-till) and organic farming 
are over-represented among the agricultural plots assessed for biological 

functioning, a trend that became evident during the validation of the 
Sipanema decision-support tool (Villenave et al., 2022).

In contrast, forest sites are predominantly positioned on the right 
side of the soil trophic network diagnostic graph (EI vs. SI), reflecting 
their more stable environments compared to annual crop plots. How
ever, grassland plots display a much wider distribution on this graph, 
highlighting their inherent heterogeneity at large scale. Indeed, grass
lands exhibit high biological diversity, as reflected in their nematode 
communities. This diagnostic graph serves as a valuable tool for dis
tinguishing plots with distinct biological functioning (Du Preez et al., 
2022).

4.3. Unravelling spatial turnover of detritivore communities

Our results demonstrate that the beta diversity patterns of detri
tivorous arthropods—springtails, isopods, and diplopods—are driven by 
different sets of environmental and spatial factors. Despite their shared 
ecological function in organic matter transformation, these taxa 
exhibited contrasting responses to geographic distance and environ
mental gradients, suggesting distinct dispersal capacities, ecological 
tolerances, and responses to habitat heterogeneity.

The variation in the explanatory power of the GDM models among 
taxonomic groups suggests that dispersal ability plays a key role in 
shaping beta diversity patterns. Diplopods and isopods showed strong 
spatial structuring of community composition, with rapid saturation of 
dissimilarity at relatively short ecological distances. This pattern is 
consistent with the expectation that taxa with low dispersal abilities 
should exhibit higher beta diversity over short distances due to spatially 
restricted population dynamics (Hubbell, 2001; Nekola and White, 
1999). In contrast, springtails showed little response to geographic 
distance, suggesting that their community turnover is weakly con
strained by dispersal limitation (Joimel et al., 2022). This is explained 

Fig. 5. Body mass distribution and sex-based scaling relationships in Carabidae across open and closed habitats. A: Body mass distribution across Carabidae species, 
with individual points colored according to habitat type (open vs. closed). B: Relationship between male and female body mass (log-transformed) across habitats, 
with a 1:1 reference line (dashed) and linear regression fits. C: Confidence intervals for slope and intercept estimates from linear regressions in open and closed 
habitats, showing the variation in sex-based scaling relationships. Statistical differences are indicated when 95 % confidence intervals do not cross 0 (for intercepts) 
or 1 (for slopes), corresponding to a significance threshold of 5 %.
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by their high population densities, short generation times, and dispersal 
abilities that allow for rapid recolonization and high levels of connec
tivity between sites (Hågvar and Gobbi, 2022).

Beyond dispersal, our results highlight contrasting responses of 
detritivorous taxa to environmental gradients, suggesting that niche- 
based processes differentially shape their community structures. Iso
pods were primarily influenced by soil carbon resources and nutrient 
availability, consistent with their reliance on microbial decomposition 
pathways and detrital quality for food resources (Zimmer, 2002). 
Additionally, the significant contribution of environmental stress (e.g., 
heavy metals, pH) to isopod beta diversity suggests a role for physio
logical tolerance in structuring their communities (Paoletti and Hassall, 
1999; Zimmer, 2002). Diplopods, on the other hand, were predomi
nantly influenced by habitat variables, particularly NDVI, which likely 
reflects their dependency on vegetation cover and soil moisture for 
survival and reproduction (Golovatch and Kime, 2009). Their response 
to geographic distance and soil organic carbon content further suggests 
that diplopods are particularly sensitive to local habitat conditions, 
likely due to a high degree of habitat specialization (David, 2015), 
leading to steep compositional shifts across environmental gradients 
(Bogyó et al., 2015; David and Handa, 2010; Haacker, 1968). Collem
bola, in contrast, exhibited weak responses to most environmental pre
dictors at the studied scale, suggesting that their communities are 
influenced by high stochasticity and broad ecological tolerances. How
ever, previous studies at more local scales have highlighted significant 
responses of springtails communities to soil carbon and nitrogen gra
dients (e.g., Milano et al., 2018). This discrepancy raises questions about 
the influence of spatial scale in detecting environmental effects and 
suggests that certain factors, such as landscape-level processes, may 
warrant further exploration to better understand the drivers of springtail 
community structuring. Another key challenge concerns the ‘identifi
ability’ of individuals. Not all sampled springtails can be identified at the 
species level due to factors such as ontogenetic stage, phenology, and 
specimen preservation. Variations in the proportion of identifiable in
dividuals within samples may introduce inconsistencies and potentially 
obscure patterns. While particularly important for springtails, this issue 
is also relevant for many soil taxa.

The observed differences in β-diversity drivers across taxa are 
consistent with ecological hypotheses. The mass effect (Shmida and 
Wilson, 1985) may explain the weak environmental filtering in spring
tails: their high dispersal capacity allows persistence in suboptimal 
habitats. In contrast, the strong filtering of diplopods and isopods sup
ports the species sorting paradigm (Leibold and Norberg, 2004), with 
communities shaped by local habitat conditions. The physiological 
tolerance hypothesis (Addo-Bediako et al., 2000; Calderón-Sanou et al., 
2022) also helps interpret these patterns: diplopods and isopods, 
surface-dwelling and species-poor, likely experience stronger filtering 
due to narrower niches, whereas belowground springtails tolerate 
broader conditions and show higher redundancy, buffering them against 
strong filtering. Assessing litter- and surface-dwelling springtails may 
clarify this hypothesis further. These findings highlight taxon-specific 
responses with implications for monitoring. Diplopods and isopods, 
highly sensitive to local conditions, could serve as bioindicators of soil 
quality, though their low diversity and taxonomic expertise needs are 
limiting. Springtails, less constrained by local filters but diverse and 
widespread, may better reflect landscape-scale processes such as con
nectivity and resilience. Their high richness and many rare species 
suggest that trait-based approaches (life history, feeding guilds, stress 
tolerance) could enhance their use in biomonitoring. Investigating the 
macroecological variation in predator trait.

Our results confirm the hypothesis that habitat type influences sexual 
size dimorphism (SSD) (Fig. 5). In closed habitats, we observed female- 
biased SSD, which was more pronounced in smaller species. This allo
metric pattern aligns with Rensch’s rule (Abouheif and Fairbairn, 1997). 
A possible explanation is that in stable habitats, females of smaller 
species produce proportionally more eggs to maximize offspring 

numbers and enhance the species’ survival probabilities (Wagner and 
Liebherr, 1992). The greater number of eggs carried by females may 
explain their larger size compared to males (Honěk, 1993). Being larger 
has metabolic and ecological implications. Large insects are more 
resistant to starvation, drought and temperature extremes, and 
wintering (Kingsolver and Huey, 2008). On the other hand, large sizes 
imply an increase in the duration of development of larval stages, 
greater food consumption, and a higher risk of mortality (Nylin and 
Gotthard, 1998).

In contrast, no SSD was observed in open habitats. Open habitats 
facilitate dispersal (Niemelä, 2001; Thomas et al., 2002), leading to 
increased population mixing and potentially reducing local selective 
pressures on body size differences between sexes. In this context, the 
importance of flight-related traits, particularly wing loading, is critical 
for dispersal success, as individuals must maintain an optimal weight-to- 
wing surface ratio to maximize mobility (Venn, 2016). This could 
further constrain the evolution of SSD in open landscapes, where se
lection pressures may focus more on traits linked to dispersal efficiency 
rather than on body size dimorphism.

Furthermore, our findings raise broader questions about how mac
roecological laws, such as species-area relationships, might interact with 
patterns of sexual dimorphism and dispersal strategies in insects. 
Investigating macroecological patterns in bioindicator taxa, such as 
ground beetles, can enhance our ability to assess habitat quality, 
ecosystem resilience, and the impacts of environmental changes, making 
such approaches valuable for conservation planning and ecological 
monitoring.

4.4. A holistic framework for soil monitoring

RMQS-Biodiversity provides a unique opportunity to look at soil life 
in an integrated way. By surveying several groups of organisms and 
trophic levels on the same nationwide grid, we can move beyond iso
lated case studies and begin to see how communities respond together. 
Repeated surveys will add the temporal dimension that is still missing, 
allowing us to tell apart short-term fluctuations from long-term trends 
linked to land use, climate or other pressures (Gonzalez et al., 2023). 
Linking community inventories with functional or genomic tools such as 
metagenomics or isotopic tracers will shed new light on the role of soil 
organisms in key processes. Finally, opening the framework to collab
orations across disciplines and encouraging data sharing will ensure that 
biodiversity indicators can inform soil conservation and land manage
ment in practice (Bispo et al., 2009).

5. Conclusions

We tackled three aspects of soil fauna ecology. First, the grid design 
proved able to capture a wide range of nematode indicator values which 
helps refine how these indices are interpreted across land uses. Second, 
we found that both distance and environment matter for detritivore 
turnover, with dispersal being more limiting for isopods and diplopods 
than for springtails. Third, sexual size dimorphism in Carabidae differed 
between open and closed habitats, offering a first nationwide test of 
Rensch’s rule in soil invertebrates. Altogether, these results confirm that 
a systematic grid can serve a double purpose: testing ecological theory 
while strengthening soil bioindication.

Looking forward, bridging fundamental ecological research with 
applied biomonitoring will improve our capacity to safeguard soil 
biodiversity and the ecosystem services it supports. The continued 
development of long-term monitoring efforts will be essential for 
detecting biodiversity trends and their links to ecosystem resilience. 
Expanding temporal coverage will allow us to distinguish natural fluc
tuations from long-term shifts caused by e.g. climate change, land-use 
intensification, and pollution. Incorporating functional and genomic 
approaches will further enhance our understanding of soil biodiversity’s 
contributions to key ecosystem processes, such as decomposition and 
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nutrient cycling.
Ultimately, the integration of soil invertebrate indicators into policy 

frameworks, such as the project of EU Soil Monitoring Law, will be 
crucial for ensuring sustainable land management and soil conservation 
efforts. By fostering interdisciplinary collaborations and open-access 
data sharing, RMQS-Biodiversity provides a scalable and adaptable 
model for monitoring soil biodiversity at national and European levels, 
contributing to a more comprehensive and policy-relevant assessment of 
soil in the face of global change.
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Honěk, A., 1993. Intraspecific variation in body size and fecundity in insects: a general 
relationship. Oikos 66, 483. https://doi.org/10.2307/3544943.

Hopkin, S.P., 2007. A key to the Collembola (springtails) of Britain and Ireland. FSC 
Publications, Shrewsbury, UK. 

Hubbell, S.P., 2001. The Unified Neutral Theory of Biodiversity and Biogeography. 
Princeton University Press.

Imbert, C., Santorufo, L., Ortega, C., Jolivet, C., Auclerc, A., Bougon, N., Capowiez, Y., 
Chauvel, B., Cheviron, N., Cluzeau, D., Cortet, J., Hedde, M., Lévêque, A., Maunoury- 
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Maunoury-Danger, F., Mougin, C., Palka, L., Pérès, G., Ranjard, L., Vanhée, B., 
Villenave, C., Wroza, S., Bispo, A., 2023b. Comment développer un suivi de la 
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Köninger, J., Panagos, P., Jones, A., Briones, M.J.I., Orgiazzi, A., 2022. In defence of soil 
biodiversity: towards an inclusive protection in the European Union. Biol. Conserv. 
268, 109475. https://doi.org/10.1016/j.biocon.2022.109475.

Leibold, M.A., Norberg, J., 2004. Biodiversity in metacommunities: plankton as complex 
adaptive systems? Limnol. Oceanogr. 49, 1278–1289. https://doi.org/10.4319/ 
lo.2004.49.4_part_2.1278.

Macfadyen, A., 1961. Improved funnel-type extractors for soil arthropods. J. Anim. Ecol. 
30, 171. https://doi.org/10.2307/2120.
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