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SUMMARY
Identifying areas that contain species assemblages not found elsewhere in a region is central to conservation
planning.1,2 Species assemblages contain networks of species interactions that underpin species dy-
namics,3,4 ecosystem processes, and contributions to people.5–7 Yet the uniqueness of interaction networks
in a regional context has rarely been assessed. Here, we estimated the spatial uniqueness of 10,000 terrestrial
vertebrate trophic networks across Europe (1,164 species, 50,408 potential interactions8) based on the
amount of similarity between all local networks mapped at a 10 km resolution. Our results revealed more
unique networks in the Arctic bioregion, but also in southern Europe and isolated islands.We then contrasted
the uniqueness of trophic networks with their vulnerability to human footprint and future climate change and
measured their coverage within protected areas. This analysis revealed that unique networks situated in
southern Europe were particularly exposed to human footprint and that unique networks in the Arctic might
be at risk from future climate change. However, considering interaction networks at the level of trophic
groups, rather than species, revealed that the general structure of trophic networks was redundant across
the continent, in contrast to species’ interactions. We argue that proactive European conservation strategies
might gain relevance by turning their eyes toward interaction networks that are both unique and vulnerable.
RESULTS AND DISCUSSION

Biological conservation aims at developing conservation strate-

gies that are both effective and ecologically relevant.9 For this

purpose, it is important to identify areas that contain biodiver-

sity features not found elsewhere in the region of interest.1,2

Such unique areas are often assumed to be worth protecting

because the biodiversity features they encapsulate may entirely

disappear upon a severe disturbance. In this context, it is also

crucial to consider their vulnerability, i.e., the exposure of these

sites to threats (sensu Margules and Pressey10). Following this

rationale, most conservation strategies focus on areas that are

both vulnerable and unique, i.e., following a reactive conserva-

tion approach.1,11 There are different ways of quantifying

uniqueness.12–14 Among others, it can be defined as the lack

of redundancy or similarity of a site compared with other sites

in a reserve network or a region of interest.15–17 Similarity mea-

sures reflect the number of features (e.g., species, functions,

etc.) that are shared between pairs of sites. They can thus be

used to identify either a minimum set of complementary sites

that maximizes overall diversity within a region, or unique sites
Current Bi
that have characteristics not found elsewhere (or only to a

limited extent) in the region of interest.15,18 Yet defining a region

of interest when working at continental scale is challenging,

and it is noteworthy that the output will be intrinsically contin-

gent to the chosen area. For example, sites very far apart will

more likely be dissimilar in respect of each other. To address

this issue, one can quantify the decrease in similarity between

pairs of sites with increasing spatial distance.2,16,19,20 A site will

be considered more unique when its composition is specific to

the local area and not found in other sites as the distance be-

tween sites increases (Figure 1). This decay of site similarity

with distance is thought to emerge from species dispersal lim-

itations due to physical barriers21 and individual species re-

sponses to spatially structured environmental variation.22 This

concept of distance decay applied to species similarity has

been largely described and studied across biomes and taxa

through empirical studies,23–25 theoretical work,26 and meta-

analyses.27 It was later extended to other dimensions, such

as functional and phylogenetic diversity, to measure the degree

of functional or phylogenetic redundancy between sites or

communities.28–30
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Figure 1. Network uniqueness measured by distance decay of interaction similarity across Europe

Two illustrative examples of the distance decay of interaction similarity (A and B) and its geographic projection (C and D) for two contrasted species assemblages.

In all panels, point colors show pairwise similarity from 0 (dark blue) to 1 (light yellow), as shown in the y axis in (A) and (B). On the left (A and C), an example of

species assemblage (the black dot in C) located in central Europe showing relatively low interaction uniqueness (0.59) within the region of interest because its

composition (in terms of trophic interactions) is similar to many other networks in Europe. As a result, the spatial distance decay shows a large area under the

curve (AUC) (A, shaded area), also shown by the large halving distance (i.e., the distance at which similarity reaches 0.5, dotted line in A and dotted circle in C). On

the right (B and C), an example of a network (black dot in D) located in northern Europe showing high uniqueness (0.83), as shown by the low AUC and short

halving distance. In that case, recolonization of species involved in most of the trophic interactions after loss due to perturbation is unlikely. In (A) and (B),

geographic distances are normalized to the 0–1 range (real distance is 0–3,500) to ease computations.

See also Figures S1–S3.
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Yet distance decay in terms of species interactions has never

been investigated. Such an application will identify unique sites

not only in terms of species composition but also in terms of

the interactions involved. Species’ trophic interactions and their

wiring inside networks represent a crucial and under-considered

item for conservation biogeography. They underpin species dis-

tributions and community dynamics3,4 but also ecosystem func-

tioning and contributions to people.5–7 Hence, identifying trophic

networks that are unique and vulnerable to human threats within

a region of interest might inform conservation priorities that
5264 Current Biology 33, 5263–5271, December 4, 2023
would benefit not only species but also ecosystem functioning

and nature’s contributions to people.5 Another asset of interac-

tion networks is the notion of trophic redundancy.31 Indeed,

just like two sites can be dissimilar in terms of species composi-

tion but similar in terms of functional traits,32 two trophic net-

works can be dissimilar in terms of species and interactions

but similar in terms of trophic roles.33 Depending on the redun-

dancy of trophic roles across species, trophic groups and spe-

cies interactions might show different levels of uniqueness

across Europe. This has important implications for conservation,
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as the loss of a functionally unique species, in terms of its trophic

role, may have a higher impact on interaction networks than the

loss of a trophically redundant species.34

We believe that the paucity of empirical assessments of

distance decay in interaction network similarity results from the

triple challenge associated with (1) measuring local interaction

networks across large areas and diverse environmental condi-

tions,35 i.e., the ‘‘Eltonian shortfall’’ of biodiversity36,37; (2) using

appropriate measures adapted to species interactions and net-

works38,39; and (3) synthesizing distance decays of similarity

for a given local network, i.e., ‘‘putting beta diversity on the

map.’’16 In this study, we overcome these challenges by

leveraging information on the trophic interactions of most Euro-

pean terrestrial vertebrates.8 By coupling this metaweb with

spatial distributions of species across Europe,40 wemapped po-

tential vertebrate trophic networks at a 10-km resolution and

estimated the trophic groups represented in each network using

a stochastic block model.33,41,42 For each site, we computed a

metric of uniqueness based on the distance decay of its similarity

with other sites in Europe (Figure 1). Finally, we confronted the

uniqueness of local trophic networks with their vulnerability to

human footprint or future climate change velocity, and to their

protection level, asmeasured by the protected area cover. Using

this workflow, we identify areas of potential relevance for conser-

vation planning that have both high uniqueness of trophic net-

works and are vulnerable to direct and indirect human-induced

changes.

We found that unique trophic networks (uniqueness > 0.9;

Figures 2A and 2B) within Europe were mostly found in the

Arctic, the Macaronesian islands, Anatolia, the Mediterranean,

and the Black Sea biogeographic region. Within the study

area, geographic isolation seemed to play an important role in

determining the uniqueness of trophic networks, in particular

for the networks found in the Arctic and Macaronesian islands.

Yet it is important to consider that the limitation of our analyses

to the European sub-continent (i.e., not considering Asia or Af-

rica) due to the data cover creates an artificial, non-ecological,

border effect that might influence these patterns. In the eastern

border of the study area, uniqueness estimates are likely overes-

timated, as those networks should share similarities with net-

works in the Middle East or Central Asia, which are not consid-

ered in our analysis. It is noteworthy that such a border effect

was not pervasive, as the northwestern part of Europe showed

low uniqueness, even if it was situated at the border of the study

area (Figure 2A). Like any measure dependent on a given set of

species or sites, uniqueness measures have to be taken with

cautionwhen the characteristics of thewhole ecoregion or biore-

gion are not fully covered.

As expected, the spatial uniqueness of trophic interactions

was related to the species composition of these networks (Fig-

ure S1). This pattern is in line with theoretical expectations39

and previous empirical studies.43 Trophic networks systemati-

cally showed higher uniqueness than species assemblages

(�10%–20% higher). The magnitude of these positive deviations

varied in space, with highest values for Arctic andMediterranean

networks. The uniqueness of trophic interactions corrected by

species composition was related to the intrinsic properties of

the trophic networks. In particular, trophic networks with high

connectance (the number of observed interactions out of the
maximum number of possible interactions) and high generality

(the average number of prey per species) were also the networks

with lower corrected uniqueness. Network theory hypothesizes

that more connected food webs are expected to be more robust

to species loss,44 and species that are trophic generalists are

more likely to have redundant interactions within their local

food web.45 Although network robustness is generally assessed

from its own structural properties, we here documented an inter-

esting transferability of the intrinsic network robustness to its

uniqueness with regard to surrounding networks. In other words,

trophic networks that are least unique across Europe appear to

have network properties that are typically associated with higher

network robustness. This observation might point to a tradeoff

between the conservation of more robust networks or more

unique ones.5,35 To our knowledge, the relationship between

network properties and spatial uniqueness has not been previ-

ously described and deserves more attention. There is a need

for more studies that analyze the relationships between network

robustness and interaction uniqueness, with strong implications

for guiding conservation at biogeographic scales. In particular, it

has been shown that the bioclimatic determinants of biotic inter-

action variability might differ from the ones driving species distri-

butions.4,46,47 Understanding the relative effects of abiotic and

biotic determinants represents a promising avenue to under-

stand why unique networks differ geographically from areas

currently prioritized for biodiversity conservation. Ignoring the

biogeographic and climatic context, and notably the structure

and similarity of species interactions in the surrounding commu-

nities, might give a misleading picture of the robustness of a

network within a spatial context.32,48

Beyond their composition in interactions, most trophic net-

works appeared largely replaceable when looking at trophic

groups (Figure S2). Only Arctic and Macaronesian networks

showed low to (relatively) moderate uniqueness (>0.3). However,

this low-to-moderate uniqueness was mainly due to the small

number of trophic groups present in this network and found in

other parts of Europe. All networks were thus redundant in terms

of functional trophic group composition; hence, the ‘‘functions’’

they encapsulate are not unique on a European scale. As such,

they do not represent unique ecosystem functions. Although it

remains important to conserve these trophic groups to ensure

the persistence of functions at local scale, it appears that they

were not threatened regionally because of their redundancy at

regional scale,48–50 as long as dispersal of species between sites

is preserved.

Following the irreplaceability vs. vulnerability framework

of conservation planning,10 we confronted our estimates of

network uniqueness with their vulnerability to human foot-

print51–53 and climate change velocity.54 Uniqueness of trophic

network was not related to human footprint of climatic velocity

across Europe, although a few cells showed both very high

uniqueness (i.e., >0.9) combined with very high human footprint

(>75) or climatic (>10) vulnerability (Figures 3A and 3C, large red

point in the top right corner). Trophic networks situated south of

the continental bioregion (Mediterranean, Anatolian, and Maca-

ronesian bioregion) and in Ireland exhibited high uniqueness

and human footprint vulnerability (i.e., >50th percentile). Most

islands in the study area also showed unique trophic networks

linked to high human footprint vulnerability. Conversely, unique
Current Biology 33, 5263–5271, December 4, 2023 5265



Figure 2. Interaction and trophic group uniqueness

(A) Spatial pattern of species uniqueness in Europe (black lines show bioregion boundaries).

(B) Density distribution of species uniqueness within each European bioregion.

(C) Spatial pattern of trophic functional groups’ uniqueness in Europe (black shows bioregion boundaries).

(D) Distribution of trophic functional groups’ uniqueness within each European bioregion. Darker shades indicate more vulnerable assemblages.

Note that color scales are different between (A) and (B) (ranging from 0.6 to 1) and (C) and (D) (ranging from 0 to 0.4).
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trophic networks situated to the north of the continental biore-

gion underwent low vulnerability, as human footprint was low

in these areas (Figure 3B, small blue dots in northern Europe).

Interestingly, areas under high human footprint vulnerability situ-

ated in southern Europe showed low climatic vulnerability, and

vice versa for areas under low human footprint vulnerability in

northern Europe. Indeed, trophic networks exhibiting high

uniqueness and climatic vulnerability were mostly situated in

Arctic and Steppic bioregions and, to a lesser extent, in thewest-

ern Mediterranean (Spain). This spatial dichotomy observed be-

tween current vulnerability driven by direct human impact and

future vulnerability driven by climatic change is interesting from
5266 Current Biology 33, 5263–5271, December 4, 2023
the irreplaceability versus vulnerability framework point of view.

Indeed, unique networks under current human footprint vulnera-

bility should be the focus of reactive conservation action directed

to mitigate current adverse effects of human activities on trophic

networks.1 Conversely, unique networks not under human foot-

print vulnerability but facing future climate vulnerability require

proactive action that would allow climate adaptation to future

changes. This is particularly important concerning trophic net-

works, as cascading effects in response to future changes might

lead to stronger than expected consequences on biodiversity.55

By comparing the uniqueness of trophic networks with the

cover of protected areas within the cell, we showed that most



(legend on next page)
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unique trophic networks in the Mediterranean, Alpine, and Mac-

aronesian bioregions are well covered in protected areas (large

green dots in Figures 3E and 3F). However, unique networks

found in the Anatolias and the Black Sea and Steppic bioregions

did not benefit from any protected area coverage (small blue

dots in Figure 3F). Importantly, those areas situated in south-

eastern Europe were also identified as vulnerable to human

threats (Figure 3B).

The conservation planning principles of irreplaceability and

vulnerability represent the basis of several biodiversity conserva-

tion prioritization frameworks.1 For example, both the Mediterra-

nean and Anatolia have been identified as biodiversity hotspots

in Europe, based on the large number of occurring and endemic

species vulnerable to habitat destruction.11,56 Our results show

that these biodiversity hotspots also host trophically unique

vertebrate assemblages at the European scale. Moreover, their

network uniqueness based on trophic interactions was higher

than expected based on their species composition (see supple-

mental information: corrected network uniqueness). This over-

vulnerability of trophic interactions with regard to species

composition might have key implications for the conservation

of the broader ecosystems that largely depend upon these net-

works and their particularities.57,58

Describing and understanding patterns of turnover in commu-

nity composition, i.e., beta diversity, is central to the long-stand-

ing fundamental question of what drives the distribution of biodi-

versity on Earth59 and is directly linked to complementarity in

conservation planning.60 We here argue that dissimilarity mea-

sures and their spatial structure (spatial decay) can also repre-

sent a valuable and simple tool to identify areas or sites that

have high conservation value within a region and ultimately to

guide conservation strategies.15,18 Although we focused on

spatial distance decay to estimate the uniqueness of sites

regarding the study area, the same approach can be used with

the consideration of environmental differences between sites

instead of geographical distance. Such environmental decays

that explicitly incorporate environmental drivers of dissimilarity

have been previously shown to be valuable tools for biodiversity

assessment.61,62 Using similarity measures to compare empir-

ical interaction networks between sites could help us to under-

standwhy they differ in functioning and identify areaswith unique

interactions networks bearing particular ecosystem processes.

Measuring interaction uniqueness is particularly valuable

because species interactions may be more sensitive to environ-

mental change than species richness or composition,46,63 and

their large-scale diversity patterns provide unique ecological in-

formation4 that appears to be particularly sensitive to human

pressures on ecosystems.47 Moreover, numerous authors64
Figure 3. European trophic network uniqueness, vulnerability, and pro
(A) Scatterplot of trophic interaction spatial uniqueness based on Sorensen diss
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(B) Geographical projection of the uniqueness/human footprint vulnerability value
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(D) Geographical projection of the uniqueness/climatic vulnerability values acros
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(F) Geographical projection of the uniqueness/protection values across Europe.
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have argued for a conservation of interactions as they might be

keystone elements of ecosystem integrity facing global change

and bear an important role in ecosystem processes.57,58 When

planning conservation interventions at the European scale, bio-

logical interaction networks that are both unique and vulnerable

to human pressure should be considered a priority. In the context

of biotic homogenization representing an important and perva-

sive aspect of the ongoing biodiversity crisis,9,65,66 protecting

unique sites would prevent the loss of regionally distinct interac-

tion networks, which are more important than species composi-

tion from an ecosystemic view. In our case, using information on

all terrestrial vertebrate trophic interactions allows a rich consid-

eration of ecosystem functions and services (such as pest con-

trol, carrion elimination, seed dispersal, and wildlife watching).

However, it should be pointed out that it overlooks basal

ecosystem components that underpin many critical ecosystem

functions, such as primary producers and invertebrates, and

we furthermore do not incorporate non-trophic interactions

such as mutualism or competition. It is possible that patterns

of interaction uniqueness might differ if different sets of taxa, tro-

phic levels, and interactions were considered.46 Interaction

uniqueness only measures a facet of biodiversity and should

be used in combination with other indicators describing aspects

of the ecosystems bearing different conservation values.67 It is

also important to note that these patterns result from locally re-

constructed, probabilistic networks based on a regional meta-

network, which is locally filtered based on species distribution

knowledge. Our approach differs from in situ network sampling

where trophic interactions are directly observed, as it provides

a comprehensive representation of the interactions that are likely

to occur within a landscape or ecosystem over an extended

period.68,69 It is, however, essential to acknowledge that these

potential trophic interactions may not always be realized at a

given time and location. Just as a local species pool informs

about the species that should be found in a given area,70 the

local interaction network reconstructed from a regional metanet-

work informs about the potential interactions that should occur in

a given area.

When planning conservation interventions at the European

scale, biological interaction networks that are both unique and

vulnerable to human pressure should be considered a priority.

We identified such unique and vulnerable networks in southern

Europe, mainly in the Anatolian and Mediterranean bioregions.

We further showed that Anatolian networks were also poorly

covered by protected areas, which might indicate that such tro-

phic networks are particularly endangered. These food webs are

worth particular consideration because they play an important

role in the regional diversity of trophic interactions4 and because
tection
imilarity (y axis) against human footprint vulnerability (x axis). Each point is a

rensen dissimilarity (yellow to blue) and vulnerability to human activities (yellow

tted black lines show the 50th percentile of values.

s across Europe.
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they represent unique features within European trophic meta-

communities.71 Given the existing gap between conservation

and network ecology, we argue that considering uniqueness of

biotic interactions can improve conservation planning by identi-

fying unique and vulnerable communities—both in terms of spe-

cies and their interactions.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d METHOD DETAILS

B Species distributions data

B Trophic interaction data and functional trophic groups

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Compute taxonomic and interaction pairwise dissimi-

larity

B Model spatial distance decays

B Measure network spatial uniqueness via distance

decay

B Comparing uniqueness with vulnerability and protec-

tion
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2023.10.069.

ACKNOWLEDGMENTS

This study has received funding from the ERA-Net BiodivERsA—Belmont

Forum, with the national funder Agence Nationale de la Recherche (ANR-18-

EBI4-0009) and the German Research Foundation (BR 2315/22-1), part of

the 2018 joint BiodivERsA-Belmont Forum call (project ‘‘FutureWeb’’). P.G.

was supported by Marie Curie Actions of the European Horizon 2020 under

REA grant agreement no. 101026394 (project INDEBT). W.T. was also sup-

ported by the Agence Nationale pour la Recherche through the EcoNet

(ANR-18-CE02-0010) projects. L.O., L.M., M.D.M., G.P., and W.T. also

acknowledge support from the European Union’s Horizon Europe under grant

agreement number no. 101060429 (project NaturaConnect). This research is

partly supported by the Fondation pour la Recherche sur la Biodiversit�e

(FRB) and Electricit�e de France (EDF) in the context of the CESAB project

‘‘Causes and consequences of functional rarity from local to global scales’’

(FREE).

AUTHOR CONTRIBUTIONS

P.G. conceived the study, with early advice from W.T. C.D. computed the

climate velocities. J.R. performed the extraction and estimates of protected

areas within each cell. P.G. performed all other analyses and wrote the first

version of the manuscript. All authors contributed substantially to the interpre-

tation of the results and to the writing of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.
Received: August 29, 2023

Revised: October 24, 2023

Accepted: October 30, 2023

Published: November 21, 2023

REFERENCES

1. Brooks, T.M., Mittermeier, R.A., da Fonseca, G.A.B., Gerlach, J.,

Hoffmann, M., Lamoreux, J.F., Mittermeier, C.G., Pilgrim, J.D., and

Rodrigues, A.S.L. (2006). Global biodiversity conservation priorities.

Science 313, 58–61. https://doi.org/10.1126/science.1127609.

2. Lawler, J.J., White, D., and Master, L.L. (2003). Integrating representation

and vulnerability: two approaches for prioritizing areas for conservation.

Ecol. Appl. 13, 1762–1772. https://doi.org/10.1890/02-5337.

3. Wisz, M.S., Pottier, J., Kissling, W.D., Pellissier, L., Lenoir, J., Damgaard,

C.F., Dormann, C.F., Forchhammer, M.C., Grytnes, J.A., Guisan, A., et al.

(2013). The role of biotic interactions in shaping distributions and realised

assemblages of species: implications for species distribution modelling.

Biol. Rev. Camb. Philos. Soc. 88, 15–30. https://doi.org/10.1111/j.1469-

185X.2012.00235.x.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Tetrapods European distributions Maiorano et al.40 https://doi.org/10.1371/journal.pone.0074989

Tetrapods Trophic interaction network Maiorano et al.8 https://doi.org/10.5061/dryad.jm63xsj7b

Biogeographical regions https://www.eea.europa.eu/en/datahub/

datahubitem-view/11db8d14-f167-4cd5-

9205-95638dfd9618

eea_v_3035_1_mio_biogeo-regions_p_2015_

v02_r00

Trophic Functional Groups O’Connor et al.33 https://doi.org/10.5061/dryad.bcc2fqz79

All formated data and code to replicate analyses

and results of this study

Zenodo repository https://doi.org/10.5281/zenodo.10036360

Software and algorithms

R Statistical Computing language version 4.1.2 https://www.r-project.org/ https://cran.r-project.org/src/base/R-4/R-4.

1.2.tar.gz

Code to replicate analyses of this study Zenodo repository https://doi.org/10.5281/zenodo.10036360
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Pierre Gaüzère (pierre.

gauzere@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The raw data used in this study are frompublished or downloadable online sources. All references, DOI and links toward the raw

data are listed in the key resources table.

d All original code along with formatted and prepared data have been deposited at Zenodo and are publicly available as of the

date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

The code shared contains analyses not with results not presented in this paper. Please contact the lead contact before reusing

this code.
METHOD DETAILS

Species distributions data
We extracted the distributions for all terrestrial vertebrates naturally occurring within the study area from Maiorano et al.40 Species

distributions for 509 bird, 288 mammal, 250 reptile and 104 amphibian species for which trophic interaction data are available (see

below) were mapped by combining the IUCN extent of occurrence for each species with their habitat requirements. A species was

considered potentially present in a 10310 km cell when all three following criteria were met: the grid cell i) is within the species extent

of occurrence, ii) contains at least one 300x300m patch of primary habitat for the species, and iii) meets species requirements in

terms of elevation and distance from water. More details can be found in O’Connor et al.33 and Thuiller et al.,72 and see Maiorano

et al.40 for a full description of species distribution data and definition of primary habitat.

Trophic interaction data and functional trophic groups
We used data on species trophic interactions for all European terrestrial vertebrates (Tetra-EU 1.0,8 Tetra-EU 1.0 is based on pub-

lished information on known interactions, expert knowledge, and field guides published and/or collected during the last 50 years. The

data provides species-level trophic interactions for all terrestrial vertebrate species occurring in the entire European sub-continent,

from Macaronesia (consisting of the Azores, Madeira, and Canary islands) to the Ural Mountains, and from Fennoscandia and UK
e1 Current Biology 33, 5263–5271.e1–e3, December 4, 2023
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islands to the Mediterranean. The dataset includes Turkey in order to cover the whole north-eastern Mediterranean coast. Only spe-

cies introduced in historical times and currently naturalized were included (i.e recent introductions were excluded). In total the data

include 288mammals, 509 regularly breeding birds, 250 reptiles, and 104 amphibians. Potential trophic links between a predator and

a prey were identified from published accounts of their observation, morphological similarities between potential prey and literature-

referenced prey or -in the absence of this information- the interactions of the predator’s sister species. Tetra-EU 1.0 contained 1,164

species and a total of 50,408 potential trophic interactions composing themetaweb of European terrestrial vertebrates. The full data-

set and methods description can be found in Maiorano et al.8

We defined functional trophic groups using a stochastic block model (SBM) on the metaweb. The SBM is a random graph model

defining groups of similar species in terms of the trophic interactions they have with each other.73 We used the mixer R package to

group species along a range of 10–50 trophic groups. We retained 28 trophic groups, as it was the number of groups that maximized

the integrated classification likelihood (ICL) information criterion here used as the goodness of fit of the model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Compute taxonomic and interaction pairwise dissimilarity
Weused species occurrenceswithin each 10310 kmcell to build a ‘‘site x speciesmatrix’’.We used themetaweb of European terres-

trial vertebrates to infer local trophic interaction networks based on the species occurring within each cell. Because pairwise dissim-

ilarity and distances computation scale with the square of the number of sites, the computation of the full pairwise matrices would

become too computationally challenging (more than 209 values).We therefore limited our analyses to a random sample of 10000 cells

among the 117000 cells of the dataset. We used these local interaction networks to build a ‘‘site x interaction matrix’’, and a ‘‘site x

trophic group matrix’’. We then computed the Sorensen pairwise similarity between each pair of cells using the beta_diss() function

from R package phyloregion (for computational efficiency) to the site x species and the site x interaction matrix separately. Note that

because the local network is inferred from occurrence data, we do not account for interaction plasticity and the turnover of interac-

tions between sites is solely due to the turnover of species. This measure is equivalent to the (dis)similarity of links from Poisot et al.39

(bWN, Sorensen index on links) and from Ohlmann et al.38 (d0L using Hills numbers). We decomposed pairwise similarities into true

turnover and nestedness-resultant components,74 and focused on the turnover component (bSim, pairwise Simpson dissimilarity).

While the Sorensen similarity index (i.e. the number of shared species (or interactions) in each site divided by the total number of

species (or interactions) in both sites has the advantage of measuring the overall similarity with other sites, it is tightly linked with

the richness of the site (nestedness). On the other hand, focusing on the turnover component (Simpson), namely the minimum num-

ber of unique species (or interactions) in each site divided by the richness in the same site, allows us to measure dissimilarity that is

not directly linked to the richness of the site.

Model spatial distance decays
Wemodeled the relationship between pairwise similarity and spatial distance by fitting a power law relationship as y� a * xbwhere y is

the (species or interaction) pairwise similarity (Sorensen or turnover component) between the focal cell and all other cells (ranging

from 0 to 1) and x is the geographical (euclidean) distance between the focal cell and all other cells (scaled between 0 and 1). For

each cell, we calculated the maximum distance between the focal cell and all other sites in Europe. In order to make distance decay

comparable between all cells, we then selected the lowest value across cells (3705km) as a threshold above which dissimilarity was

not calculated between cells that were further apart than this value. Parameters a and bwere fitted using non linear least square (NLS)

regression using the nlsLM function from minpack.lm R package. We removed all cells for which the r2 of the modeled relationship

pairwise species of interaction dissimilarity and spatial distance was lower than 0.2 ( 4.7% of the cells), as thesemodeled parameters

would be poor descriptors of the relationship.

Here, we selected a maximum distance of 3,507 km as it corresponds to the minimum distance of the most distant pairs across

sites. Moreover, this large distance still allows most of Europe to be considered in the distance decay computation of every site.

Measure network spatial uniqueness via distance decay
We calculated the spatial uniqueness of a given trophic network based on (1minus) the normalized Area Under the Curve (i.e. 1-AUC,

Figure 1) of its distance-decay of similarity with other networks across space. We computed the area under the curve (AUC) of each

spatial distance decay. AUC indicates the quantity of similarity of the site with other sites within 3,507 km. Eachmetric was computed

for pairwise dissimilarities based on trophic interactions and trophic functional groups. The spatial uniqueness was computed as 1 -

AUC. Note that we retained the AUC to measure uniqueness because it was the most integrative metric among five other metrics

quantifying different aspects of distance decays. Using AUC based measures offers a natural and comparable quantification of

uniqueness. It is directly interpretable with uniqueness ranging from 0 -all interactions or trophic groups of the site are shared

with other sites within the region of interest-, to 1 - interactions or trophic groups are found only within (or nearby) the site of interest.

Comparing uniqueness with vulnerability and protection
Vulnerability to human activities was assessed using the Human Footprint (HFP), a multi-dimensional index estimating the direct hu-

man footprint on ecosystems as a proxy of recent human pressure on biodiversity.51,75 It incorporates eight variables that charac-

terize human pressures: built environments, population density, nighttime light, croplands, pasture lands, roadways, railways, and
Current Biology 33, 5263–5271.e1–e3, December 4, 2023 e2
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navigable waterways. We extracted the last version of HFP values at 1 km resolution (available from 2000-2018) and focused on the

median year 2010,53 and computed the average value within each 10 x 10 km cell.

Vulnerability to climate change was assessed using climate change velocity76,77 extracted from Dragonett et al.54 The climate

change velocity is calculated as the sum of the absolute values of temperature velocity of change and precipitation velocity of

change. Temperature (C�) and precipitation (g/m3) data from 2020 to 2050 was extracted from Chelsa database78 under SSP-

RCP 2-4.5 scenario, and each velocity of change was estimated as the ratio between a temporal trend (the rate of change of

each variable through time, estimated as a regression slope) and the corresponding spatial gradient of that variable (i.e. vector

sum of longitudinal and latitudinal pairwise differences at each focal cell using a 3 x 3-cell neighborhood).

Protection was assessed as the percentage of terrestrial cell area that was covered by terrestrial protected areas. We used data

from the World Database on Protected Areas (WDPA) hosted on the Protected planet website (https://www.protectedplanet.net).

After cleaning the protected area data following best practices,79 we calculated the surface of protected areas associated with

any IUCN management category within each cell.
e3 Current Biology 33, 5263–5271.e1–e3, December 4, 2023
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