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Abstract

Aim: Despite recent calls for integrating interaction networks into the study of
large-scale biodiversity patterns, we still lack a basic understanding of the functional
characteristics of large interaction networks and how they are structured across
environments. Here, building on recent advances in network science around the
Eltonian niche concept, we aim to characterize the trophic groups in a large food
web, and understand how these trophic groups vary across space.

Location: Europe and Anatolia.

Taxon: Tetrapods (1,136 species).

Methods: We combined an expert-based metaweb of all European tetrapods with
their spatial distributions and biological traits. To understand the functional structure
of the metaweb, we first used a stochastic block model to group species with similar
Eltonian niches, and then analysed these groups with species’ functional traits and
network metrics. We then combined these groups with species distributions to un-
derstand how trophic diversity varies across space, in function of the environment,
and between the European ecoregions.

Results: We summarized the 1,136 interacting species within the metaweb into 46
meaningful trophic groups of species with a similar role in the metaweb. Specific
aspects of the ecology of species, such as their activity time, nesting habitat and diet
explained these trophic groups. Across space, trophic diversity was driven by both
biotic and abiotic factors (species richness, climate and primary productivity), and the
representation of trophic groups differed among European ecoregions.

Main conclusions: We have characterized the Eltonian niche of species in a large food
web, both in terms of species interactions and functional traits, and then used this to
understand the spatial variation of food webs at a functional level, thus bringing to-
gether network science, functional ecology and biogeography. Our results highlight
the need to integrate multiple aspects of species ecology in global change research.
Further, our approach is strongly relevant for conservation biology as it could help

predict the impact of species translocations on trophic diversity.
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1 | INTRODUCTION

Understanding spatial biodiversity patterns and underlying ecolog-
ical processes is a central research axis of biogeography (Humboldt
& Bonpland, 1805). Owing to the historical importance of this issue,
its current relevance for conservation, and its revived momentum
in the era of big data, recent work has allowed new comprehensive
syntheses on the ecological and evolutionary drivers of large-scale di-
versity patterns (Ficetola, Mazel, & Thuiller, 2017; Jetz, Thomas, Joy,
Hartmann, & Mooers, 2012; Mazel et al., 2017). The majority of these
studies have used functional or phylogenetic information to group
species or quantify diversity (Davies & Buckley, 2011; Safi et al., 2011).
While functional and phylogenetic data have offered many insights
into ecological processes (e.g. Sundstrom, Allen, & Barichievy, 2012),
they are only indirect proxies for how species interact in communi-
ties. Biotic interactions, such as trophic interactions, can shape mac-
roecological patterns of diversity (Gotelli, Graves, & Rahbek, 2010),
in addition to the better-known effects of the abiotic environment.
Especially in the context of global change, where species interactions
are altered (Valiente-Banuet et al., 2015), with cascading effects on
the response of multiple species to global change (Bascompte, Garcia,
Ortega, Rezende, & Pironon, 2019; Tylianakis, Didham, Bascompte,
& Wardle, 2008; Van der Putten, Macel, & Visser, 2010; Wisz et al.,
2013), it is of prime importance to integrate the interaction networks
into the study of biodiversity patterns (Baiser et al., 2019; Pellissier et
al., 2017; Tylianakis & Morris, 2017).

Food webs are particular interaction networks that represent both
the species composition of a community together with the fluxes of
biomass associated with their interactions, thus providing the potential
to reconcile the structure and function of biodiversity (Thompson et
al., 2012). So far, food webs have been analysed and compared across
space through either network-level metrics or species-level metrics
(Baiser et al., 2019; Kortsch et al., 2019), but we still lack the capacity
to unveil how large food webs are structured in terms of the roles of
the species that compose them, and consequently to understand how
the structure and function of food webs vary across environmental
gradients (Pellissier et al., 2017). Both the complexity of interaction
networks and the scarcity of empirical interaction network datasets
across large spatial scales have hindered this progress.

One approach to reduce the complexity of large food webs while
preserving their structure is to group the species together based on
their role in the food web, or their Eltonian niche, defined as the
‘place of an animal in a community, its relation to food and enemies’
(i.e. to prey and predators; Elton, 1927). There have been two lines
of research that seek to understand the role of species in food webs.
The first approach focuses on the position of a species within a food
web, using methods from network science to aggregate species into

a number of trophic groups that contain species with similar sets

of prey and predator species (Cirtwill et al., 2018). The stochastic
block model (Allesina & Pascual, 2009; Daudin, Picard, & Robin,
2008; Karrer & Newman, 2011), in particular, provides the oppor-
tunity to aggregate the species that have the same probability of
interacting with the rest of the species in the network, i.e. similar
Eltonian niches (Gauzens, Thébault, Lacroix, & Legendre, 2015). The
second approach focuses on the use of functional traits to deduce
the role of a species within a food web and infer their interactions
(Gravel, Albouy, & Thuiller, 2016). For example, a trophic interaction
between two species results from a match between the vulnerabil-
ity traits of the prey species and the foraging traits of the predator
species (Gravel et al., 2016; Rossberg, Brannstrom, & Dieckmann,
2010). Characterizing a species from its position in the network to-
pology on the one hand, and from its functional traits on the other,
have thus been two contrasting approaches to determine a species’
Eltonian niche. However, integrating both perspectives to under-
stand how and which biological traits define the role of species in
a food web has seldom been investigated (Baskerville et al., 2011;
Coux, Rader, Bartomeus, & Tylianakis, 2016; Kéfi, Miele, Wieters,
Navarrete, & Berlow, 2016). Here, we used a novel food web data-
set of all European tetrapod species to merge these approaches by
first modelling the trophic role (or Eltonian niche) of species in the
food web using recently developed methods in network science, and
then describing how these trophic roles relate to species’ functional
traits. We expect the food web to be structured into functionally
meaningful trophic groups that aggregate species with overlapping
sets of prey and predator species in the food web, due to similarities
in their foraging and vulnerability traits (Laigle et al., 2018).
Combined with the species' geographic distributions, the
Eltonian niche concept further enables the structure of food webs to
be portrayed across space, adding a new dimension to spatial biodi-
versity patterns. Trophic diversity, defined as the number of trophic
roles played by species (Bascompte, 2009), appears as a convenient
measure to map food web patterns across macroecological scales.
Ecogeographical rules observed for species richness, such as the lat-
itudinal gradient, have not yet been investigated for species roles
in food webs (Baiser et al., 2019), and divergences between species
richness and trophic diversity patterns have the potential to reveal
the underlying ecological processes driving the patterns of biodiver-
sity at macroecological scales. We expect different environments
to select the species based on their role in interaction networks
(Tylianakis & Morris, 2017). For instance, in more favourable climatic
conditions and more productive ecosystems, high competition for
resources should lead to high trophic specialization and trophic com-
plementarity (Poisot, Mouquet, & Gravel, 2013), translating into a
more diverse range of trophic roles filled locally, therefore a higher
trophic diversity, than in harsher environmental conditions with the

same number of species (Gaston, 2000).
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Here, following on recent calls to bridge the gap between contrasting
views of the niche (Gravel et al., 2018), we built a large food web made
up of the 50,408 potential trophic interactions between all the tetrapod
species across Europe (i.e. the metaweb of 1,136 species of birds, reptiles,
amphibians and mammals). We first inferred trophic groups in the met-
aweb using the stochastic block model and investigated the functional
trait structure of these trophic groups. Second, we combined the met-
aweb with species distribution data, to explore how these trophic groups
vary across space, in quantity and in quality. We hypothesized that: (a)
the metaweb of European tetrapods can be simplified into trophic groups
which are determined by the functional traits of the species that compose
them, and (b) divergences between the patterns of trophic diversity and
those of species richness across the European continent should provide
insights into the underlying ecological processes that contribute to the

food web structure and function at macroecological scales.

2 | MATERIALS AND METHODS

An overview of the material and methods is depicted in Figure S1.

2.1 | Study area, species distributions and
biological traits

The study area included Europe (including Macaronesia and Iceland)
and Anatolia. We extracted the distributions for all tetrapods natu-
rally occurring within the study area from Maiorano et al. (2013),
which were modelled by combining the extent of occurrence for
each species with their habitat requirements (see Maiorano et al.,
2013 for a full description of species distribution data). In total, our
analyses focused on 508 bird, 288 mammal, 237 reptile and 103
amphibian species. Species distributions were mapped in a regular
grid of 300 m resolution, where cells had values of zero for unsuit-
able habitat, one for marginal habitat (habitat where the species can
be present, but does not persist in the absence of primary habitat;
Maiorano et al., 2013) and two for primary habitat. Here, we treated
primary habitat only as ‘suitable habitat’, which provides a better
prediction of the actual species distribution (Ficetola, Rondinini,
Bonardi, Baisero, & Padoa-Schioppa, 2015). All range maps were up-
scaled to a 10 x 10 km equal-size area grid (ETRS89; total of 78,873
cells). We considered the species potentially presentin a 10 x 10 km
cell when they had least one 300 m suitable habitat cell within it.
For the same set of species, we gathered biological trait data
from Thuiller et al. (2015). We used traits that are linked to trophic
interactions (Luck, Lavorel, MclIntyre, & Lumb, 2012) and restricted
our analyses to comparable traits between the four groups. These

consisted of information on:

e diet (17 categories: mushrooms, seeds/nuts, fruits/berries,
mosses/lichens, vegetative plant parts, invertebrates, verte-
brates, fish, small mammals, large mammals, herptiles, bird eggs,

small birds, large birds, bones, carrion, coprophagous)
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e nesting habitat (tree hole, ground, rocks, artificial, underground
water, cave/burrow, lodge, temporary water, brooks/springs/
small rivers, puddles/ponds, brackish waters)

e activity time (diurnal, crepuscular, nocturnal, arrhythmic)

e foraging behaviour (grazer, opportunistic, hunter, browser)

e morphology (body mass for birds and mammals, body length for
herptiles).

2.2 | The network of potential trophic interactions

The network of potential trophic interactions between all European
tetrapod species (hereafter, the metaweb) was built using a combina-
tion of expert knowledge, published information and field guides (a list
of references is found in Appendix 1). Trophic interactions between a
predator and its prey were identified from published accounts of their
observation, morphological similarities between potential prey and
literature-referenced prey and, in the absence of this information, the
diet of the predator's sister species. The full dataset and methods de-
scription is available in the Dryad data repository. The metaweb con-
tained 1,136 tetrapod species and a total of 50,408 potential trophic
interactions. In this metaweb, 883 basal species did not prey on
European tetrapod species (i.e. basal species here could feed on plants,
detritus, invertebrates, fish, domestic animals or were coprophagous),
213 intermediate consumer species had both prey and predator spe-
cies among European tetrapods and 40 top predator species had no

predator species. The metaweb had a connectance of 0.0385.

2.3 | Trophic groups definition

To build trophic groups, we used a stochastic block model (SBM)
on the metaweb of potential trophic interactions (R-package
mixeR version 1.8 Daudin et al., 2008; Miele, 2006)), following
previous studies (Baskerville et al., 2011; Gauzens et al., 2015;
Kéfi et al., 2016; Mariadassou, Robin, & Vacher, 2010). The SBM is
a random graph model with several groups of nodes (also known
as ‘group model’ in Allesina and Pascual (2009) or ‘block model’ in
Newman and Leicht (2007)). A parameter of this model is an aggre-
gated graph with groups of nodes, linked to one another through
edges that represent the probability of connection between any
two nodes in the corresponding groups. Consequently, two nodes
belonging to the same group have the same probability of con-
nection with all other nodes in the graph. Given a network, the
statistical machinery of the SBM aims to recover the groups de-
fining similar groups of species in terms of the interactions they
have with each other (Gauzens et al., 2015). The goodness of fit
of the model is assessed using the integrated classification like-
lihood (ICL) information criterion. Applied to the metaweb, the
SBM inferred groups of species such that two species belonged
to the same group if they had the same probability of interact-
ing with all other species in the metaweb - in other words, they

potentially preyed on similar sets of species, and were potentially
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preyed upon by similar sets of species. Using the SBM, we parti-
tioned the species in the metaweb along a range of 10-60 groups,
hereafter referred to as trophic groups. We defined the optimal
number of groups based on the partitioning of the metaweb that
maximized the ICL criterion (Figure S2). We then computed the
average trophic level of each trophic group (R-package NetIndices
(version 1.4.4; Soetaert, Kipyegon Kones, & van Oevelen, 2015)).
We also computed the in- and out-degree of the species (defined
as the number of predator and prey links of a species respectively)
in the potential metaweb (R-package igraph (version 1.2.4; Csardi,
2019)) and expressed the distribution of in- and out-degree within

each trophic group (Figure S3).

2.4 | Functional composition of trophic groups

To visualize the metaweb, we removed the links between species
that never co-occurred in space (in terms of range and habitat co-
occurrence) and used the software Gephi (version 0.9.2, Bastian,
Heymann, & Jacomy, 2009; Figure 1). We then described the com-
position of the groups in terms of the taxonomy (at the class level)
and generalism of the species (Figure S3).

We then performed a multivariate analysis to understand the
composition of trophic groups in terms of the biological traits of the
species they contained. We did so using a co-inertia approach called

Trophic level

the Outlying Mean Index (Dolédec, Chessel, & Gimaret-Carpentier,
2000) that is usually meant to identify the ecological niche of species
as a function of the environment (function niche in package ade4
(version 1.7-13) in R (Dray, Dufour, & Thioulouse, 2018)). Here, we
took advantage of this approach to characterize the different tro-
phic groups (species x trophic groups matrix) as a function of the
biological traits (species x traits matrix). In other words, we mapped
the trophic groups in the space of the functional traits of the species

they contained.

2.5 | Quantifying and mapping trophic diversity
across Europe

To characterize how trophic diversity varied across space, we first
mapped trophic diversity (as the number of trophic groups found in
each grid cell) with species richness (the number of species in each
grid cell). Then, we tested the response of trophic diversity to species
richness, environmental variables and the interactions between these
drivers using a linear model. Bioclimatic data at 10 km resolution and
net primary productivity (NPP) were downloaded from Worldclim v2
(http:/www.worldclim.org) and SEDAC (https:/sedac.ciesin.columbia.
edu/data/collection/hanpp/sets/browse) respectively. We tested the
pairwise correlations between all environmental variables and selected
those that were not correlated (Figure S4). We then ran linear models

FIGURE 1 Trophic groups as a function of trophic level. The nodes of this network represent the trophic groups, with their size
proportional to the number of species in the group. Groups are positioned according to the average trophic level of the species they contain,
from the bottom of the metaweb (basal preys) to the top (top predators), and coloured according to in-degree (i.e. predatory generalism).
Silhouettes represent the characteristic species found in each trophic group and reflect the taxonomic coherence of these groups. The width
and intensity of the links between two given groups represent the number of realized links between them - that is, the number of species
pairs belonging to both groups and that co-occur at least once in Europe [Colour figure can be viewed at wileyonlinelibrary.com]
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accordingly with different combinations of explanatory variables and
selected the model with the smallest AIC. We mapped the residuals of
the linear model including species richness alone and compared it with
the residuals of the full model (that included average annual tempera-
ture, net primary productivity and temperature seasonality in addition
to species richness; Figure S5). Finally, to understand how each envi-
ronmental variable influenced the relationship between species rich-
ness and trophic diversity, we computed the predictions of the linear
model for the first, second and third quartile of each environmental
variable to plot their statistical interaction with species richness.

We then investigated how the trophic groups and types of in-
teractions in the tetrapods’ food web varied across the different
European ecoregions, defined by the European Environment Agency
(EEA, 2019) to represent ‘extents of areas in Europe with relatively
homogeneous ecological conditions, on the basis of climatic, topo-
graphic and geobotanical data, within which comparisons and as-
sessments of different expressions of biodiversity are expected
to be meaningful. We compared ecoregional metawebs across 11
ecoregions: alpine, Anatolian, arctic, atlantic, boreal, Black Sea, con-
tinental, Macaronesia, Mediterranean, Pannonian and steppic. We
built each ecoregional metaweb by sampling the species occurring
in the ecoregion and the interactions between co-occurring spe-
cies within the ecoregion from the European metaweb. We then
aggregated each ecoregional metaweb using the 46 trophic groups
defined in the European metaweb. The links between two given
groups represented the sum of interactions realized in the ecoregion
(i.e. the number of pairs of species belonging to these groups that
co-occurred and interacted in the ecoregion). We also computed
the geographic specialization of species to each European ecoregion
(computed as the ratio between a species’ ecoregional range and its
European range), then computed the median value of specialization
for each group.

All analyses were conducted in R version 3.4.3 (R Core Team,
2017).
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3 | RESULTS
3.1 | Defining trophic groups in the European
metaweb of tetrapods’ trophic interactions

Based on the ICL criterion, the SBM partitioned the European metaweb
into 46 groups (Figure S2). A qualitative examination of the partition-
ing suggested that groups were homogenous in terms of taxonomy,
trophic level and the degree of generalism of the species within them
(Figure 1; Figure S2). We organized the 46 trophic groups within four
trophic levels to visualize the flow of biomass, from herbivores to in-
termediate consumers, mesopredators and finally top predators.

The outlying mean index revealed that specific traits strongly ex-
plained the trophic groups (Figure 2). The first component was primarily
driven by the feeding behaviour and the diet of species, with secondary
consumers and carnivores (e.g. hunters) belonging to different trophic
groups than herbivore species (e.g. grazers and browsers), consistent
with the organization of the trophic groups into the aforementioned tro-
phic levels. The second component was driven by the activity time and
the nesting habitat of species, with diurnal species separated from noc-
turnal species in these trophic groups, meaning that the time of activity
determines the types of prey or predator of a species, and species nest-
ing in aquatic habitat belonging to different trophic groups than species
nesting in terrestrial habitat. This second component especially struc-
tured the trophic groups within intermediate and basal trophic levels.

3.2 | Mapping trophic diversity across Europe

Trophic diversity generally decreased with latitude in a similar man-
ner to species richness - that is, there was a latitudinal gradient for
trophic diversity as well for species richness (Figure 3A,B). Species
richness and trophic diversity were both at their lowest in northern

latitudes. Several trophic groups (e.g. groups composed by herptiles)

FIGURE 2 Trait niche of trophic
groups. This bi-plot characterizes the
mean position of each trophic group along
the two-dimensional space represented
by the species biological traits. Traits
are coloured according to their category
(activity time, secondary consumer
characteristics, primary consumer
characteristics, aquatic or terrestrial
nesting habitat type). The length and
orientation of each arrow reflects the
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FIGURE 3 Species richness and trophic diversity across Europe. a, b: Maps representing species richness and trophic group richness
across Europe. c: Interaction plot between annual mean temperature and species richness in driving trophic diversity. The scatterplot of
trophic diversity as a function of species richness is overlaid with the interaction plot between the annual average temperature and species
richness effects on trophic diversity, based on predictions from the linear model. The three categories of annual average temperature
represent the first, second (median) and third quartiles. The lines and the data points in the scatterplot are coloured accordingly to these
three categories [Colour figure can be viewed at wileyonlinelibrary.com]

were completely absent from both the arctic and boreal ecoregions,
reducing the complexity of these regional metawebs (Figure 4), par-
allel to a regional decrease in trophic diversity. Because of these low
diversities, a single type of interaction was strongly represented in
the Arctic metaweb, involving a group of mesopredators (e.g. preda-
tory seabird species and the arctic fox) preying on a group of basal
species in the Arctic (mainly small birds and rodents). Then, trophic
diversity and species richness both peaked at intermediate latitudes
(Figure 3A,B): species richness peaked at around 600 species/100 km?
and trophic group diversity peaked at 46 groups/100 km?, frequently
reaching these highest values in mountainous areas. To illustrate, the
alpine metaweb displayed the highest species richness, trophic diver-
sity and link density of all ecoregional metawebs (Figure 4). However,
in southern Europe, trophic diversity patterns diverged from species
richness patterns (Figure 3A,B) - trophic diversity remained close to its
maximum, while species richness was lower in southern Europe than
in intermediate latitudes. This was exemplified with the Mediterranean
and Anatolian metawebs in southern Europe (Figure 4), where all
trophic groups of the European metaweb were represented by at least
one species, but with fewer species representing them overall, than in

the alpine metaweb for instance.

Modelling for latitude and species richness alone showed that
trophic diversity declined significantly towards northern latitudes
and increased significantly with species richness, as expected
(R? = 0.89). Further, the latitudinal gradient of trophic diversity was
fully accounted for when including environmental variables in the
linear model (annual mean temperature, temperature seasonality
and net primary productivity) in addition to species richness (Figure
S5). More precisely, trophic diversity increased significantly with an-
nual mean temperature and NPP, and displayed a quadratic response
to temperature seasonality (i.e. mild seasonality was linked to higher
trophic diversity while extreme seasonality, both high and low, was
detrimental to trophic diversity; Table S1). Furthermore, results show
that the environmental variables significantly affected the linear re-
lationship between trophic diversity and species richness (Figure 3C;
Figure S6, Table S1). For instance, trophic diversity was generally
higher where annual mean temperatures were warmer in Europe,
while holding species richness constant (Figure 3C). Conversely, in
colder environments, trophic diversity was lower than explained by
species richness alone. Interestingly, in colder environments, trophic
diversity was also gained more quickly as species were added to the

local assemblage.
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FIGURE 4 Regional metawebs of European tetrapods. The size of the nodes correspond to the number of species representing a given
trophic group in the ecoregion; the width and intensity of the links represent the number of interactions that exist between two given groups
in this ecoregion. Nodes are coloured according to the median specialization of the species to the ecoregion within each trophic group: the
darker the node, the higher the specialization of the trophic group to the ecoregion [Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

In this paper, we investigated the spatial structure of food webs from
a functional perspective. Building on the Eltonian niche concept, we
showed that species interacting in a large food web can be aggregated
into a few dozen trophic groups of species with the same role in the
food web using a novel network science approach, the stochastic block
model. We then showed that trophic groups were coherent with the
trophic level, trophic specialization, functional traits and taxonomy of
species within them. Second, our analysis revealed a latitudinal gradient
in trophic diversity (richness of trophic groups) that varied with the well-
known species richness gradient, but was also additionally explained by
environmental conditions (e.g. warmer temperatures, mild seasonality)
and net primary productivity. Taken together, these results show that
the Eltonian niche provides an unmatched opportunity to unveil the
structure and function of large food webs at a continental scale.

4.1 | Recovering species’ Eltonian niche from large
food webs with the stochastic block model

The stochastic block model goes further in capturing the different
dimensions of a species' role in the food web than the trophic level
concept, which overlooks important aspects of species’ ecological
role such as their taxonomy, trophic specialization and biological traits

(Cirtwill et al., 2018). In addition, the trophic level is a concept that

implies a hierarchy in the food web that is not always relevant (Cousins,
1987; Polis & Strong, 1996). This is especially important for other types
of networks (e.g. multiple interaction types (Pilosof, Porter, Pascual, &
Kéfi, 2017)) where there are many loops and no clear trophic levels.
Conceptually, the trophic groups resulting from the stochastic block
model are linked to trophic guilds since they represent a group of spe-
cies that exploit the same resources, that is that have a similar role in
a food web (Simberloff & Dayan, 1991). However, the two approaches
differ in methodology: while guilds are usually based on expert opin-
ion, the stochastic block model explicitly uses the interaction network.
Such a data-driven approach to identify species roles has the potential
to bring to light some similarities between pairs of species that oth-
erwise might have been ignored. In other words, the stochastic block
model enables to bridge the gap between network theory and func-
tional ecology (Gravel et al., 2016).

Furthermore, we showed that trophic groups were driven by
species functional traits. The metaweb studied here included tetra-
pod species exclusively, therefore basal trophic groups sometimes
contained secondary consumers such as piscivorous and insectiv-
orous species, and basal groups were not always as homogenous in
terms of taxonomy as trophic groups further up the trophic levels.
Nonetheless, biological traits associated to species foraging and
vulnerability traits explained trophic groups across all trophic lev-
els. Unsurprisingly, diet categories and feeding behaviour strongly
determined species' trophic role. Then, activity time and nesting

habitat also structured the trophic groups, particularly within lower
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trophic levels. Interestingly, activity times of predators did not nec-
essarily coincide with the activity time of their prey: indeed, noc-
turnal predators may preferentially feed on diurnal prey, provided
that their foraging habitat coincides with their prey's nesting habitat.
Overall, these results exemplify that a species’ Eltonian niche (i.e. the
potential occurrence of a trophic interaction), as recovered with the
stochastic block model, is determined by the temporal, spatial and
functional aspects of a species’ ecology.

4.2 | From Eltonian niches to food web structure at
macroecological scales

In our study, we have not addressed the intraspecific variability in
species interactions (Poisot, Stouffer, & Gravel, 2014) nor the realized
Eltonian niche of species, which can only be deduced from empiri-
cal food web datasets that are unavailable at macroecological scales.
Besides, comparison of empirical food webs between several loca-
tions is impossible to date unless only one dimension is considered
(e.g. along a linear gradient, or time: Matias & Miele, 2017; Miele &
Matias, 2017). Instead, we have used the potential interactions that
are either known or expected to occur between all tetrapod species in
Europe (i.e. the metaweb, sensu Dunne, 2006), thus recovering the po-
tential Eltonian niche of species. Indeed, if the potential niche of a spe-
cies represents the set of abiotic environmental conditions in which it
could thrive without accounting for its biotic interactions (Hutchinson,
1957), then the potential Eltonian niche of a species should represent
the set of species that it could interact with if they coexisted.

Our results showed that trophic diversity, defined as trophic group
richness or the range of Eltonian niches in an area, increased linearly
with species richness across Europe, but also reveal interesting devi-
ations from this linear relationship. We found that generally, trophic
diversity was higher in southern Europe than would be explained from
species richness alone, reflecting a higher niche differentiation in more
favourable environments, where the climate is milder and ecosystems
are more productive. Conversely, in northern Europe, in the Arctic or
Boreal ecoregions for example, where climatic conditions are harsher
and ecosystems less productive, trophic diversity was lower than that
would be explained by species richness alone. This could be due to the
absence of some trophic groups (mostly those represented by herp-
tiles) in northern latitudes, due to their physiology (Snyder & Weathers,
1975). In addition, in northern Europe, trophic diversity was more sen-
sitive to species richness; as species are added to the community, they
tend to fill different Eltonian niches, maximizing the trophic comple-
mentarity (Poisot et al., 2013) in these simple food webs. Our results
further support earlier findings suggesting that niche breadth increases
with latitude, leading to fewer niches overall in northern latitudes
(Baiser et al., 2019; Cirtwill, Stouffer, & Romanuk, 2015).

The particular case of the alpine metaweb suggests environmental
heterogeneity is an additional driver of trophic diversity. The alpine
metaweb contained the highest diversity in terms of species, trophic
groups and types of interactions. It is well established that in the Alps,

the elevational gradient combined with spatial heterogeneity naturally

provide a diversity of habitats which results in a higher diversity of
niches available in the Alps (Kadmon & Allouche, 2007; Tylianakis
& Morris, 2017). Furthermore, the alpine ecoregion is a highly frag-
mented ecoregion, widespread across Europe, with isolated inlets in
Scandinavia, the Alps, the Balkans and the Pyrenees, therefore com-
prising a wide variety of climatic and land cover conditions (Figure 4),
which can explain high trophic diversity in the alpine metaweb.

In addition to driving regional differences in trophic diversity,
different types of environments were composed of different trophic
groups: some trophic groups and their interactions were specialized
to certain ecoregions, supporting the well-established principle in
biogeography that different environments select for different func-
tions (Buffon, 1761), in particular different trophic roles (Tylianakis
& Morris, 2017). For example, top predator feline species and snakes
predating upon smaller reptiles and rodents is a type of interaction
that is particularly well-represented in the Mediterranean metaweb.
On the other hand, despite regional differences in environmental
conditions, some trophic groups were common to all ecoregional
metawebs, which could be represented by wide-ranging, gener-
alist species (Devictor, Julliard, & Jiguet, 2008). More fundamen-
tally, such similarities in the trophic composition between different
ecoregions echo with Elton's conception of the niche: different com-
munities can display convergence in ecological roles and function,
even when species composition differ (Simberloff & Dayan, 1991).
Overall, our results suggest that trophic diversity is driven by the
interplay between the functional traits, Eltonian niche, and geo-
graphic distribution of species and environmental conditions. Our
study does not disentangle the factors upon which the environment
selects species, and in fact, it would be vain to attempt to tease apart
these drivers. In addition, there is a need to integrate the aspects of
history together with the current biotic and abiotic conditions across
space to understand diversity patterns in all of their complexity. The
history of land use in particular has been shown to be a major driver
of diversity patterns (Niedrist, Tasser, Lith, Dalla Via, & Tappeiner,
2009; Pimm & Raven, 2000), especially in Europe where a complex
history of local extinctions, species reintroductions and transloca-
tions has unfolded over the past centuries, particularly for large tet-
rapods such as the wolf or the bear (Chapron et al., 2014). Ultimately,
our study has illustrated how the environment can filter species as-
sembly, based on the interplay between their trophic role, biological
traits and taxonomy, and further supports the relevance of using tro-

phic diversity as a new dimension of functional diversity in an area.

4.3 | Perspectives

In the era of big data, there is an ever-increasing availability of in-
formation on potential interactions, together with high-resolution
distribution data and life-history traits. Harnessing these data with
novel developments in network science while relying on funda-
mental niche concepts should lead to a new approach for address-
ing pressing topics, such as the potential effects of environmental

changes on biodiversity and ecosystem functioning, or identifying
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conservation priorities to sustain multi-trophic communities. Here,
we have shown that the trophic groups inferred using the stochastic
block model encompass multiple dimensions of the role of species
in a community. As global change triggers communities to be dis-
rupted and interactions to be broken, understanding the Eltonian
niche of species has the potential to inform conservation planning.
For example, trophic groups can help predict the impacts of species
translocation as populations go locally extinct, or the invasive po-
tential of species as their distributions shift. Overall, this study calls
for the integration of multiple aspects of species’ ecology to under-
stand how they assemble across space; ecologists need to account
not only for species’ response to environmental gradients (i.e. their
Hutchinsonian niche; Guisan & Thuiller, 2005), but also for their
biological traits, their biotic interactions and their Eltonian niche, to

understand the biodiversity patterns across space and time.
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APPENDIX 1

LIST OF REFERENCES USED TO BUILD THE METAWEB
OF TROPHIC INTERACTIONS BETWEEN EUROPEAN
TETRAPOD SPECIES

The trophic links for mammals were compiled from the Handbook
of the Mammals of the World composed of nine volumes (Wilson
and Mittermeier 2009-2019). Furthermore, we considered multiple
books on the mammalian fauna of the single countries and all vol-
umes of Mammalian Species (published by the American Society of
Mammalogists) available for species included in the database. The
trophic links for breeding birds were compiled from the Handbook
of the Birds of Europe, the Middle East and North Africa (9 volumes;
Cramp et al. 1977-1994), the Handbook of the Birds of the World
(16 volumes; del Hoyo et al 1992-2013), and the Handbook of the
Birds of the World Alive website (del Hoyo et al. 2014). The trophic
links for amphibians and reptiles were compiled from the Handbuch
der Reptilien und Amphibien Europas (Arntzen et al. 1999; Bohme
1984; Fritz 2001; Grossenbacher and Thiesmeier 2003; Thiesmeier
et al. 2004) plus multiple books and papers on the herpetofauna of
the single countries. Trophic links for each species were compiled by
the authors using a standardized data input protocol in MS Excel. For
each species, we included in the database all trophic links reported
in the publications using the highest possible taxonomic detail. Most

of the time the information was available at the level of family or

EN e

higher; for instance, the food habits of Falco tinnunculus (the com-
mon kestrel) are described as: “in Europe up to 90% voles, with some
mice and shrews; open area passerines normally less important
[...]; also lizards and insects [...]”, therefore we included as potential
prey species all mammals of the families Arvicolinae, Muridae, and
Soricidae, all birds of the family Alaudidae, and all reptiles of the fam-
ily Lacertidae.
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