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Abstract

Aim: Although soil biodiversity is extremely rich and spatially variable, both in terms
of species and trophic groups, we still know little about its main drivers. Here, we
contrast four long-standing hypotheses to explain the spatial variation of soil multi-
trophic diversity: energy, physiological tolerance, habitat heterogeneity and resource
heterogeneity.

Location: French Alps.

Methods: We built on a large-scale observatory across the French Alps (Orchamp)
made of seventeen elevational gradients (~90 plots) ranging from low to very high
altitude (280-3,160 m), and encompassing large variations in climate, vegetation and
pedological conditions. Biodiversity measurements of 36 soil trophic groups were
obtained through environmental DNA metabarcoding. Using a machine learning
approach, we assessed (1) the relative importance of predictors linked to different
ecological hypotheses in explaining overall multi-trophic soil biodiversity and (2) the
consistency of the response curves across trophic groups.

Results: We showed that predictors associated with the four hypotheses had a sta-
tistically significant influence on soil multi-trophic diversity, with the strongest sup-
port for the energy and physiological tolerance hypotheses. Physiological tolerance
explained spatial variation in soil diversity consistently across trophic groups, and was
an especially strong predictor for bacteria, protists and microfauna. The effect of en-
ergy was more group-specific, with energy input through soil organic matter strongly
affecting groups related to the detritus channel. Habitat and resource heterogeneity
had overall weaker and more specific impacts on biodiversity with habitat heteroge-
neity affecting mostly autotrophs, and resource heterogeneity affecting bacterivores,
phytophagous insects, enchytraeids and saprotrophic fungi.

Main Conclusions: Despite the variability of responses to the environmental drivers

found across soil trophic groups, major commonalities on the ecological processes
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1 | INTRODUCTION

With the ever-increasing availability of biodiversity information,
a global synthesis on the major ecological determinants of broad-
scale biodiversity patterns is starting to emerge (Belmaker & Jetz,
2015; Braga et al., 2019; Pontarp et al., 2019; Thuiller et al., 2020).
This general understanding is pivotal to forecast how biodiversity
responds to natural and anthropogenic changes (McGill et al., 2015;
Urban et al., 2016). Yet, most of the empirical support is grounded on
specific aboveground macroorganisms, in particular vertebrates and
plants. Comparatively, soil biodiversity has been largely less studied
(Guerra et al., 2020), although it represents one quarter of global di-
versity and is essential for decomposition, nutrient cycling or carbon
sequestrations (Delgado-Baquerizo et al., 2020; Wagg et al., 2014).
Therefore, it remains unclear whether the ecological hypotheses
that hold true for aboveground systems, such as the energy or the
habitat heterogeneity hypotheses, also apply to the massive bulk of
belowground biodiversity (Bardgett et al., 2005; Decaéns, 2010).

Historically, the complexity of studying the soil compartment,
for example, complex physical structure (Young & Crawford, 2004),
taxonomic impediment (Decaéns, 2010), scale of approach (Bardgett
et al., 2005; Ettema & Wardle, 2002; Thakur et al., 2020), has hin-
dered the integration of soil biodiversity into a broader ecological
hypothesis testing framework. Yet, our ability to study soil biodiver-
sity at large spatial scales is constantly improving with joint taxo-
nomic efforts, the development of new sampling technologies (e.g.
eDNA metabarcoding) and the increase of collaborative databases
and initiatives (e.g. Drilobase, Earth microbiome project, Global Soil
Biodiversity Initiative). Global-scale analyses have thus recently
emerged for several soil organism groups (e.g. Tedersoo et al., 2014
for fungi; Delgado-Baquerizo et al., 2018 for bacteria; Phillips et al.,
2019 for earthworms; van den Hoogen et al., 2019 for nematodes;
Oliverio et al., 2020 for protists), unveiling their environmental driv-
ers. Yet, whether soil biodiversity at all its taxonomic and trophic
levels responds to the same ecological drivers as aboveground diver-
sity and follows similar trends remains to be tested. For such tests,
the integration of spatial scales and the scale at which organisms are
analysed together is pivotal (Thakur et al., 2020; White et al., 2020).
Indeed, the way environmental parameters drive local diversity can
depend on the spatial extent (e.g. Steiner & Leibold, 2004), or the
taxonomic or trophic groups being studied (e.g. Boyero et al., 2011;
Peters et al., 2016; Tedersoo et al., 2014).

structuring soil biodiversity emerged. We conclude that among the major ecological
hypotheses traditionally applied to aboveground organisms, some are particularly rel-

evant to predict the spatial variation in soil biodiversity across the major soil trophic

environmental DNA metabarcoding, French Alps, macroecology, random forest, soil
biodiversity, trophic groups

Among the hypotheses formulated to explain the spatial varia-
tion of biodiversity, theory and support from empirical studies on
plants and other aboveground organisms have led to four major eco-
logical hypotheses: the “energy hypothesis”, the “physiological tol-
erance hypothesis”, the “habitat heterogeneity hypothesis” and the
“resource heterogeneity hypothesis” (Figure 1). Yet, these hypothe-
ses have been seldom tested in a single framework for soil organisms
(Decaéns, 2010; Thakur et al., 2020), and even less at the scale of
the whole soil biota. Observing diversity patterns of soil organisms
in nature, that is, the relationship between various relevant predic-
tors and soil diversity, is a first step to test whether these ecological
hypotheses apply to the wide range of soil organisms (Shade et al.,
2018).

The “energy hypothesis” predicts a positive relationship between
diversity and energy. An increasing amount of energy (i.e. thermic,
solar or chemical) promotes diversity across trophic levels by increas-
ing speciation rates and/or the number of species populations, and
thereby reducing local extinction (Evans et al., 2005; Wright, 1983).
An extension of the hypothesis predicts a hump-shaped relationship
with a decrease in diversity at high energy levels due to exclusive
competition (Mittelbach et al., 2001). Plant productivity is tradition-
ally used as a primary energy measure, because it accounts for water
limitations in the transformation of solar energy into available re-
sources, and because plants are the main basal resource (primary
producers) for aboveground organisms (Currie et al., 2004; Evans
et al., 2005). Yet, in the soil compartment, soil organic matter (SOM)
is also a major source of energy fuelling the soil food web (Moore
et al., 2004). The local amount and content of SOM is driven by mul-
tiple drivers such as plant community composition, climate or parent
material (Wiesmeier et al., 2019), and not only by plant productivity.
Considering both solar energy and SOM, hereafter referred as pri-
mary and secondary energy, respectively, is thus essential to test
the energy-diversity relationship for the soil biota. Therefore, since
most soil organisms are thought to be weakly limited by competition
due to their limited mobility and the complexity of the soil matrix
(Ettema & Wardle, 2002; Wardle, 2006), it could be expected that
soil diversity increase monotonously with available energy.

The “physiological tolerance hypothesis” states that favourable en-
vironmental conditions support higher biodiversity because a wider
range of strategies can persist under such conditions (i.e. tighter
niche packing), while only a few well-adapted species can tolerate
stressful conditions (Currie et al., 2004; Spasojevic & Suding, 2012).
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FIGURE 1 Overview of the four big ecological hypotheses and theoretical predictions tested in this study within the soil biodiversity
context. Each hypothesis is introduced in a coloured box, the predictors used to represent each hypothesis are given at the end of the boxes

in a frame

Temperature is one of the most acknowledged factors constraining
the “thermal niche” of organisms. Yet, compared to aboveground
temperature, soil temperatures are buffered making it more diffi-
cult to isolate its effect on soil biodiversity. For example, in moun-
tain environments, soil temperature is strongly regulated by snow
cover and duration (Carlson et al., 2015). In the absence of snow,
soil frost might impact the structure and activity of soil commu-
nities (Schostag et al., 2019; Sulkava & Huhta, 2003). In addition,
soil organisms often rely on other abiotic conditions such as water
availability, heavy metal content and pH that can generate stressful
conditions at extreme values, for example, drought, toxicity, acidity
(Gans, 2005; Xu et al., 2012). Indeed, soil pH is recognized as a major
driver of soil microorganisms diversity (Fierer & Jackson, 2006).
While the stressful environmental factors may differ, the general
response form to stress should be the same for above and below-
ground diversity.

The “habitat heterogeneity hypothesis” postulates that increasing
habitat heterogeneity provides larger niche space or dimensionality
that can be finely partitioned and sustain more coexisting species
(Stein et al., 2014; Tews et al., 2004). Traditionally, the “habitat het-
erogeneity hypothesis” is tested at the landscape scale where biodi-
versity increases with habitat or vegetation diversity (Stein et al.,

2014). However, soils can harbour a high degree of heterogeneity
at much smaller grains than those considered aboveground (Young
& Crawford, 2004), and this partly explains their remarkably high
biodiversity (Ettema & Wardle, 2002; Nielsen et al., 2010). On a mi-
croscale, habitat heterogeneity can be structural, that is, associated
with the size distribution of the pores, which is controlled by soil tex-
ture and compaction (i.e. bulk density). Pore size distribution varies
within and between soil types, and can influence habitat conditions
by modulating nutrient availability, gas diffusion and soil water hold-
ing capacity (Ranjard & Richaume, 2001; Six et al., 2004), parame-
ters that may affect the diversity of soil organisms (Nielsen et al.,
2010; Xia et al., 2020) and their interactions (Erktan et al., 2020). The
effects of soil texture and compaction on the diversity might vary
between soil organisms with different sizes or life-history strategies
(Seaton et al., 2020) or whether there are ecosystem engineers able
to modify the soil structural properties (Decaéns, 2010; Six et al.,
2004).

The “resource heterogeneity hypothesis” follows the same ra-
tionale as the habitat hypothesis. An increase in resource het-
erogeneity can lead to an increase in diversity (Steiner, 2001;
Heidrich et al., 2020; Dal Bello et al., 2021). We acknowledge that
resource heterogeneity can be intrinsically linked to the habitat
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heterogeneity, which makes it difficult to separate them. As for
aboveground, soil basal resources can take different forms, but
their heterogeneity can be well approximated by plant functional
diversity since it explains variation in SOM composition, type of
potential mycorrhiza, root exudates and direct resources for phy-
tophages (Anderson, 1978; Eviner & Chapin, 2003; Hooper et al.,
2000). For higher trophic level groups (secondary and tertiary
consumers), the diversity in potential prey might be taken as a
proxy for resource heterogeneity.

Here, we tested the above outlined macroecological biodi-
versity hypotheses and estimated their relative importance in ex-
plaining soil biodiversity patterns across most soil trophic groups.
We built on a large-scale observatory network across the French
Alps (Orchamp) that provides soil biodiversity measurements from
environmental DNA metabarcoding across seventeen elevational
gradients ranging from low to very high altitude (280-3160 m), and
harbouring very contrasting climatic, vegetation and pedological
conditions (Figure S1). Mountainous systems are well suited to test
empirically large-scale drivers of biodiversity as they include wide
ranges of environmental conditions and high biotic turnover over a
reduced spatial scale (McCain & Grytnes, 2010). Instead of focusing
on specific taxonomic orders, we followed a multi-trophic approach
to test the above hypotheses on most trophic groups representa-
tive of soil ecosystems. After selecting the predictors related to
the ecological hypotheses, we used a machine learning approach
to account for complex interactions between predictors and soil
biodiversity and corrected for remaining spatial dependencies that
may originate from processes that have not been considered, such
as missing abiotic factors or dispersal limitations. More specifically,
we used biodiversity patterns to assess (1) the relative importance
of predictors linked to different ecological hypotheses in explaining
overall multi-trophic soil biodiversity and (2) the consistency of the

response curves across trophic groups.

2 | MATERIAL AND METHODS

2.1 | Study site and sampling design

The data come from the French Alps long-term observatory,
Orchamp (www.orchamp.osug.fr, Appendix S1), made of multiple
elevational gradients distributed across the whole French Alps (ca.
40,500 km2) and representative of the environmental conditions of
the region. Each elevational gradient has a homogenous exposure
and slope, and consists of four to nine 30 x 30 m plots separated by
200 m of altitude, on average. In this study, we used data gathered
from 2016 to 2018, corresponding to 17 gradients (Figure S1), 90
plots and 540 soil samples. Plant species abundances were quanti-
fied at the vegetation peak (mostly in July or August) along a linear
transect crossing each plot using the pin-point method (Jonasson,
1988). A second 4-m-wide transect was dedicated to soil sampling
at the end of the summer season. Soil was sampled from 3 subplots
(2 x 2 m) selected across the transect where we collected around ten

soil cores of 5 cm in diameter that were separated into two soil lay-
ers, that is, surface (ca. 1-8 cm depth) and subsurface (ca. 8-16 cm
depth), which could be differentiated in most cases by a change in
the colour. The ten soil cores were pooled together and homoge-
nized by separating the two layers to make a biological sample per
soil layer per subplot, to obtain a total of six samples per plot.

2.2 | Soil sample processing

Each soil sample was separated into two components. The main part
was sieved at 2mm and used to measure soil physicochemical prop-
erties (soil pH, SOM content and soil C/N) as described in (Martinez-
Almoyna et al., 2020). The other part was used for environmental
DNA, where DNA was extracted from a 15 g aliquot and processed
in the field using the procedure described in Taberlet et al. (2012),
Taberlet et al. (2018). We used six DNA markers to have a complete
overview of the soil biota, including two universal markers (euka02
for eukaryote, bactO1 for bacteria) and fourth clade-specific mark-
ers (fung02 for fungi, inse01 for insect, olig01 for oligochaete and
coll02 for collembola). Information on the markers and molecular
analyses including PCR, library preparation and sequencing steps
are detailed in Appendix S2. A standardized bioinformatic pipeline
was then applied (Calderén-Sanou et al., 2020), using the OBITools
software (Boyer et al., 2016) and the R package “metabaR” (Zinger
etal., 2021), to remove contaminants and errors and to get the taxo-
nomic composition in terms of Molecular Operational Taxonomic
Unit (MOTU) of each sample (Appendix S2).

2.3 | Diversity of trophic groups

The obtained MOTUs were classified into 36 trophic groups. We
chose to distinguish not only trophic levels but also phylogenetic
distant groups of the same trophic level, as they may have different
preys/predators or exhibit different resource acquisition strategies
(e.g. bacterivorous nematodes vs. protists, or predatory mites versus
insects, Potapov et al., 2019), following Calderén-Sanou et al. (2021).
The databases used for the trophic and functional assignments were
FungalTraits (Polme et al., 2020), for fungal MOTUs assigned at the
genus level and FUNGuild (Nguyen et al., 2016) for the rest of fungi,
FAPROTAX (Louca et al., 2016) and Wardeh et al. (2015) database of
host-pathogen interactions for bacteria, NEMAguild and Nemaplex
(http://nemaplex.ucdavis.edu/) for nematodes. The main references
used included Adl et al. (2019) for protists, Rainford and Mayhew
(2015) for insects and Potapov et al. (2016) for Collembola. The
most abundant taxonomic clades composing each trophic group are
shown in Table S1. The MOTU diversity of each trophic group was
estimated per sample using the exponential of the Shannon entropy
(i.e. Shannon diversity), which represents “the effective number
of MOTUs” as it penalizes rare sequences that could be artefacts
in eDNA data. Shannon diversity leads to more robust ecological
results and to diversity estimates that are more similar to those
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assessed from conventional sampling approaches (Calderéon-Sanou
et al., 2020).

2.4 | Environmental predictors

We used two environmental predictors to represent each ecologi-
cal hypothesis (Figure 1), with the condition of having a final set of
weakly correlated predictors (see Figure S2 for a visualization of the

correlation between all initially considered parameters).

241 | Energy hypothesis

It was separated into primary (solar energy) and secondary energy
(SOM), and two predictors were selected for each category. Solar
radiation and the Normalized Difference Vegetation Index (NDVI)
were used to represent the primary energy predictors. Solar radia-
tion directly measures the amount of solar energy arriving into the
Earth's surface, while NDVI estimates the amount of solar energy
that is transformed by photoautotrophic organisms into available re-
sources accounting for water limitations (Evans et al., 2005). We did
not add mean annual temperature as sometimes done to represent
energy (Clarke & Gaston, 2006) since it was strongly correlated to
NDVI (Figure S2). Solar radiation was calculated per plot as the sum
of the daily surface incident direct and diffuse shortwave radiation
accumulated over 10 years, from 2008 to 2018. NDVI was estimated
from the surface spectral reflectance at a resolution of 250 m from
MODIS (Moderate Resolution Imaging Spectroradiometer), avail-
able online: https://Ipdaac.usgs.gov/products/mod09q1v006/. Raw
NDVI times series were pre-processed following Choler (2015), and
we kept the mean yearly sum of NDVI greater than 0.2 over 2009-
2019, as the final predictor for the analyses measured at the plot
level. To represent secondary energy, we used the SOM content and
the C/N ratio, measured from the soil samples. The former indicates
the total amount of organic matter available in the soil, while the
latter is a proxy for nutrient availability or SOM decomposability
(Cleveland & Liptzin, 2007), meaning that soils with low C/N rates
have potentially more readily available energy than soils with high

C/N ratio, if we account for nutrient stoichiometric constraints.

2.4.2 | Physiological tolerance hypothesis

We used soil pH and the freezing degree days (FDD) to represent po-
tential sources of abiotic physiological stress for soil organisms. The
pH has been described as an important limiting physiological factor
of soil communities (Fierer & Jackson, 2006; Raty & Huhta, 2003).
The FDD summarizes the duration and intensity of ground freezing
events and it has been addressed as a good candidate to model the
thermal niches (Choler, 2018). FDD was calculated per plot as the
annual sum of average daily degrees below zero, modelled within the
first soil horizon (1 cm depth) and averaged over 2008-2018.

Coversity = isiions BYU TRV

2.4.3 | Habitat heterogeneity hypothesis

Clay percentage in soil and bulk density were selected to represent
the microscale habitat heterogeneity. Clay percentage characterizes
the soil texture and thus reflects the granulometry distribution, the
aeration, ability of soil to retain water and more globally the physi-
cal properties of the soil (Hao et al., 2007; Seaton et al., 2020). Soil
texture might affect diversity differently across trophic groups with
different sizes or life-history strategies (Seaton et al., 2020; Vreeken-
Buijs et al., 1998). For example, the diversity of mesofauna could
be expected to increase in coarse-textured soils (i.e. with low clay
percentage), where the higher availability of larger pores provides
more different habitats to be potentially colonized by these organ-
isms (Vreeken-Buijs et al., 1998). Bulk density reflects soil compac-
tion and porosity as it accounts for the amount of soil per volume
unit when removing water and air spaces (Hao et al., 2007). Compact
soils, with higher values of bulk density, have relatively lower total
pore space and organic matter content, thus providing a lower het-
erogeneity of habitats. Both variables were measured from a soil
pit carried out next to the plot). Three soil replicates were collected
with a volumetric cylinder (100 cm3) from the superficial horizon.
They were dried at 105°C for 24 h and sieved to 2 mm. The mass of
dry soil (mS) contained in the cylinder as well as the mass of coarse
elements greater than 2 mm (mEG) were measured. The formula ap-
plied for the calculation of bulk density is as follows (Equation 1),
with ch, for the volume of the cylinder. The bulk density of the three

replicates were averaged.

mS-mEG

Da= Veyl

244 | Resource heterogeneity hypothesis

For decomposers, detritivores and plant symbionts, we used two
metrics of plant functional diversity as predictors, that is, the func-
tional richness and the functional divergence (Villéger et al., 2008),
calculated for each plot using the R package “FD” (Laliberté &
Legendre, 2010). Functional richness represents the total trait space
filled by all the plant species present in the community (here the
plot). Functional divergence describes how specie's abundances are
distributed within the functional trait volume. To estimate these
two metrics, we used our own trait measurement values for species
(median values across individuals) present in our botanical surveys.
We included the following traits: specific leaf area (SLA), leaf carbon
and nitrogen ratio, root depth (extracted from Landolt et al., 2010),
vegetative plant height and woodyness index. For the rest of the
soil groups (except autotrophs), we selected two predictors measur-
ing prey diversity (exponential of the Shannon entropy) of the focal
trophic group. For omnivores (i.e. tardigrades, rotifers and protists),
we used the MOTU's diversity of bacteria and the MOTU's diversity
of fungi. For bacterivores, we used the MOTU's diversity and phy-
lum's diversity of bacteria. For fungivores and zooparasites, we used
the MOTU's diversity and class diversity of fungi and metazoans,
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respectively. We used the diversity at these two taxonomic levels,
because MOTUs diversity might be redundant depending on the
level of generalism of the focal trophic group, that is, a predator
might be indifferent to two closely related species. For predators,
we used the MOTU's diversity and class diversity of a subgroup of
metazoans (or protists for protistivores), in which we excluded the
focal group and we only considered the category of size that could
potentially be a prey for the focal group (e.g. only micro-metazoans
for predatory nematodes).

Solar radiation and FDD were calculated from the SAFRAN-
SURFEX/ISBA-Crocus-MEPRA reanalysis (Durand et al., 2009;
Vannier & Braud, 2012), a model which addresses meteorological
and snow conditions in mountainous regions based on large-scale

topographical features.

2.5 | Spatial structure

Given the hierarchical sampling design of the data (two soil layers
within plots within gradients), we accounted for the overall spatial
structure of the samples to avoid having spatial autocorrelation
issues (Dray et al., 2012). We defined a set of spatial predictors
representing the residual spatial structure (i.e. the left-out spatial
structure not explained by the environmental predictors) to include
in the models. This approach aims to reduce the spatial autocorrela-
tion that could remainin the residuals and to identify potential spatial
structures with a strong influence on soil diversity. We did so using
Moran's eigenvector maps (MEM), a method based on computing
the principal coordinates of a matrix of geographic neighbours (Dray
et al., 2006). The obtained eigenvectors are orthogonal and have a
straightforward interpretation as each of them represents a spatial
pattern at a given scale that can be ranked from broad spatial struc-
tures to fine spatial structures. We identified 18 MEM-variables de-
scribing significant spatial autocorrelation (only positive eigenvalues,
Dray et al., 2006) based on the Euclidean geographic distances be-
tween each subplot using the function dbmem from the R package
“adespatial” (Dray et al., 2021). MEM 1 to 8 described broad scale
spatial structures, while MEM 9 to 18 represented intermediate to
fine spatial structures (Figure S3). To remove the imprint of the en-
vironment on these MEMs, we modelled with a random forest each
of the 18 MEMs as a function of our environmental predictors and
extracted the residuals of these relationships. These residuals thus
represented the spatial structure not explained by our environmen-
tal predictors (e.g. missing predictors, dispersal limitations). This
approach differs from partialling out the spatial component of diver-
sity and compare the pure effect of environment, the pure effect of
space and the shared explained variance (Borcard et al., 1992). Here,
we argue that space is likely affecting environment and that environ-
ment is then affecting biodiversity. The shared explained variance
of space and environment is thus relevant for our hypotheses. We
treat the pure effect of space as a statistical nuisance as we cannot
link it to ecological processes, given that we jointly analyse taxa with
very different dispersal abilities. We made sure that it was properly

accounted for to avoid residual spatial autocorrelation (Dray et al.,
2012).

2.6 | Random forest

To model the diversity of each trophic group as a function of the
predictors representing our four hypotheses and the residual spa-
tial structure, we used random forest models (Breiman, 2001), which
are particularly suited when nonlinear relationships and complex in-
teractions among predictors are expected. Random forest analyses
were run with the R package “party” (Hothorn et al., 2006) with the
cforest_unbiased function, which avoids bias introduced by hetero-
geneity in scale and number of categories among predictors (Strobl
et al., 2007). The number of trees was set to 1,000 and the number
of variables randomly sampled as candidates at each split (mtry) was
tuned using the function train of the R package “caret” (Kuhn, 2020;
Table S2). Variable importance was estimated as the mean decrease
in accuracy using the function varimp. The method allows assess-
ing relative variable importance, by identifying the covariates which,
when removed, ensure a significant drop of prediction power (Strobl
et al., 2007). It thus avoids any over-fitting and allows sound infer-
ence. Overall explained variance (r-square) was calculated by ex-
tracting the coefficient of determination between predictions and
observations. The shape of the relationship between the diversity
and the predictors was assessed with partial dependent plots ob-
tained from the R package “iml” (Molnar et al., 2018), which estimate
the marginal effect of a given predictor while accounting for the av-
erage effect of the other predictors in the model. We considered
that a relationship was relevant, when the predictor had a predic-
tive importance higher than 25%. The predictive importance was as-
sessed by permuting each predictor one by one and then evaluating
how the prediction was affected.

A single random forest model was run for each trophic group
with the same set of predictors, that is, solar radiation, NDVI, SOM,
C/N ratio, percentage of clay, bulk density, two variables corre-
sponding to resource heterogeneity (variable across trophic groups,
and excluded for autotrophs) and the 18 residual spatial structure
predictors. All analyses were run in the R statistical environment (R
Core Team, 2020).

3 | RESULTS

We identified 222,739 bacterial and 50,241 eukaryotic (including
5,467 metazoans and 11,115 protists, Figure A2-1 in Appendix S2)
MOTUs from the universal markers, corresponding to 13,173,466
and 28,645,720 reads respectively. From the clade-specific markers,
we recovered 48,127, 2,799, 3,113, 5,128 MOTUs and 29,022,014,
1,507,963, 5,558,110, 16,738,061 reads of fungi, insects, collembola
and oligochaetes respectively (see Table A2-3 in Appendix S2 for the
statistics per year). From the identified sequences 1,333,857 MOTUs
corresponding to 50,770,784 reads were assigned to the trophic
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groups. Table 1 presents the number of reads, families and MOTUs
retrieved for each trophic group and the estimated Shannon
diversity.

The predictors underlying the tested ecological hypotheses ex-
plained a significant part of the spatial variation of diversity of most
trophic groups. The overall explained variance varied from 29%
for detritivorous insects to 79% for arbuscular mycorrhizal fungi
(Figure 2a, Table S2). The residual spatial structure explained much
less variance than the environmental predictors, confirming the rel-
evance of the latter to predict soil biodiversity. Only the diversity of
predatory and phytophagous insects, and photoautotrophic protists
was better explained by pure broad residual spatial structures than
by the environment (MEM7, Figure S3).

We found that predictors associated with the energy and the
physiological tolerance hypotheses were generally the most im-
portant, even so the relative importance of the predictors did vary
between soil trophic groups in different trophic positions or from
different body size categories (Figure 2b, Figure 3). The energy hy-
pothesis was particularly important for consumers, that is, tertiary
and secondary consumers and plant symbionts, and less import-
ant for autotrophs (Figure 3a). In particular, the secondary energy
predictors related to SOM explained a large part of the diversity of
most fungivores and detritivorous insects well-linked to the detri-
tus channel. When looking at the tendencies per category of body
size, the energy hypothesis was more important for metazoans of all
sizes and fungi diversity, while the physiological tolerance hypoth-
esis explained most variation for bacteria, protists and microfauna
(Figure 3b). The habitat heterogeneity hypothesis had a higher im-
portance for autotrophs compared to the other groups. The resource
heterogeneity hypothesis was especially important for bacterivores
(both protists and nematodes), phytophagous insects, enchytraeids
and soil saprotrophic fungi.

In general, we found that the partial response curves of diver-
sity to predictors were consistent across most soil trophic groups
(Figure 4) and in agreement with predictions (Figure 1), with some
few exceptions. The diversity of most trophic groups including
zooparasites protists and fungi, metazoans consumers and ecto-
mycorrhizal fungi, strongly increased with NDVI, but decreased for
photolithoautotroph bacteria, phytophagous protists and earth-
worms (Figure 4a). The steepest changes in soil diversity across the
NDVI gradient occurred in the transition from forest (high NDVI) to
alpine grasslands (low NDVI). Groups for which diversity strongly in-
creased with solar radiation included zooparasite bacteria, phytoph-
agous protists and earthworms. All trophic groups primarily feeding
on detritus positively increased in diversity with SOM (Figure 4b).
The diversity of several groups was also influenced by the C/N
ratio: diversity decreased for herbivorous and bacterivorous nem-
atodes, and root endophyte and arbuscular mycorrhizal fungi, but
increased for ectomycorrhizal fungi and fungivorous nematodes
(Table S3). With the exception of rotifers and tardigrades, all tro-
phic groups responding to pH increased in diversity in more alkaline
soils (Figure 4c). This positive relationship had a sigmoid form for all
groups, but both the inflection points and associated slopes strongly

Coversity = isiuions BYY TR

varied across trophic groups. Saprotrophic, root endophytes and
phytoparasitic fungi, and also photolithoautotrophic bacteria were
positively affected by the soil clay content, and chemolithoauto-
trophic bacteria were positively affected by soil bulk density (Table
S3). All phytophagous insects, saprotrophic fungi and bacterivore
groups responded positively to resource heterogeneity, that is, plant
functional richness and bacteria diversity respectively (Figure 4d).
Enchytraeids responded positively to plant functional divergence

(aka. resource heterogeneity).

4 | DISCUSSION

Testing ecological hypotheses has largely contributed to our un-
derstanding on how biodiversity is structured on Earth. However,
generality can only be claimed if a significant part of biodiversity
is covered. Here, we add an important missing piece to the general
picture by testing several major ecological hypotheses simultane-
ously on the majority of trophic groups inhabiting the soil and along
sharp environmental gradients which allow some generalization to
be made. Our results confirm that the main environmental drivers
of soil biodiversity are variable across soil trophic groups and de-
pend on their resource or physiological requirements. Yet, we also
find major commonalities in the ecological processes structuring soil
biodiversity. Overall, the energy and physiological tolerance hypoth-
eses had the strongest support from soil multi-trophic biodiversity.
Our results are in agreement with previous studies finding that
an increase in primary energy increases the diversity of soil organ-
isms such as protists (Oliverio et al., 2020), metazoans (Peters et al.,
2016), soil predators (Binkenstein et al., 2018) and fungi (Tedersoo
et al., 2014, Figure 2b). Our results also reveal that secondary en-
ergy, related to soil organic matter, has a positive effect on soil
biodiversity, especially for fungivorous and detritivorous animals,
in agreement with earlier work (Binkenstein et al., 2018; Canedoli
et al., 2020; Caruso et al., 2019). We found that the relative impor-
tance between primary and secondary energy varies across trophic
groups, with no clear trends across trophic levels, suggesting that
both energy channels are at play across the soil food web. However,
some groups responded to specific energy predictors in a way that
differs from the predictions of the “energy hypothesis” (Figure 1).
For example, the diversity of earthworms, phytophagous fungi and
photolithoautotroph bacteria decreased with increasing NDVI.
Part of these divergent trends between diversity and NDVI might
be explained by the transition from forest to grassland in the NDVI
gradient in our study system, for example, alpine grassland soils are
more suitable for autotrophic bacteria adapted to high elevation
stressful conditions (Guo et al., 2015). Otherwise, a negative interac-
tion between ectomycorrhizal fungi and phytophagous fungi could
explain the decrease in diversity of the latter (Figure 4a). Indeed,
ectomycorrhizal fungi can provide protection against pathogens to
their plant hosts, thus reducing the incidence of phytophagous fungi
and their diversity (Antunes & Koyama, 2017; Wang et al., 2019).
Other divergent, but not unexpected, trends were found along the
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(Continued)

TABLE 1

Total Shannon

Total families/orders (per

sample)

diversity (per sample)

Total MOTUs (per sample)

Total reads (per sample)

Trophic group DNA marker

Trophic position

56.5(1.3+0.5)

9.4 (
79 (

142 (2 +£1.3)

20(1.7 £0.8)

207,077 (1,327.4 + 4,557.6)
32

inse01

euka02
euka02
euka02
bactO1
fung02
euka02

l.predator

Predators

3.6 +2.
1.6 +0.

336(13.8 + 6.8)

19 (1.8

6.1+ 2.

492,098 (928.5 + 1,055.5)

3,344 (8.8 + 14.8)

M.predator

N.predator

61.1(11.2 +5.5)

334(15.8 +8.4)

4(

36,815 (69.5 + 75.8)

P.protistivore

112.1(34.2 + 19.7)
45.5(4.9 +2.6)

4,329 (142.7 + 80.9)
238 (8.7 +£5.2)

78 (18.7 £ 4.9)

12

536,202 (1,029.2 + 1,234.2)

74,803 (147.5 + 256.1)

B.zooparasite

Zooparasites

3.6+1.

F.zooparasite

371 (8.4 +5.4) 93.5(5.7 + 3.5)

10(3.1+1.2)

20,162 (38.8 + 60.2)

P.zooparasite

Abbreviation: N/A: not applicable.

Coversity = isiions BYU TRV

C/N ratio gradient, that is, ectomycorrhizal fungi and fungivorous
nematodes were more diverse in soils with more recalcitrant organic
matter (i.e. higher C/N ratio). This result reflects the differences
in the energetic requirements or life-history traits of the different
groups that may complexify generalizations of energy-related mech-
anisms. Contrary to other decomposers, ectomycorrhizal fungi can
degrade recalcitrant organic complexes by using energy from their
hosts (Lindahl & Tunlid, 2015). An increase in ectomycorrhizal fungi
diversity could presumably cascade on fungivore nematodes diver-
sity. Furthermore, while we show that energy has mainly a positive
influence on soil biodiversity, the underlying mechanisms remain to
be tested. For example, the more individual hypothesis states that
greater energy availability allows a community to contain a larger
number of individuals, and hence of a larger number of species with
viable population size (Wright, 1983). Quantifying species abun-
dance or biomass would be needed to test this hypothesis, but this
information is unfortunately not yet available with eDNA metabar-
coding data (Taberlet et al., 2018), and would be extremely challeng-
ing to obtain for the wide range of organisms studied here.

Physiological tolerances, mainly to soil pH, were also a strong
predictor of the diversity of soil organisms, especially for organ-
isms living in the aqueous phase of the soils. Indeed, in the study
system, the diversity of groups of bacteria, protists and microfauna
was more constrained by pH-induced stress rather than limited by
energy or habitat and resource heterogeneity (Figure 3b), in accor-
dance with previous studies highlighting the importance of pH for
soil microbes (Fierer & Jackson, 2006; Karimi et al., 2018) and in-
vertebrates (Bastida et al., 2020; Raty & Huhta, 2003). The sigmoid
trend observed between diversity and pH might correspond to the
first half of the humpback curve expected from the theory (Figure 1).
Indeed, our sampling had relatively few sites with alkaline soils, and
did not include soils with pH >8, levels from which other studies
have observed a decrease of diversity (e.g. Fierer & Jackson, 2006).
Our results revealed consistent decreases of diversity in more acidic
soils, but also different tolerance thresholds across soil trophic
groups. The strong effect of soil pH might also be the sum of mul-
tiple linked factors not considered in this study including bedrock
type and plant communities (Roy et al., 2013). Contrarily, FDD had
a minor effect on soil biodiversity. Limited effect of freezing events
on soil biodiversity has previously been reported, and may result
from the frost resistance (Mannisto et al., 2018; Stres et al., 2010)
or the rapid recovery of soil communities (Sulkava & Huhta, 2003).
Theoretically, this low importance could be due to a scale mismatch
between the measured soil communities (subplots are 4m? large)
and the climatic data resolution (~300m). However, between the
available in situ temperature HOBOs and the climatic data used here
showed very consistent patterns, rendering the scale mismatch hy-
pothesis unprobeable. Otherwise, a change in composition or activ-
ity, without changes in local diversity, might also have occurred and
remains to be tested (Schostag et al., 2019; Stres et al., 2010).

The “habitat heterogeneity” and the “resource heterogeneity” hy-
potheses weakly explained the spatial variation in diversity of soil
trophic groups compared to “energy” and “physiological tolerance”,
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FIGURE 2 Relative importance of competing hypotheses in explaining the alpha diversity of soil trophic groups. (a) Total r-squared

of the random forest model for each trophic group. Colours represent the relative importance of the environmental versus the spatial
predictors. Environmental predictors correspond to all the biotic and abiotic variables used to test the ecological hypotheses, and spatial
predictors correspond to the residuals of the spatial structure when removing the effect of the environment. (b) Relative importance of

the environmental predictors used to test the ecological hypotheses (colour key). The relative variable importance is the mean decrease in
squared error, rescaled to sum the total r2 (a) or 1 (b). Letters correspond to broad taxonomic groups: Bacteria (B.), Protozoa (P.), Metazoa (C.:
Collembola, I.: Insects, M.: Mites, N: Nematodes) and Fungi (F.). Symbols indicate the size category for fauna groups

with notable exceptions. Saprotrophic, root endophytes and phyto-
parasitic fungi, as well as autotrophic bacteria were highly affected
by habitat heterogeneity. We found that these groups tended to
be more diverse in fine-textured soils (higher clay percentage),
which usually exhibit greater water retention capacity but also
more recalcitrant and stable organic matter (Ranjard & Richaume,
2001; Six et al., 2004). Previous studies have shown that soil tex-
ture can influence bacterial and fungal diversity, with subgroups of
taxa responding differently to the proportion of soil particles (i.e.
clay, sand, silt) (Karimi et al., 2018; Seaton et al., 2020; Xia et al.,

2020). Our results showed that such differences are also visible
when considering different trophic groups of fungi and bacteria.
The importance of “habitat heterogeneity” could be expected to
vary across soil trophic groups, as the spatial scale at which het-
erogeneity is perceived by organisms of different sizes or different
lifestyles can be highly variable (Heidrich et al., 2020). Here again,
perhaps the scale at which we measured heterogeneity was not
relevant for some specific groups. When looking at the effect of
resource heterogeneity, prey's diversity was remarkably important
for bacterivores. Strong associations between bacterivore protists
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and bacteria diversity have been recently reported (Oliverio et al.,
2020; Xiong et al., 2021), and could indicate a degree of trophic
specialization in bacterivorous protists. Co-variation in diversity
might also indicate shared habitat preferences between protists
(or nematodes) and bacteria, but our results and previous studies
point to noticeable differences in the factors shaping the diversity
of these groups (Oliverio et al., 2020; Xiong et al., 2021). Moreover,
the strong response of saprotrophic fungi to plant functional diver-
sity could be explained by a trophic specialization, in accordance
with a recent study showing a high degree of specialization to spe-
cific soil and litter compounds for some saprotrophic fungi (Algora
Gallardo et al., 2021). The significant association does not neces-
sarily imply the realization of a trophic interaction, but it is a first
step in assessing whether such interactions exist, leave signals in
diversity distribution and can give us insights into the degree of
food speciation in the focus trophic group.

To conclude, our near-complete coverage of soil biodiversity

across trophic groups and across large and steep environmental

gradients provides consistent and novel insights on the macro-
ecological rules shaping the distribution of belowground biodiver-
sity. Building on the efficiency of environmental DNA analyses
combined with the wealth of existing knowledge on soil organ-
isms, we showed that energy and physiological tolerance are the
most plausible hypotheses to explain the spatial distribution of
soil diversity at a regional scale. Interestingly, we found strong
commonalities between trophic groups in their response to envi-
ronmental drivers that should be later compared to aboveground
organisms living in the same locations (e.g. ground-dwelling ar-
thropods, pollinators or herbivores). Should belowground and
aboveground compartments respond differently to environmen-
tal drivers, it will complexify their management under human-
induced pressures. Finally, identifying how these patterns in local
diversity translate into compositional changes and interaction
network structuration in space will be of crucial importance to un-
derstand soil biodiversity assembly and how it might be affected

by ongoing environmental changes.



2 LwiLey-

CALDERON-SANOU €T AL.

@ ..

0.31 - .

:\\!zoo
0.21
“

Diversity

|

0.1+ THTTITON W
0 100 200
NDVI
(¢)
0.41
F.sa
2
£ 031
[
= f
o F.arb
0.21

Physiological Tolerance Hypothesis

Energy hypothesis

(b)
/—Cow
Tard
0.401
0.351
0.301 //
o 20 40 60 80
oM
(d) l.phy P.bz
0.50
0.2751 F.sap
to.d5
0.2501
N.bac Lo.40
0.2251
10.35
000 002 004 006 500 1000 1500 2000

Plant Functional diversity  Prey's Diversity (Bacteria)

Resource Heterogeneity Hypothesis

FIGURE 4 Predicted diversity of soil trophic groups as a function of the environmental predictors representing the ecological
hypotheses. Partial dependence plots showing the marginal effect of the predictors representing the ecological hypotheses on the diversity
of soil trophic groups based on the random forest model results. The predictors represented are (a) NDVI, with the colours corresponding
to the transition from alpine grassland (yellow) to forest (green), (b) Soil organic matter, (c) pH and (d) plant functional richness and Bacteria
MOTUs diversity. Diversity was standardized by the maximum diversity observed per group to have a comparable scale across groups.
Only groups for which the predictors had a predictive importance higher than 25% were represented. The predictive importance of the
predictor was assessed by permuting each predictor one by one and then evaluating how the prediction was affected. Taxonomic groups
are abbreviated as Bacteria (B.), Collembola (C.), Earthworms (Earth), Fungi (F.), Insects (l.), Mites (M.), Nematodes (N.) Protozoa (P.), Rotifera
(Rotif) and Tardigrada (Tardi). The rest of the trophic component is abbreviated as arbuscular mycorrhizal (arb), bacterivore (bac), detritivore
(det), ectomycorrhizal (ect), epigeic (epi), euedaphic-hemiedaphic (e-h), fungivore (fun), herbivore (her), heterotroph (het), omnivore (omn),
photolitoautotroph (pho), phytoparasite or phytophageous (phy), predator (pre), protistivore (pro), saprotroph (sap) and zooparasite (zoo)

ACKNOWLEDGEMENTS

This project was possible thanks to the many people that partici-
pated in the field work and in the laboratory procedures, includ-
ing students, interns, postdoctoral fellows, field assistants, park
managers and rangers. We thank Cindy Arnoldi for conducting
the soil physicochemical analyses and, Nicolas Leguillarme and
Giovanni Poggiato for support with the development of bioin-
formatic pipelines. We thank Sara Si-Moussi and Gemma Rutten
for fruitful and constructive discussions. This research was
funded by the French Agence Nationale de la Recherche (ANR)
through the GlobNet project (ANR-16-CE02-0009), from two
“Investissement d’Avenir” grants (Trajectories: ANR-15-IDEX-02;
Montane: OSUG@2020: ANR-10-LAB-56) and the METRO

Grenoble Alpes and the Isere department. Support was also
received from the Lautaret Garden-UMS 3370 (Univ. Grenoble
Alpes, CNRS, SAJF, 38000 Grenoble, France), member of AnaEE-
(ANR-11-INBS-0001AnaEE-Services,
d’Avenir frame) and of the LTSER Zone Atelier Alpes, a member

France Investissements

of the eLTER-Europe network.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
The data supporting the results of this study are publicly available in
the DRYAD repository https://doi.org/10.5061/dryad.q573n5tmé.


https://doi.org/10.5061/dryad.q573n5tm6

CALDERON-SANOU €T AL.

ORCID
Irene Calderon-Sanou " https://orcid.org/0000-0003-4608-1187
Wilfried Thuiller "= https://orcid.org/0000-0002-5388-5274

REFERENCES

Adl, S. M., Bass, D., Lane, C. E., Lukes, J., Schoch, C. L., Smirnov, A.,
Agatha, S., Berney, C., Brown, M. W., Burki, F., Céardenas, P.,
Cepiéka, I., Chistyakova, L., Campo, J., Dunthorn, M., Edvardsen, B.,
Eglit, Y., Guillou, L., Hampl, V., ... Zhang, Q. (2019). Revisions to the
classification, nomenclature, and diversity of eukaryotes. Journal
of Eukaryotic Microbiology, 66, 4-119. https://doi.org/10.1111/
jeu.12691

Algora Gallardo, C., Baldrian, P., & Lépez-Mondéjar, R. (2021). Litter-
inhabiting fungi show high level of specialization towards biopoly-
mers composing plant and fungal biomass. Biology and Fertility of
Soils, 57, 77-88. https://doi.org/10.1007/s00374-020-01507-3

Anderson, J. M. (1978). Inter- and intra-habitat relationships between
woodland cryptostigmata species diversity and the diversity of
soil and litter microhabitats. Oecologia, 32, 341-348. https://doi.
org/10.1007/BF00345112

Antunes, P. M., & Koyama, A. (2017). Chapter 9 - Mycorrhizas as nu-
trient and energy pumps of soil food webs: Multitrophic interac-
tions and feedbacks. In N. C. Johnson, C. Gehring, & J. Jansa (Eds.)
Mycorrhizal mediation of soil fertility, structure, and carbon storage
(pp. 149-173). Elsevier.

Bardgett, R. D., Yeates, G. W., & Anderson, J. M. (2005). Patterns and
determinants of soil biological diversity. In D. Hopkins, M. Usher, &
R. Bardgett (Eds.), Biological diversity and function in soils, ecological
reviews (pp. 100-118). Cambridge University Press.

Bastida, F., Eldridge, D. J., Abades, S., Alfaro, F. D., Gallardo, A., Garcia-
Velazquez, L., Garcia, C., Hart, S. C., Pérez, C. A, Santos, F., Trivedi,
P., Williams, M. A., & Delgado-Baquerizo, M. (2020). Climatic vul-
nerabilities and ecological preferences of soil invertebrates across
biomes. Molecular Ecology, 29, 752-761. https://doi.org/10.1111/
mec.15299

Belmaker, J., & Jetz, W. (2015). Relative roles of ecological and energetic
constraints, diversification rates and region history on global spe-
cies richness gradients. Ecology Letters, 18, 563-571. https://doi.
org/10.1111/ele.12438

Binkenstein, J., Klein, A.-M., Assmann, T., Buscot, F., Erfmeier, A., Ma, K.,
Pietsch, K. A., Schmidt, K., Scholten, T., Wubet, T., Bruelheide, H.,
Schuldt, A., & Staab, M. (2018). Multi-trophic guilds respond differ-
ently to changing elevation in a subtropical forest. Ecography, 41,
1013-1023. https://doi.org/10.1111/ecog.03086

Borcard, D., Legendre, P., & Drapeau, P. (1992). Partialling out the spatial
component of ecological variation. Ecology, 73, 1045-1055. https://
doi.org/10.2307/1940179

Boyer, F., Mercier, C., Bonin, A, Le Bras, Y., Taberlet, P., & Coissac, E.
(2016). osiTooLs: A uNix -inspired software package for DNA me-
tabarcoding. Molecular Ecology Resources, 16, 176-182.

Boyero, L., Pearson, R. G., Dudgeon, D., Graga, M. A. S., Gessner, M. O.,
Albarifio, R. J., Ferreira, V., Yule, C. M., Boulton, A. J., Arunachalam,
M., Callisto, M., Chauvet, E., Ramirez, A., Chara, J., Moretti, M. S.,
Gongalves, J. F., Helson, J. E., Chara-Serna, A. M., Encalada, A. C.,
... Pringle, C. M. (2011). Global distribution of a key trophic guild
contrasts with common latitudinal diversity patterns. Ecology, 92,
1839-1848. https://doi.org/10.1890/10-2244.1

Braga, J., Pollock, L. J., Barros, C., Galiana, N., Montoya, J. M., Gravel, D.,
Maiorano, L., Montemaggiori, A., Ficetola, G. F,, Dray, S., & Thuiller,
W. (2019). Spatial analyses of multi-trophic terrestrial vertebrate
assemblages in Europe. Global Ecology and Biogeography, 28, 1636-
1648. https://doi.org/10.1111/geb.12981

Breiman, L. (2001). Random forests. Machine Learning, 45, 5-32.

Coiersit i istibutions EYMITR VRS

Calderén-Sanou, I., Minkemdiller, T., Boyer, F., Zinger, L., & Thuiller, W.
(2020). From environmental DNA sequences to ecological con-
clusions: How strong is the influence of methodological choices?
Journal of Biogeography, 47, 193-206. https://doi.org/10.1111/
jbi.13681

Calderén-Sanou, I., Minkemidiller, T., Zinger, L., Schimann, H., Yoccoz, N.
G., Gielly, L., Foulquier, A., Hedde, M., Ohlmann, M., Roy, M., Si-
Moussi, S., & Thuiller, W. (2021). Cascading effects of moth out-
breaks on subarctic soil food webs. Scientific Reports, 11, 15054.
https://doi.org/10.1038/541598-021-94227-z

Canedoli, C., Ferre, C., Abu El Khair, D., Comolli, R., Liga, C., Mazzucchelli,
F., Proietto, A., Rota, N., Colombo, G., Bassano, B., Viterbi, R., &
Padoa-Schioppa, E. (2020). Evaluation of ecosystem services in
a protected mountain area: Soil organic carbon stock and biodi-
versity in alpine forests and grasslands. Ecosyst Serv, 44, 101135.
https://doi.org/10.1016/j.ecoser.2020.101135

Carlson, B. Z., Choler, P., Renaud, J., Dedieu, J.-P., & Thuiller, W.
(2015). Modelling snow cover duration improves predictions of
functional and taxonomic diversity for alpine plant communities.
Annals of Botany, 116, 1023-1034. https://doi.org/10.1093/aob/
mcv041

Caruso, T., Schaefer, |, Monson, F., & Keith, A. M. (2019). Oribatid mites
show how climate and latitudinal gradients in organic matter
can drive large-scale biodiversity patterns of soil communities.
Journal of Biogeography, 46, 611-620. https://doi.org/10.1111/
jbi. 13501

Choler, P. (2015). Growth response of temperate mountain grasslands to
inter-annual variations in snow cover duration. Biogeosciences, 12,
3885-3897. https://doi.org/10.5194/bg-12-3885-2015

Choler, P. (2018). Winter soil temperature dependence of alpine
plant distribution: Implications for anticipating vegetation
changes under a warming climate. Perspectives in Plant Ecology,
Evolution and Systematics, 30, 6-15. https://doi.org/10.1016/j.
ppees.2017.11.002

Clarke, A., & Gaston, K. J. (2006). Climate, energy and diversity.
Proceedings of the Royal Society B: Biological Sciences, 273, 2257~
2266. https://doi.org/10.1098/rspb.2006.3545

Cleveland, C. C., & Liptzin, D. (2007). C:N: P stoichiometry in soil: Is there
a “Redfield ratio” for the microbial biomass? Biogeochemistry, 85,
235-252. https://doi.org/10.1007/s10533-007-9132-0

Currie, D. J., Mittelbach, G. G., Cornell, H. V., Field, R., Guegan, J.-
F., Hawkins, B. A., Kaufman, D. M., Kerr, J. T., Oberdorff, T,
O'Brien, E., & Turner, J. R. G. (2004). Predictions and tests
of climate-based hypotheses of broad-scale variation in tax-
onomic richness. Ecology Letters, 7, 1121-1134. https://doi.
org/10.1111/j.1461-0248.2004.00671.x

Dal Bello, M., Lee, H., Goyal, A., & Gore, J. (2021). Resource-diversity re-
lationships in bacterial communities reflect the network structure
of microbial metabolism. Nature Ecology & Evolution, 1-11.

Decaéns, T. (2010). Macroecological patterns in soil communi-
ties. Global Ecology and Biogeography, 19, 287-302. https://doi.
org/10.1111/j.1466-8238.2009.00517.x

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-
Gonzélez, A., Eldridge, D. J., Bardgett, R. D., Maestre, F. T., Singh,
B. K., & Fierer, N. (2018). A global atlas of the dominant bacteria
found in soil. Science, 359, 320-325. https://doi.org/10.1126/scien
ce.aap9516

Delgado-Baquerizo, M., Reich, P. B., Trivedi, C., Eldridge, D. J., Abades,
S., Alfaro, F. D., Bastida, F., Berhe, A. A, Cutler, N. A, Gallardo, A.,
Garcia-Velazquez, L., Hart, S. C., Hayes, P. E., He, J.-Z,, Hseu, Z.-Y.,
Hu, H.-W., Kirchmair, M., Neuhauser, S., Pérez, C. A., ... Singh, B.
K. (2020). Multiple elements of soil biodiversity drive ecosystem
functions across biomes. Nature Ecology & Evolution, 4, 210-220.
https://doi.org/10.1038/541559-019-1084-y


https://orcid.org/0000-0003-4608-1187
https://orcid.org/0000-0003-4608-1187
https://orcid.org/0000-0002-5388-5274
https://orcid.org/0000-0002-5388-5274
https://doi.org/10.1111/jeu.12691
https://doi.org/10.1111/jeu.12691
https://doi.org/10.1007/s00374-020-01507-3
https://doi.org/10.1007/BF00345112
https://doi.org/10.1007/BF00345112
https://doi.org/10.1111/mec.15299
https://doi.org/10.1111/mec.15299
https://doi.org/10.1111/ele.12438
https://doi.org/10.1111/ele.12438
https://doi.org/10.1111/ecog.03086
https://doi.org/10.2307/1940179
https://doi.org/10.2307/1940179
https://doi.org/10.1890/10-2244.1
https://doi.org/10.1111/geb.12981
https://doi.org/10.1111/jbi.13681
https://doi.org/10.1111/jbi.13681
https://doi.org/10.1038/s41598-021-94227-z
https://doi.org/10.1016/j.ecoser.2020.101135
https://doi.org/10.1093/aob/mcv041
https://doi.org/10.1093/aob/mcv041
https://doi.org/10.1111/jbi.13501
https://doi.org/10.1111/jbi.13501
https://doi.org/10.5194/bg-12-3885-2015
https://doi.org/10.1016/j.ppees.2017.11.002
https://doi.org/10.1016/j.ppees.2017.11.002
https://doi.org/10.1098/rspb.2006.3545
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/j.1466-8238.2009.00517.x
https://doi.org/10.1111/j.1466-8238.2009.00517.x
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1038/s41559-019-1084-y

CALDERON-SANOU €T AL.

i ey

Dray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guenard, G.,
Jombart, T.,, Larocque, G., Legendre, P., Madi, N., & Wagner, H. H.
(2021). adespatial: Multivariate Multiscale Spatial Analysis.

Dray, S., Legendre, P., & Peres-Neto, P. R. (2006). Spatial modelling: A
comprehensive framework for principal coordinate analysis of
neighbour matrices (PCNM). Ecological Modelling, 196, 483-493.
https://doi.org/10.1016/j.ecolmodel.2006.02.015

Dray, S., Pélissier, R., Couteron, P., Fortin, M.-J., Legendre, P., Peres-Neto,
P. R., Bellier, E., Bivand, R., Blanchet, F. G., De Caceres, M., Dufour,
A.-B., Heegaard, E., Jombart, T., Munoz, F., Oksanen, J., Thioulouse,
J., & Wagner, H. H. (2012). Community ecology in the age of multi-
variate multiscale spatial analysis. Ecological Monographs, 82, 257-
275. https://doi.org/10.1890/11-1183.1

Durand, Y., Laternser, M., Giraud, G., Etchevers, P., Lesaffre, B., &
Mérindol, L. (2009). Reanalysis of 44 Yr of climate in the french
alps (1958-2002): Methodology, model validation, climatol-
ogy, and trends for air temperature and precipitation. Journal of
Applied Meteorology and Climatology, 48, 429-449. https://doi.
org/10.1175/2008JAMC1808.1

Erktan, A., Or, D., & Scheu, S. (2020). The physical structure of soil:
Determinant and consequence of trophic interactions. Soil Biology
& Biochemistry, 148, 107876. https://doi.org/10.1016/j.soilb
i0.2020.107876

Ettema, C. H., & Wardle, D. A. (2002). Spatial soil ecology. Trends in
Ecology & Evolution, 17, 177-183. https://doi.org/10.1016/S0169
-5347(02)02496-5

Evans, K. L., Warren, P. H., & Gaston, K. J. (2005). Species-energy rela-
tionships at the macroecological scale: A review of the mechanisms.
Biological Reviews, 80, 1-25. https://doi.org/10.1017/5146479310
4006517

Eviner, V. T., & Chapin, F. S. lll (2003). Functional matrix: A con-
ceptual framework for predicting multiple plant effects on
ecosystem processes. Annual Review of Ecology Evolution and
Systematics, 34, 455-485. https://doi.org/10.1146/annurev.ecols
ys.34.011802.132342

Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of
soil bacterial communities. PNAS, 103, 626-631. https://doi.
org/10.1073/pnas.0507535103

Gans, J., Wolinsky, M., & Dunbar, J. (2005). Computational improve-
ments reveal great bacterial diversity and high metal toxicity in soil.
Science, 309, 1387-1390. https://doi.org/10.1126/science.1112665

Guerra, C. A, Heintz-Buschart, A., Sikorski, J., Chatzinotas, A., Guerrero-
Ramirez, N., Cesarz, S., Beaumelle, L., Rillig, M. C., Maestre, F. T.,
Delgado-Baquerizo, M., Buscot, F., Overmann, J., Patoine, G.,
Phillips, H. R. P., Winter, M., Wubet, T., Kusel, K., Bardgett, R. D.,
Cameron, E.K,,...Eisenhauer, N.(2020). Blind spots in global soil bio-
diversity and ecosystem function research. Nature Communications,
11, 3870. https://doi.org/10.1038/s41467-020-17688-2

Guo, G., Kong, W., Liu, J., Zhao, J., Du, H., Zhang, X., & Xia, P. (2015).
Diversity and distribution of autotrophic microbial community
along environmental gradients in grassland soils on the Tibetan
Plateau. Applied Microbiology and Biotechnology, 99, 8765-8776.
https://doi.org/10.1007/s00253-015-6723-x

Hao, X., Ball, B. C., Culley, J. L. B., Carter, M. R., & Parkin, G. W. (2007).
Soil density and porosity. In M. R. Carter, & E. G. Gregorich (Eds.),
Soil sampling and methods of analysis (pp. 743-759). CRC Press.

Heidrich, L., Bae, S., Levick, S., Seibold, S., Weisser, W., Krzystek,
P., Magdon, P., Nauss, T., Schall, P., Serebryanyk, A., Wéllauer,
S., Ammer, C., Béassler, C., Doerfler, 1., Fischer, M., Gossner,
M. M., Heurich, M., Hothorn, T., Jung, K., ... Miiller, J. (2020).
Heterogeneity-diversity relationships differ between and within
trophic levels in temperate forests. Nature Ecology & Evolution, 4,
1204-1212. https://doi.org/10.1038/s41559-020-1245-z

Hooper, D. U., Bignell, D. E., Brown, V. K., Brussard, L., Mark dangerfield,
J., Wall, D. H., Wardle, D. A., Coleman, D. C,, Giller, K. E., Lavelle, P.,
Van der putten, W. H., De ruiter, P. C., Rusek, J., Silver, W. L., Tiedje,

J. M., & Wolters, V. (2000). Interactions between aboveground
and belowground biodiversity in terrestrial ecosystems: Patterns,
mechanisms, and feedbacks. BioScience, 50, 1049-1061.

Hothorn, T., Hornik, K., & Zeileis, A. (2006). Unbiased recursive partition-
ing: A conditional inference framework. Journal of Computational and
Graphical Statistics, 15, 651-674. https://doi.org/10.1198/10618
6006X133933

Jonasson, S. (1988). Evaluation of the point intercept method for the
estimation of plant biomass. Oikos, 52, 101-106. https://doi.
org/10.2307/3565988

Karimi, B., Terrat, S., Dequiedt, S., Saby, N. P. A., Horrigue, W., Leliévre,
M., Nowak, V., Jolivet, C., Arrouays, D., Wincker, P., Cruaud,
C., Bispo, A., Maron, P.-A., Bouré, N. C. P, & Ranjard, L. (2018).
Biogeography of soil bacteria and archaea across France. Science
Advances, 4, eaat1808. https://doi.org/10.1126/sciadv.aat1808

Kuhn, M. (2020). caret: Classification and Regression Training.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology, 91,
299-305. https://doi.org/10.1890/08-2244.1

Landolt, E., Baumler, B., Ehrhardt, A., Hegg, O., Kl6tzli, F., Limmler, W.
et al (2010). Flora indicativa: Okologische Zeigerwerte und biologische
Kennzeichen zur Flora der Schweiz und der Alpen. Haupt.

Lindahl, B. D., & Tunlid, A. (2015). Ectomycorrhizal fungi - potential or-
ganic matter decomposers, yet not saprotrophs. New Phytologist,
205, 1443-1447. https://doi.org/10.1111/nph.13201

Louca, S., Parfrey, L. W., & Doebeli, M. (2016). Decoupling function and
taxonomy in the global ocean microbiome. Science, 353, 1272-
1277. https://doi.org/10.1126/science.aaf4507

Mannisto, M., Vuosku, J., Stark, S., Saravesi, K., Suokas, M., Markkola,
A., Martz, F., & Rautio, P. (2018). Bacterial and fungal communi-
ties in boreal forest soil are insensitive to changes in snow cover
conditions. FEMS Microbiology Ecology, 94. https://doi.org/10.1093/
femsec/fiy123

Martinez-Almoyna, C., Piton, G., Abdulhak, S., Boulangeat, L., Choler,
P., Delahaye, T., Dentant, C., Foulquier, A., Poulenard, J., Noble,
V., Renaud, J., Rome, M., Saillard, A., Thuiller, W., & Miinkemdiller,
T. (2020). Climate, soil resources and microbial activity shape the
distributions of mountain plants based on their functional traits.
Ecography, 43, 1550-1559. https://doi.org/10.1111/ecog.05269

McCain, C. M., & Grytnes, J.-A. (2010). Elevational gradients in species
richness. In John Wiley & Sons, Ltd (Ed.). Encyclopedia of life sci-
ences. (p. a0022548). John Wiley & Sons, Ltd.

McGill, B. J., Dornelas, M., Gotelli, N. J., & Magurran, A. E. (2015).
Fifteen forms of biodiversity trend in the Anthropocene. Trends
in Ecology & Evolution, 30, 104-113. https://doi.org/10.1016/j.
tree.2014.11.006

Mittelbach, G. G., Steiner, C. F.,, Scheiner, S. M., Gross, K. L., Reynolds,
H. L., Waide, R. B., Willig, M. R., Dodson, S. I., & Gough, L. (2001).
What is the observed relationship between species richness and
productivity? Ecology, 82, 2381-2396.

Molnar, C., Bischl, B., & Casalicchio, G. (2018). iml: An R package for inter-
pretable machine learning. JOSS, 3, 786. https://doi.org/10.21105/
joss.00786

Moore, J. C., Berlow, E. L., Coleman, D. C., Ruiter, P. C., Dong, Q.
Hastings, A., Johnson, N. C., McCann, K. S., Melville, K., Morin,
P. J., Nadelhoffer, K., Rosemond, A. D., Post, D. M., Sabo, J. L.,
Scow, K. M., Vanni, M. J,, & Wall, D. H. (2004). Detritus, trophic
dynamics and biodiversity. Ecology Letters, 7, 584-600. https://doi.
org/10.1111/j.1461-0248.2004.00606.x

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke,
J., Schilling, J. S., & Kennedy, P. G. (2016). FUNGuild: An open an-
notation tool for parsing fungal community datasets by ecologi-
cal guild. Fungal Ecology, 20, 241-248. https://doi.org/10.1016/j.
funeco.2015.06.006

Nielsen, U. N., Osler, G. H. R., Campbell, C. D., Neilson, R., Burslem, D.
F.R. P, & van der Wal, R. (2010). The enigma of soil animal species


https://doi.org/10.1016/j.ecolmodel.2006.02.015
https://doi.org/10.1890/11-1183.1
https://doi.org/10.1175/2008JAMC1808.1
https://doi.org/10.1175/2008JAMC1808.1
https://doi.org/10.1016/j.soilbio.2020.107876
https://doi.org/10.1016/j.soilbio.2020.107876
https://doi.org/10.1016/S0169-5347(02)02496-5
https://doi.org/10.1016/S0169-5347(02)02496-5
https://doi.org/10.1017/S1464793104006517
https://doi.org/10.1017/S1464793104006517
https://doi.org/10.1146/annurev.ecolsys.34.011802.132342
https://doi.org/10.1146/annurev.ecolsys.34.011802.132342
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1126/science.1112665
https://doi.org/10.1038/s41467-020-17688-2
https://doi.org/10.1007/s00253-015-6723-x
https://doi.org/10.1038/s41559-020-1245-z
https://doi.org/10.1198/106186006X133933
https://doi.org/10.1198/106186006X133933
https://doi.org/10.2307/3565988
https://doi.org/10.2307/3565988
https://doi.org/10.1126/sciadv.aat1808
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1111/nph.13201
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1093/femsec/fiy123
https://doi.org/10.1093/femsec/fiy123
https://doi.org/10.1111/ecog.05269
https://doi.org/10.1016/j.tree.2014.11.006
https://doi.org/10.1016/j.tree.2014.11.006
https://doi.org/10.21105/joss.00786
https://doi.org/10.21105/joss.00786
https://doi.org/10.1111/j.1461-0248.2004.00606.x
https://doi.org/10.1111/j.1461-0248.2004.00606.x
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006

CALDERON-SANOU €T AL.

diversity revisited: The role of small-scale heterogeneity. PLoS One,
5,e11567. https://doi.org/10.1371/journal.pone.0011567

Oliverio, A. M., Geisen, S., Delgado-Baquerizo, M., Maestre, F. T., Turner,
B. L., & Fierer, N. (2020). The global-scale distributions of soil
protists and their contributions to belowground systems. Science
Advances, 6, eaax8787. https://doi.org/10.1126/sciadv.aax8787

Peters, M. K., Hemp, A., Appelhans, T., Behler, C., Classen, A., Detsch,
F., Ensslin, A., Ferger, S. W., Frederiksen, S. B., Gebert, F., Haas,
M., Helbig-Bonitz, M., Hemp, C., Kindeketa, W. J., Mwangomo, E.,
Ngereza, C., Otte, |, Réder, J., Rutten, G., ... Steffan-Dewenter,
I. (2016). Predictors of elevational biodiversity gradients change
from single taxa to the multi-taxa community level. Nature
Communications, 7, 13736. https://doi.org/10.1038/ncomm
s13736

Phillips, H. R. P, Guerra, C. A., Bartz, M. L. C., Briones, M. J. |, Brown, G.,
Crowther, T. W., Ferlian, O., Gongalsky, K. B., van den Hoogen, J.,
Krebs, J., Orgiazzi, A., Routh, D., Schwarz, B., Bach, E. M., Bennett, J.
M., Brose, U., Decaéns, T., Kénig-Ries, B., Loreau, M., ... Eisenhauer,
N. (2019). Global distribution of earthworm diversity. Science, 366,
480-485. https://doi.org/10.1126/science.aax4851

Pélme, S., Abarenkov, K., Henrik Nilsson, R., Lindahl, B. D., Clemmensen,
K. E., Kauserud, H., Nguyen, N., Kjgller, R., Bates, S. T., Baldrian,
P., Fraslev, T. G., Adojaan, K., Vizzini, A., Suija, A., Pfister, D., Baral,
H.-O., Jarv, H., Madrid, H., Nordén, J., ... Tedersoo, L. (2020).
FungalTraits: A user-friendly traits database of fungi and fungus-like
stramenopiles. Fungal Diversity, 105, 1-16. https://doi.org/10.1007/
$13225-020-00466-2

Pontarp, M., Bunnefeld, L., Cabral, J. S., Etienne, R. S., Fritz, S. A.,
Gillespie, R., Graham, C. H., Hagen, O., Hartig, F., Huang, S,
Jansson, R., Maliet, O., Miinkemdiller, T., Pellissier, L., Rangel, T. F.,
Storch, D., Wiegand, T., & Hurlbert, A. H. (2019). The latitudinal
diversity gradient: Novel understanding through mechanistic eco-
evolutionary models. Trends in Ecology & Evolution, 34, 211-223.
https://doi.org/10.1016/j.tree.2018.11.009

Potapov, A. M., Scheu, S., & Tiunov, A. V. (2019). Trophic consistency
of supraspecific taxa in below-ground invertebrate communi-
ties: Comparison across lineages and taxonomic ranks. Functional
Ecology, 33, 1172-1183.

Potapov, A. A., Semenina, E. E., Korotkevich, A. Y., Kuznetsova, N. A., &
Tiunov, A. V. (2016). Connecting taxonomy and ecology: Trophic
niches of collembolans as related to taxonomic identity and life
forms. Soil Biology and Biochemistry, 101, 20-31. https://doi.
org/10.1016/j.s0ilbio.2016.07.002

R Core Team (2020). A language and environment for statistical computing.
R Foundation for Statistical Computing.

Rainford, J. L., & Mayhew, P. J. (2015). Diet evolution and clade rich-
ness in Hexapoda: A phylogenetic study of higher taxa. American
Naturalist, 186, 777-791. https://doi.org/10.1086/683461

Ranjard, L., & Richaume, A. (2001). Quantitative and qualitative mi-
croscale distribution of bacteria in soil. Research in Microbiology,
152,707-716. https://doi.org/10.1016/50923-2508(01)01251-7

Raty, M., & Huhta, V. (2003). Earthworms and pH affect communities of
nematodes and enchytraeids in forest soil. Biology and Fertility of
Soils, 38, 52-58. https://doi.org/10.1007/s00374-003-0614-5

Roy, J., Albert, C. H., Ibanez, S., Saccone, P., Zinger, L., Choler, P,
Clément, J.-C., Lavergne, S., & Geremia, R. A. (2013). Microbes on
the cliff: Alpine cushion plants structure bacterial and fungal com-
munities. Frontiers in Microbiology, 4, 64. https://doi.org/10.3389/
fmicb.2013.00064

Schostag, M., Priemé, A., Jacquiod, S., Russel, J., Ekelund, F., & Jacobsen,
C. S. (2019). Bacterial and protozoan dynamics upon thawing and
freezing of an active layer permafrost soil. ISME Journal, 13, 1345-
1359. https://doi.org/10.1038/541396-019-0351-x

Seaton, F. M., George, P.B. L., Lebron, I.,Jones, D. L., Creer, S., & Robinson,
D. A. (2020). Soil textural heterogeneity impacts bacterial but not

Coiersit o istibutions EVMITR VRS

fungal diversity. Soil Biology & Biochemistry, 144, 107766. https://
doi.org/10.1016/j.50ilbio.2020.107766

Shade, A., Dunn, R. R., Blowes, S. A., Keil, P, Bohannan, B. J. M.,
Herrmann, M., Kusel, K., Lennon, J. T., Sanders, N. J., Storch,
D., & Chase, J. (2018). Macroecology to unite all life, large and
small. Trends in Ecology & Evolution, 33, 731-744. https://doi.
org/10.1016/j.tree.2018.08.005

Six, J., Bossuyt, H., Degryze, S., & Denef, K. (2004). A history of research
on the link between (micro)aggregates, soil biota, and soil organic
matter dynamics. Soil and Tillage Research, 79, 7-31. https://doi.
org/10.1016/j.still.2004.03.008

Spasojevic, M. J.,, & Suding, K. N. (2012). Inferring community assembly
mechanisms from functional diversity patterns: The importance
of multiple assembly processes. Journal of Ecology, 100, 652-661.
https://doi.org/10.1111/j.1365-2745.2011.01945.x

Stein, A., Gerstner, K., & Kreft, H. (2014). Environmental heterogeneity as
a universal driver of species richness across taxa, biomes and spa-
tial scales. Ecology Letters, 17, 866-880. https://doi.org/10.1111/
ele.12277

Steiner, C. F. (2001). The effects of prey heterogeneity and consumer
identity on the limitation of trophic-level biomass. Ecology, 82,
2495-2506.

Steiner, C. F., & Leibold, M. A. (2004). Cyclic assembly trajectories and
scale-dependent productivity-diversity relationships. Ecology, 85,
107-113. https://doi.org/10.1890/03-3010

Stres, B., Philippot, L., Faganeli, J., & Tiedje, J. M. (2010). Frequent
freeze-thaw cycles yield diminished yet resistant and responsive
microbial communities in two temperate soils: A laboratory ex-
periment. FEMS Microbiology Ecology, 74, 323-335. https://doi.
org/10.1111/j.1574-6941.2010.00951.x

Strobl, C., Boulesteix, A.-L., Zeileis, A., & Hothorn, T. (2007). Bias
in random forest variable importance measures: lllustrations,
sources and a solution. BMC Bioinformatics, 8, 25. https://doi.
org/10.1186/1471-2105-8-25

Sulkava, P., & Huhta, V. (2003). Effects of hard frost and freeze-thaw
cycles on decomposer communities and N mineralisation in bo-
real forest soil. Applied Soil Ecology, 22, 225-239. https://doi.
org/10.1016/50929-1393(02)00155-5

Taberlet, P., Bonin, A., Zinger, L., & Coissac, E. (2018). Environmental DNA:
For biodiversity research and monitoring. Oxford University Press.

Taberlet, P., Prud’homme, S. M., Campione, E., Roy, J., Miquel, C., Shehzad,
W., Gielly, L., Rioux, D., Choler, P., Clément, J.-C., Melodelima, C.,
Pompanon, F., & Coissac, E. (2012). Soil sampling and isolation of
extracellular DNA from large amount of starting material suitable
for metabarcoding studies. Molecular Ecology, 21, 1816-1820.
https://doi.org/10.1111/j.1365-294X.2011.05317.x

Tedersoo, L., Bahram, M., P6lme, S., Kéljalg, U., Yorou, N. S., Wijesundera,
R., Ruiz, L. V., Vasco-Palacios, A. M., Thu, P. Q., Suija, A., Smith, M.
E., Sharp, C., Saluveer, E., Saitta, A., Rosas, M., Riit, T., Ratkowsky,
D., Pritsch, K., P6ldmaa, K., ... Abarenkov, K. (2014). Global diver-
sity and geography of soil fungi. Science, 346, 1256688. https://doi.
org/10.1126/science.1256688

Tews, J., Brose, U., Grimm, V., Tielbérger, K., Wichmann, M. C.,
Schwager, M., & Jeltsch, F. (2004). Animal species diversity
driven by habitat heterogeneity/diversity: The importance of key-
stone structures. Journal of Biogeography, 31, 79-92. https://doi.
org/10.1046/j.0305-0270.2003.00994.x

Thakur, M. P,, Phillips, H. R. P., Brose, U., De Vries, F. T., Lavelle, P, Loreau,
M., Mathieu, J., Mulder, C., Van der Putten, W. H., Rillig, M. C.,
Wardle, D. A., Bach, E. M., Bartz, M. L. C., Bennett, J. M., Briones, M.
J. 1., Brown, G., Decaéns, T., Eisenhauer, N., Ferlian, O., ... Cameron, E.
K. (2020). Towards an integrative understanding of soil biodiversity.
Biological Reviews, 95, 350-364. https://doi.org/10.1111/brv.12567

Thuiller, W., Gravel, D., Ficetola, G. F., Lavergne, S., Miinkemdiller, T.,
Pollock, L. J., Zimmermann, N. E., & Mazel, F. (2020). Productivity


https://doi.org/10.1371/journal.pone.0011567
https://doi.org/10.1126/sciadv.aax8787
https://doi.org/10.1038/ncomms13736
https://doi.org/10.1038/ncomms13736
https://doi.org/10.1126/science.aax4851
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1016/j.tree.2018.11.009
https://doi.org/10.1016/j.soilbio.2016.07.002
https://doi.org/10.1016/j.soilbio.2016.07.002
https://doi.org/10.1086/683461
https://doi.org/10.1016/S0923-2508(01)01251-7
https://doi.org/10.1007/s00374-003-0614-5
https://doi.org/10.3389/fmicb.2013.00064
https://doi.org/10.3389/fmicb.2013.00064
https://doi.org/10.1038/s41396-019-0351-x
https://doi.org/10.1016/j.soilbio.2020.107766
https://doi.org/10.1016/j.soilbio.2020.107766
https://doi.org/10.1016/j.tree.2018.08.005
https://doi.org/10.1016/j.tree.2018.08.005
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.1111/j.1365-2745.2011.01945.x
https://doi.org/10.1111/ele.12277
https://doi.org/10.1111/ele.12277
https://doi.org/10.1890/03-3010
https://doi.org/10.1111/j.1574-6941.2010.00951.x
https://doi.org/10.1111/j.1574-6941.2010.00951.x
https://doi.org/10.1186/1471-2105-8-25
https://doi.org/10.1186/1471-2105-8-25
https://doi.org/10.1016/S0929-1393(02)00155-5
https://doi.org/10.1016/S0929-1393(02)00155-5
https://doi.org/10.1111/j.1365-294X.2011.05317.x
https://doi.org/10.1126/science.1256688
https://doi.org/10.1126/science.1256688
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1111/brv.12567

CALDERON-SANOU €T AL.

“Lwiey-

begets less phylogenetic diversity but higher uniqueness than ex-
pected. Journal of Biogeography, 47,44-58. https://doi.org/10.1111/
jbi.13630

Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J.-B., Pe'er, G., Singer, A.,
Bridle, J. R., Crozier, L. G., De Meester, L., Godsoe, W., Gonzalez, A.,
Hellmann, J. J., Holt, R. D., Huth, A., Johst, K., Krug, C. B., Leadley, P.
W., Palmer, S. C. F., Pantel, J. H., ... Travis, J. M. J. (2016). Improving
the forecast for biodiversity under climate change. Science, 353,
aad8466. https://doi.org/10.1126/science.aad8466

van den Hoogen, J., Geisen, S., Routh, D., Ferris, H., Traunspurger,
W., Wardle, D. A., de Goede, R. G. M., Adams, B. J., Ahmad, W.,
Andriuzzi, W. S., Bardgett, R. D., Bonkowski, M., Campos-Herrera,
R., Cares, J. E., Caruso, T., de Brito Caixeta, L., Chen, X., Costa, S.
R., Creamer, R, ... Crowther, T. W. (2019). Soil nematode abundance
and functional group composition at a global scale. Nature, 572,
194-198. https://doi.org/10.1038/s41586-019-1418-6

Vannier, O., & Braud, |. (2012). Calcul d’une évapotranspiration de référence
spatialisée pour la modélisation hydrologique a partir des données de la
réanalyse SAFRAN de Météo-France. irstea.

Villéger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89, 2290-2301. https://doi.
org/10.1890/07-1206.1

Vreeken-Buijs, M. J., Hassink, J., & Brussaard, L. (1998). Relationships of
soil microarthropod biomass with organic matter and pore size dis-
tribution in soils under different land use. Soil Biology & Biochemistry,
30, 97-106. https://doi.org/10.1016/S0038-0717(97)00064-3

Wagg, C., Bender, S. F., Widmer, F., & van der Heijden, M. G. A. (2014).
Soil biodiversity and soil community composition determine eco-
system multifunctionality. PNAS, 111, 5266-5270. https://doi.
org/10.1073/pnas.1320054111

Wang, P.,, Chen, Y., Sun, Y., Tan, S., Zhang, S., Wang, Z., Zhou, J., Zhang,
G., Shu, W,, Luo, C., & Kuang, J. (2019). Distinct biogeography of
different fungal guilds and their associations with plant species
richness in forest ecosystems. Frontiers in Ecology and Evolution, 7,
216. https://doi.org/10.3389/fevo0.2019.00216

Wardeh, M., Risley, C., Mclntyre, M. K., Setzkorn, C., & Baylis, M. (2015).
Database of host-pathogen and related species interactions, and
their global distribution. Scientific Data, 2, 150049. https://doi.
org/10.1038/sdata.2015.49

Wardle, D. A. (2006). The influence of biotic interactions on
soil biodiversity. Ecology Letters, 9, 870-886. https://doi.
org/10.1111/j.1461-0248.2006.00931.x

White, H. J., Leédn-Sanchez, L., Burton, V. J., Cameron, E. K., Caruso,
T., Cunha, L., Dirilgen, T., Jurburg, S. D., Kelly, R., Kumaresan, D.,
Ochoa-Hueso, R., Ordonez, A., Phillips, H. R. P., Prieto, I., Schmidt,
0., & Caplat, P. (2020). Methods and approaches to advance soil
macroecology. Global Ecology and Biogeography, 29, 1674-1690.
https://doi.org/10.1111/geb.13156

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Litzow, M., Marin-
Spiotta, E., van Wesemael, B., Rabot, E., Lie3, M., Garcia-Franco, N.,
Wollschlager, U., Vogel, H.-J., & Kdgel-Knabner, 1. (2019). Soil or-
ganic carbon storage as a key function of soils - A review of drivers
and indicators at various scales. Geoderma, 333, 149-162. https://
doi.org/10.1016/j.geoderma.2018.07.026

Wright, D. H. (1983). Species-energy theory: An extension of species-
area theory. Oikos, 41, 496-506. https://doi.org/10.2307/3544109

Xia, Q., Rufty, T., & Shi, W. (2020). Soil microbial diversity and compo-
sition: Links to soil texture and associated properties. Soil Biology
& Biochemistry, 149, 107953. https://doi.org/10.1016/j.soilb
i0.2020.107953

Xiong, W. U., Jousset, A., Li, R., Delgado-Baquerizo, M., Bahram, M.,
Logares, R., Wilden, B., de Groot, G. A., Amacker, N., Kowalchuk,
G. A, Shen, Q., & Geisen, S. (2021). A global overview of the
trophic structure within microbiomes across ecosystems.
Environment International, 151, 106438. https://doi.org/10.1016/j.
envint.2021.106438

Xu, G.-L., Kuster, T. M., Gunthardt-Goerg, M. S., Dobbertin, M., & Li,
M.-H. (2012). Seasonal exposure to drought and air warming af-
fects soil collembola and mites. PLoS One, 7, e43102. https://doi.
org/10.1371/journal.pone.0043102

Young, |. M., & Crawford, J. W. (2004). Interactions and self-organization
in the soil-microbe complex. Science, 304, 1634-1637. https://doi.
org/10.1126/science.1097394

Zinger, L., Lionnet, C., Benoiston, A.-S., Donald, J., Mercier, C., & Boyer,
F. (2021). metabaR: An r package for the evaluation and improve-
ment of DNA metabarcoding data quality. Methods in Ecology and
Evolution, 12, 586-592.

BIOSKETCH

Irene Calderén-Sanou is a PhD student aiming at a better un-
derstanding on how environmental gradients and major distur-
bances influence soil multi-trophic diversity through the use of

environmental DNA metabarcoding.

Author contributions: W.T., T.M. and I.C. conceptualized the
study with the help of L.Z. and M.H. A.S. and W.T. led the field
work, with the participation of M.O.,C.M-A,, J.R,,C.L.,L.G,, I.C.S.
and several members of the Orchamp consortium. L.G. executed
on field eDNA extractions and all laboratory samples process-
ing. C.L. and I.C.S. processed and cleaned the sequenced eDNA
data. J.R. and C.M-A. provided the code for extracting the en-
vironmental data. NK sampled and measured the pit soil data.
I.C.S., L.Z. and M.H. participated in the assignment of the taxa
to trophic groups. I.C.S. ran the analyses. All co-authors partici-
pated in the writing led by I.C.S., W.T. and T.M.

SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Calderén-Sanou, |., Zinger, L., Hedde,
M., Martinez-Almoyna, C., Saillard, A., Renaud, J., Gielly, L.,
Khedim, N., Lionnet, C., Ohlmann, M., Consortium, O.,
Minkemiiller, T., & Thuiller, W. (2022). Energy and
physiological tolerance explain multi-trophic soil diversity in
temperate mountains. Diversity and Distributions, 00, 1-16.
https://doi.org/10.1111/ddi.13529



https://doi.org/10.1111/jbi.13630
https://doi.org/10.1111/jbi.13630
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1016/S0038-0717(97)00064-3
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.3389/fevo.2019.00216
https://doi.org/10.1038/sdata.2015.49
https://doi.org/10.1038/sdata.2015.49
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1111/geb.13156
https://doi.org/10.1016/j.geoderma.2018.07.026
https://doi.org/10.1016/j.geoderma.2018.07.026
https://doi.org/10.2307/3544109
https://doi.org/10.1016/j.soilbio.2020.107953
https://doi.org/10.1016/j.soilbio.2020.107953
https://doi.org/10.1016/j.envint.2021.106438
https://doi.org/10.1016/j.envint.2021.106438
https://doi.org/10.1371/journal.pone.0043102
https://doi.org/10.1371/journal.pone.0043102
https://doi.org/10.1126/science.1097394
https://doi.org/10.1126/science.1097394
https://doi.org/10.1111/ddi.13529

