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Understanding the robustness of ecological networks against sustained species losses is paramount
to devising effective biodiversity conservation strategies. To explore the impacts of species losses on
network robustness (the capacity of food webs to withstand primary extinctions), we used a trophic
metaweb of 7808 vertebrates, invertebrates and plants and 281,023 interactions across Switzerland.
We inferred twelve regional multi-habitat food webs and simulated non-random species extinction
scenarios on these webs, focusing on broad habitat types and regional species abundances. Here, we
show that targeted removal of species associated with specific habitat types, particularly wetlands,
resulted in greater network fragmentation and accelerated network collapse compared to random
species removals. Networks were more vulnerable to the initial loss of common rather than rare
species. These findings underscore the critical need for integrated conservation strategies
maintaining a diverse mosaic of habitats in a landscape to mitigate the cascading effects of

species loss.

Species extinctions can trigger bottom-up extinction cascades driven by the
loss of resources for consumers higher up in the food web, both in terrestrial
and freshwater systems'™. Loss of plant diversity in multi-trophic food webs,
for example, can lead to strong direct negative effects on herbivores, and
mediate indirect effects on taxa in even higher trophic levels through
bottom-up trophic cascades’. Cascading extinctions lead to the loss of
species (nodes) as well as the interactions (links) they share within the food
web, which portrays the flow of energy and material responsible for
maintaining myriad ecosystem functions® within and between habitats in a
landscape’.

Ongoing habitat loss and degradation, land-use intensification and
climate change drive species extinctions’. The extent of these extinctions
is at least partly dependent on community structure and network
robustness of food webs™’. Over the past few decades, land-use changes
have resulted in the degradation and even loss of freshwater’™, terres-
trial, and transitional (e.g., wetland)"* habitats and species dependent on
them'>". Species can link these different habitat types through their
dispersal and movement as well as through resource use across multiple
habitat types or of different habitat types by juvenile and adult stages'*™"".
Thus, the loss of one type of habitat can lead to the loss of species within

as well as between different habitat types connected by the flow of species
and energy'®. As global change drivers and ecosystem functions operate
at local and regional scales”, these extinction cascades can ripple across
the mosaic of habitat types in a landscape™ and potentially impact the
food webs of entire regions™*.

The robustness of a food web can be defined as its capacity to withstand
primary species extinctions without undergoing significant changes in its
structure and function as a result of secondary species losses™ . By mod-
elling the food web as a network, its robustness can be inferred using
topological metrics as proxies for structural and functional stability. Certain
topological characteristics of food webs are associated with higher robust-
ness. While small-scale food webs can remain robust while being highly
connected, as food webs grow larger and more complex, robustness requires
low connectance (proportion of realised interactions compared to all pos-
sible interactions™) to avoid food webs collapsing under their own
complexity”®. Topological metrics are useful to describe and compare static
food web properties related to the network’s ability to withstand pertur-
bations, but they do not provide a comprehensive understanding of network
robustness. A more extensive approach to measuring robustness to sec-
ondary extinctions is to conduct a perturbation analysis, where species loss is
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simulated, and changes in network structure are measured along the
extinction sequence.

The inevitable effect of species loss through primary and secondary
extinctions in a food web is network fragmentation, when one fully con-
nected network breaks apart into fully isolated sub-networks, known as
weakly connected components (henceforth WCCs). While breaking into
loosely connected sub-networks can make the food web more modular,
ensuring compartmentalisation of perturbations”, network fragmentation
may restrict energy flow between species and limit species interactions to the
small subsets of the former network’ . As many ecosystem functions are
outputs of these energy fluxes, increased network fragmentation can cause a
reduction in the efficiency of ecosystem functions. The extent of these
consequences depends on the number and size of the WCCs, providing a
different aspect of food web robustness. Though the number of such
components alone have not been shown to be related to food web stability™,
measuring the change in size of the largest remaining component (hence-
forth: robustness coefficient) has been demonstrated to be a solid measure to
evaluate robustness to sustained extinctions across many types of real-world
networks, including empirical food webs”. Classically, studying the
robustness of food webs to species extinctions has focused on the extent of
secondary extinctions™. Yet the addition of a network fragmentation fra-
mework based on WCC-based metrics can be instrumental in studying the
robustness of food webs experiencing continued species losses’".

The extinction probability of a species in response to habitat loss can be
driven by factors such as geographic range size and abundance’”. Rare
species are more vulnerable to disturbances due to their small population
sizes and/or restricted geographic ranges and/or occurrence in restricted
habitats™*”. Simultaneously, rare species have also been shown to possess
unique functional traits and contribute to ecosystem functioning™*™**.
Nevertheless, the abundance of common species has been shown to play a
more central role than species richness in the maintenance of ecosystem
functions®, through more persistent contributions compared to rarer spe-
cies that are less connected within food webs™. Thus, the loss of rare species
is expected to be less detrimental than the loss of common species. Simu-
lations of species extinctions have demonstrated that food webs can be
robust against random but fragile against non-random species extinction
sequences, such as removing generalist*” or highly connected species™*".
Yet, such species are often highly abundant”, and while they can still
experience a reduction in their abundance®, are less likely to become extinct
under current anthropogenic stressors than rarer species. Thus, there is a
need to understand how food webs respond to ecologically meaningful
extinction scenarios, especially at the larger spatial scales at which global
changes operate.

Simulating potential extinction scenarios at the regional scale requires
comprehensive and spatially explicit knowledge of species occurrences and
their interactions, as well as habitat associations. The use of a metaweb,
representing all known potential interactions within a defined area*, pro-
vides a promising approach to streamlining existing trophic information. By
assuming that the ability of a consumer species to feed on potential resources
is fixed and combining this with information on local community com-
position, sub-networks of smaller scales can be inferred from the metaweb*
(Fig. 1a). A metaweb contains many potential interactions, which may not
be realised in nature*, but local co-occurrence trims the potential of all ever-
known interactions to those potentially occurring in a subset of the full
extent of the metaweb. The spatial scale of the sub-networks may range from
sites covering a few metres to kilometres®, to entire biogeographic
regions”’—albeit with increasing spatial scale, there is also an increase in the
uncertainty of potentially “realised” interactions. Nonetheless, this approach
provides the possibility to utilise existing data to create potential subsets of
the metaweb which are standardised and comparable across space.

Here, we used a comprehensive metaweb compiled for the entirety of
Switzerland to assess the impact of realistic extinction scenarios on regional
food web robustness. By incorporating a wide range of animal and plant
species alongside their habitat-type associations and national-scale occur-
rences as a proxy for abundance™, this represents a significant advancement

in the study of regional food webs. By integrating this with historical data on
species distributions in biogeographic regions and different elevational
groupings, we can construct detailed potential regional sub-networks that
can be used to simulate ecological scenarios of species loss. This approach
allows us to explore how species abundances and their dependencies to
multiple habitats may influence the robustness of regional food webs
through their biotic dependencies, particularly in the face of realistic and
sustained species extinction sequences. It additionally allows us to find
potential large-scale spatial patterns in their responses. Specifically, we
asked: (1) how the connectance of regional food webs vary between bio-
geographic regions and by elevation, (2) how regional food webs respond to
a targeted removal of species associated with specific habitats, and (3) how
regional food webs respond to a targeted removal of species by their relative
regional abundance.

Here, we demonstrate that in comparison to random scenarios,
regional multi-habitat food webs are more vulnerable to scenarios in
which species associated with certain habitat types (especially wetland-
associated species) experienced higher probabilities of extinction. These
findings highlight how species loss in one habitat can have cascading
effects across entire regions due to trophic connections linking multiple
habitats. Furthermore, the removal of common species had a more severe
negative impact on food web robustness than the removal of rarer spe-
cies, indicating that common species contribute more strongly to
maintaining regional robustness. As global change continues to drive
non-random species losses across spatial and temporal scales, con-
servation efforts must account for the complex responses arising from
habitat associations and species abundances.

Methods

Study area and network data

We conducted our study in Switzerland (ca. 41,000 km?) in central Europe,a
region characterised by high variability in environmental conditions, with
elevation ranges from 196 to 4634 m a.s1”,, in landscapes ranging from
densely populated lowlands to remote alpine peaks. Switzerland can be
classified into six distinct biogeographic regions (henceforth BGRs): Jura
Mountains, Central Plateau, Northern Alps, Eastern Central Alps, Western
Central Alps, and Southern Alps™ (Fig. 2a). Around 86,000 multicellular
species are estimated to occur within these regions, of which around 56,000
have been identified”".

Due to a long natural history tradition, the spatial distribution of
around 10,000 of these species is well-documented™. Moreover, the recently
compiled trophiCH metaweb contains information on 1,112,877 potential
trophic interactions (i.e., feeding interactions) between 23,022 plant and
animal species, including 126 feeding guilds for Switzerland"’. The feeding
guilds correspond to non-species level groups treated as single nodes in the
network. These nodes consist of large resource pools such as detritus and
algae as well as groups that could not be resolved at a higher taxonomic
resolution and thus grouped into single nodes, e.g., fungi, isopods, some
dipteran and beetle families”. The potential interactions presented in this
metaweb are primarily based on a compilation of empirical data on trophic
interactions, ranging from direct observations, existing data sets, primary
and grey literature, to expert knowledge™ (Fig. 1b). For many species with
generalised feeding behaviours, their diet information was often only pre-
sent at the family or genus levels. As such, taxonomically low-resolution
trophic data had been used to infer species-level interactions™*. For
example, if a spider species was known to feed on a family of beetles, the
spider species was assumed to potentially feed on all beetle species within
that family”’ (Fig. 1b). These inferred interactions were further trimmed
using a geographic distribution model™ based on matching the associations
of potentially interacting species to habitat types and their vertical stratifi-
cation within the habitat (Fig. 1b). Full details on the methods used to build
and validate the trophiCH data set are available within the associated data
paper™’.

In this study, we used the complete trophiCH data set, trimmed to
include only species for which spatial data was readily available in our region
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Fig. 1| A knowledge-based metaweb for Switzerland. a The metaweb approach. All
potential documented interactions between species in a region (here, Switzerland)
were archived in a knowledge-based metaweb. By combining this with empirical
knowledge of site-level co-occurrences (here, biogeographic regions and elevational
groupings), site-level food webs can be inferred. b Building a literature-based
metaweb. Trophic interaction data were collected from existing primary and sec-
ondary sources, expert opinion and online voluntary science repositories. For
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generalist taxa, trophic interactions that were recorded at taxonomic low resolution
(genus or family) were inferred to the species level. Interactions were trimmed to
remove unlikely interactions in which the two species did not share environmental
associations. Both the empirical and inferred interactions were combined to form a
knowledge-based metaweb. The animal and plant icons were sourced from

Flaticon.com.

(Fig. 2a). The final metaweb included 281,023 interactions between 7692
species (3205 vascular plants, 425 vertebrates, 740 arachnids, 2942 insects,
237 molluscs, 143 other invertebrates) and 116 feeding guilds (Fig. 2b).
Using this metaweb, we inferred twelve food webs (henceforth: regional
multi-habitat food webs) based on the co-occurrence of taxa within a

combination of the six BGRs and two elevation groupings: montane (above

1200 m a.s.1) and lowland (below 1200 m a. s.1; Fig. 2a, c).
We assigned BGR associations as classified by Flora Indicativa for 2789

plant species™. For the remaining 416 plant and all 4487 animal species, we
extracted BGR associations by intersecting a polygon of the BGR map”” with
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Fig. 2 | Study design. a a map of the six biogeographic regions of Switzerland. A
mean digital elevation raster map (25-m resolution) is overlaid, in which brown
values represent lower elevations, whiter values represent intermediate elevations,
and grey values represent high elevations. The ranges represent the ranges of the
raster map. b a network diagram visualising interactions between major groups in
the trophiCH metaweb. The nodes represent the major groups, while the arrows
represent their interactions. The width of the arrows represents the number of
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interactions shared between those groups. ¢ lollipop plots of species richness (left)
and interaction richness (left) of the 12 regional food webs in this present study. Grey
lollipops represent the montane regions and brown lollipops represent the lowland
regions. d a chord diagram illustrating the shared habitat associations of the species
in the metaweb. The shared bands represent the number of species, increasing with
bandwidth. The animal and plant icons were sourced from Flaticon.com.

raw species occurrence data from InfoSpecies, the Swiss Information Centre
for Species. For the distribution of species between the two elevation
groupings, we applied the existing classifications of the Flora of the European
Alps, which classified plant species as montane if they were limited to above
1200 m a.s.l., as lowland if they are limited to 1200 m a.s.l. and below, and as
both, if they occur in both elevational groupings™. This information was
available for 3100 plant species. For the remaining 105 plant and all 4487
animal species, we intersected occurrence data points from the InfoSpecies
data set with a digital elevation model raster at 25-m resolution™.

We classified species as montane, lowland, or both based on their
elevational distributions using a percentile-based approach. For each species,
we calculated the fraction (F) of occurrences above 1200 m a.sl. and the
absolute number (A) of montane occurrences. Species exceeding a chosen
fraction threshold (e.g., 97.5th percentile) were initially classified as montane,
while all others were assigned to the lowland category. Species classified as
lowland were subsequently reassigned to both if their absolute number of
montane occurrences exceeded a second, abundance-based threshold (e.g.,
75th percentile). We systematically tested 81 x 81 combinations of F and A
thresholds for the species where occurrence data and Flora Alpina classifi-
cations were available, ranging from the 60th to 100th percentiles in 0.5%
steps, totalling 6561 combinations. For the species with available data, each
combination’s resulting classification was evaluated against the expert-based
classifications from Flora Alpina. The most accurate classification (denoted
F75 x A97.5) achieved 86.15% agreement and was used for the main ana-
lyses. To assess the robustness of the classification, we performed a sensitivity

analysis using seven additional threshold combinations: F70 x A95, F70 x
A97.5, F75 x A95, F75 x A97.5, F80 x A95, F80 x A97.5, and a control
classification based on strict presence: species were assigned as montane or
lowland if they occurred exclusively in one elevation zone, or both if present
in both. Results from the linear models and robustness simulations were
consistent across all thresholds (Supplementary Figs. 1, 2). Thus, we report
the results based on the F75 x A97.5 classification, which aligned best with
Flora Alpina’s classification. Where Flora Alpina classifications were avail-
able, they were used directly, overriding our percentile-based assignments.
We filtered the original species list into twelve regional assemblages
using the presence of the species in the BGRs and elevation groupings. Then,
we created regional multi-habitat food webs for the twelve regions by fil-
tering the metaweb by the twelve regional assemblages and retaining only
the interactions between species co-occurring within the regions (Fig. 2c).
For the classification of species’ associations to habitat types, we used the
habitat-association data set provided with the trophiCH metaweb®, which
classifies the association of each species to one or more of the nine broad
habitat types that correspond to the TypoCH habitat classification® for
Switzerland. This classification includes agricultural, aquatic, barren, grass-
land, forest, ruderal, shrubland, urban, and wetland habitat types. This
information was based on the standardisation of habitat-type associations
from existing literature and inferences based on a combination of occurrence
data and the Habitat Map of Switzerland™*'. While 1173 species were habitat
specialists in this broad classification, most species associations included
multiple habitat types (median = 4, n = 7692, Fig. 2d). At the national scale, an
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aggregation at this coarse level of habitat type pools together species that may
never overlap, such as species in lowland intensive low pH meadows and high
alpine high pH meadows. However, we aimed to minimise this occurrence
through the spatial segregation of the metaweb into both the BGRs and
elevation groupings, such that highly unlikely co-occurrences are minimised.
To obtain species abundances, we used total observation counts for the
species in Switzerland, provided by InfoSpecies™. As this data was una-
vailable for 45 (0.5%) species, the abundance-related simulations (see sec-
tion: Simulations of species extinction scenarios) were performed using a
second set of twelve regional food webs that excluded these species and their
interactions, along with other species only associated with them.

Comparison of differences in network structure with changes in
relative habitat cover

We calculated the proportional cover of each broad habitat type within the
twelve regions (six BGRs and two elevation groupings). We intersected a
rasterised version of the Habitat Map of Switzerland®' at a 1-m resolution
with a 25-m digital elevation model”” and the BGR polygonal map”. We
summed the pixel count of each habitat type per region and calculated the
relative habitat cover from these pixel counts. We calculated the relative
habitat cover for agricultural, aquatic, grassland, forest and wetland habitat
types and the other less productive habitat types (shrubland, ruderal, barren
and urban). Spatial analyses were conducted using the rasterio” and
geopandas™ libraries in Python. We conducted a principal component
analysis (PCA)—using the prcomp function in R—to determine whether
relative habitat compositional differences between the BGRs and elevations
can be evidenced between the twelve regions. Then, we used a multiple
linear regression with the elevational grouping, the first (PC1) and second
(PC2) principal components as predictor variables and connectance as the
fixed response variable. We used the Im function in R to fit models. We
calculated connectance using the edge_density() from the igraph® package.

Simulations of species extinction scenarios

For each of the regional multi-habitat food webs, we ran simulations of
species extinction scenarios and monitored metrics related to robustness
along the simulations. At each time step of the simulation, one species was
removed (a primary extinction). Subsequently, any species for which the
primary extinction led to a lack of other dietary sources were also removed
(secondary extinctions; Fig. 3). Additionally, plant species that became fully
isolated from the network (as no consumer remained) were removed, as
they no longer played a functional role in maintaining the network’s
structure. The sequence continued until only a few highly connected non-
species-level nodes remained. These nodes, which form essential functional
feeding guilds, were excluded from removal due to their low likelihood of
complete extinction. Specifically, each of these guilds was treated as a single
node, and not removed: Acari, algae, Annelida, bones, blood, carrion, col-
lembola, Copepoda, detritus, fungi, faeces, honeydew, Isopoda, keratin,
lichen, macrozoobenthos, microbes, mosses, Nematoda, plankton, parti-
culate organic matter, Psocoptera, invertebrates, vertebrates, animals, and
plants. The latter four nodes were connected to hypergeneralist species for
which no species-level resources were available.

We simulated five scenarios in which we increased the initial removal
probability of species associated with one of five habitat types (agroecosys-
tems, aquatic ecosystems, forests, grasslands and wetlands) such that species
associated with the chosen habitat type to any degree were more likely to be
first removed. For each species, we computed the proportion of the habitat
type to the total number of associated habitats in which the species may
occur to determine the degree to which the species was a habitat specialist.
Then, we built probability subgroups based on all the unique combinations
of habitats that all species could be associated with, as follows. For example,
in a simulation targeting grassland-associated species, the subgroup of spe-
cies associated with grasslands alone would have the highest extinction
probability. In contrast, the subgroup of species associated with grasslands
and one other habitat type would have half the likelihood of the first. Species
associated with grasslands and two other habitat types would have a third of

the likelihood of the first, and so on. Additionally, we set the probability of
the subgroup of species not associated with the targeted habitat type to an
estimated background extinction rate of 0.1 extinctions per million species
per year”, multiplied by the number of species per region, to determine a
background minimum probability of extinctions per year. Then, the other
probabilities for each subgroup were back-calculated from this value, such
that they formed a valid probability distribution. At each time step of the
simulation, a subgroup was first chosen according to these probabilities, and
a species chosen randomly from within the subgroup was removed (Further
details: Supplementary Methods Note 1). We calculated all probabilities
using the NumPy package® in Python using rng.choice.

In parallel, we simulated two scenarios in which we increased the initial
removal probability of rare species or, alternatively, common species. The
removal probability for the rare species extinction scenario was set as pro-
portional to the inverse of its abundance in Switzerland. Conversely, in the
scenario where common species were more likely to be removed first, we set
the species” removal probability as proportional to the species’ normalised
abundance count. We also simulated scenarios in which species were
removed randomly (i.e., all species are assigned the same removal prob-
ability) as a control. We ran 1000 simulations per region and scenario for a
total of 108,000 simulations.

To monitor network robustness over the removal time step, we mea-
sured metrics related to total network fragmentation, specifically the size of
the largest WCC (Weakly Connected Component: the most species-rich
sub-network of the ensemble of isolated connected sub-networks con-
stituting the food web), and the cumulative number of secondary extinc-
tions. Due to computer calculation limitations, we measured network
fragmentation metrics at every tenth primary extinction step, corresponding
to the removal of 10 species at a time. This equates to a step size of
approximately 0.20% species loss in the largest food web (4978 species, the
lowland central plateau food web, Fig. 2¢) and up to 0.99% in the smallest
(1012 species, the montane central plateau food web, Fig. 2c). For every
primary extinction step, we calculated the size of the largest WCC, and the
species richness. We used the weakly_connected_components and num-
ber_of _nodes functions from the NetworkX package® in Python to extract
the size of the largest WCC and the total species richness. To calculate the
cumulative number of secondary extinctions at each primary extinction
step, we subtracted the observed species richness at each step from the
expected species richness (i.e. assuming no secondary extinctions).

For each region and scenario, we calculated the median, interquartile
ranges and the 95th percentile confidence intervals of the metrics based on
the 1000 simulations. For each curve, we additionally calculated the
robustness coefficient™. In an ideally robust network, the size of the largest
WCC should decrease linearly under sustained primary extinctions™
(Fig. 3). However, the more vulnerable a network, the faster the size will
decrease’. The robustness coefficient is defined as the ratio of the area under
the curve of the size of the largest WCC between observed and ideal
extinction sequences’. It has been proposed that the robustness coefficient
could define the topological robustness of any type of network under sus-
tained attacks’. We subsequently calculated robustness coefficients for all
simulations and compared them to the ideal values. We performed non-
parametric Kruskal-Wallis and post-hoc Dunn tests to determine sig-
nificant differences in robustness coefficients between the targeted scenarios
and the null model and calculated pairwise Cliff's delta effect sizes to
measure the magnitude of the differences.

Software

All simulations were conducted in Python 3.11.4%; food webs were
manipulated using the NetworkX package®. All statistical analyses were
conducted in R 4.3.2% and RStudio 2023.12.1 + 402% using the igraph®,
dunn.test”® and effsize’’ packages.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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nodes). The nodes with a black outline represent the nodes that form the largest WCC.
d the function for the robustness coefficient is present, and on the bottom right, the graph
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Results

Comparison of differences in network structure with changes in
relative habitat cover

We performed a PCA to explore the relationships among the different
proportions of habitat types within the twelve regions. The first two prin-
cipal components (PCs) explained 68.55% of the total variance (Fig. 4a). The
first PC (PC1: 50.79% explained variance) primarily differentiated larger
proportions of anthropogenic or disturbed (urban, ruderal, agroecosystem)

or aquatic habitat, which showed strong positive loadings, from larger
proportions of grasslands and shrublands, which had stronger negative
loadings. The second PC (PC2: 17.76% explained variance) differentiated a
strong positive loading for barren cover against strong negative loadings for
wetlands and forests. The montane regions showed a trend towards more
negative values for PCI, while the lowland regions showed a trend towards
more positive values for PC1. The more negative loadings for PC2 were
driven by the “montane” regions in biogeographic regions with relatively
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low elevation (central plateau, jura mountains). In general, all regions
contained larger proportions of forest and grassland habitats in comparison
to other habitats (Fig. 4b).

We fitted linear models to examine the effect of differences in habitat
proportions on connectance in the regional multi-habitat food webs (Sup-
plementary Table 1). The fixed effects included the categorical variable
concerning the elevation grouping (montane vs lowland), PC1, and PC2.
Connectance showed a significant negative relationship with PC2
(B=-0.001, p=0.002, n=12), indicating that connectance tends to
decrease along the PC2 gradient, towards regions with higher cover of
barren regions (Fig. 4a). Connectance showed a slight trend towards
increasing along the PCI1 gradient (8=0.001, p =0.077, n=12). The ele-
vational grouping also had a significant negative effect (8=—0.012,
P <0.001, n =12);lowland food webs demonstrated lower connectance than
montane food webs. The model explained 93.8% of the variance in con-
nectance (Adjusted R> = 0.815, F (3,8) =56.42, p < 0.001, n = 12).

Simulations of species extinction scenarios by habitat type

As the BGRs showed similar overall results for all simulations, we only
present the results of the region with the most even distribution of
montane and lowland regions, the Northern Alps (Fig. 5; for the other
regions, see Supplementary Figs. 3-12). Moreover, we focus on the early
part of the simulation, before all species in the relevant habitat have been
removed. After this, the species were removed fully randomly. All sce-
narios targeting species in specific habitat types first experienced steeper
increases in cumulative secondary extinctions in comparison to the
random model (Fig. 5a-e). In the montane regions, all non-random
simulations experienced an earlier network collapse than the random
scenario (after 1627 +15 primary extinctions, n=1000), but the sce-
narios targeting wetlands experienced the fastest network collapse after
1531 + 5 primary extinctions (n = 1000, Fig. 5a). Concurrently, the sce-
narios targeting montane wetlands experienced the steepest increases in
cumulative secondary extinctions (Fig. 5a). In the lowlands, the fastest
increase in cumulative secondary extinctions were observed in the sce-
narios in which lowland agroecosystem species were first removed, and
earliest network collapse (3791 35, n=1000) in comparison to the
random scenarios (3862 + 38, n = 1000, Fig. 5e).

In both montane and lowland multi-habitat food webs, all five sce-
narios targeting the different habitat types demonstrated significantly lower
robustness coefficients compared to the random scenario, with strong
negative effect sizes (Fig. 5a—e). In the montane regions, simulations tar-
geting wetlands demonstrated the strongest negative effect sizes (Dunn test:
P <0.001, Cliff’s delta: r = —1.000, n = 2000, Fig. 5a). In the lowland regions,
simulations targeting agroecosystems demonstrated the strongest negative
effect sizes (Dunn test: p < 0.001, Cliff’s delta: r = —1.000, # = 2000, Fig. 5e).

Montane robustness coefficients were significantly lower than in the
lowlands, with strong effect sizes for the scenarios targeting grassland (Dunn
test: p<0.001, Cliff's delta =-0.989, n =2000), wetland (p < 0.001, Cliff’s
delta = 1.000, n = 2000), aquatic (p < 0.001, Cliff’s delta = -0.831, n = 2000),
and forest (p < 0.001, Cliff’s delta = -0.997, n = 2000) species. In the random
scenario, robustness coefficients did not differ significantly between mon-
tane and lowland regions (p = 0.031, Cliff’s delta = —0.048, negligible effect,
n=2000). Conversely, robustness coefficients for scenarios targeting the
removal of agroecosystem-associated species were significantly higher in the
montanes than in the lowlands, with a strong effect size (p <0.001, Cliff’s
delta = 0.615, n = 2000).

Simulations of species extinction scenarios by abundance
Compared to the random extinction scenario, removing rare species first
resulted in a slower increase in cumulative secondary extinctions in both the
montane and the lowland regions (Fig. 6). Moreover, the removal of rare
species first resulted in later network collapse than the random scenario in
both the montane (after 1577 + 4, n = 1000) and 1538 + 15 (n = 1000) mean
primary extinctions, respectively) and the lowland regions (after 3867 + 12,
n=1000 and 771 + 35, n = 1000, mean primary extinctions, respectively).
Contrastingly, the loss of common species resulted in a steeper increase in
cumulative secondary extinctions (Fig. 6) and earlier network collapse (after
1429 + 5,n = 1000) primary extinctions in the montanes and after a mean of
3678 + 32 (n =1000) primary extinctions in the lowlands).

Simulations removing rare species first showed significantly higher
robustness coefficients with strong effect sizes than the random scenario,
both in the montane (p <0.001, Cliff's delta=-1, n=2000, Fig. 6) and
lowland (p < 0.001, Cliff’s delta = -1, n = 2000, Fig. 6) regions. For simula-
tions removing rare species first, robustness coefficients were significantly
higher in the montane regions in comparison to the lowlands, with a
moderate effect size (p < 0.001, Cliff’s delta = 0.437, n = 2000). Conversely,
for simulations removing common species first, robustness coefficients were
significantly lower in the lowland regions in comparison to the montanes,
with a strong effect size (p <0.001, Cliff's delta = —1.000, n =2000). The
robustness coefficients for the random scenario showed no significant dif-
ference between the montane and lowland regions (p = 0.245, Cliff’s delta =
0.018, n=2000).

Discussion

By simulating the extinction of species in regional food webs according to
different ecological extinction scenarios, we aimed to better understand how
habitat degradation and resulting species loss affect biodiversity through
cascading effects in food webs across space. We demonstrate that the con-
nectance of regional multi-habitat food webs is driven by different relative
proportional covers of habitat types at montane and lowland elevations.
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(below) in the Northern Alps biogeographic region. The grey boxes represent the part of
the simulation in which species within the targeted habitat type have all been removed.
From this point onwards, the simulation is fully random until all species have been
removed from the food web. The right panels of the subfigures represent violin boxplots
of the robustness coefficient for each extinction scenario and the adjusted p-values for the
pairwise Dunn tests and Cliff’s delta effect sizes. The violin plots visualise the distributions
of the data points, each representing the outcome of one simulation.
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Across multiple extinction scenarios, measures of robustness were generally
lower in the montane regions than in the lowlands. We also show that—
across biogeographic regions and elevation classes—regional multi-habitat
food webs are less robust to the scenarios in which species in aquatic,
agroecosystem, forest, grassland and wetland habitat types were more likely
to become extinct than when species were removed randomly. This implies
that in regional food webs encompassing multiple habitats, the effects of
removing species associated with certain habitat types can cascade across the
whole region through species’ dependencies to multiple habitat types. We
also demonstrate that the loss of rarer species is less detrimental to network
robustness than the loss of common species. Thus, while rare species can be
functionally unique®, common species contributed significantly more to
maintaining the robustness of food webs against sustained extinctions. As
global change drives non-random species losses across local and regional
scales, biodiversity conservation must consider these complex responses
driven by between-habitat associations and species abundances.
Differences in proportions of different habitat types can influence the
structure of regional food webs. Almost all regions contained relatively
higher proportions of grassland and forest cover in comparison to other
habitat types (except the montane Eastern Central Alps, Fig. 3b), and we also
found more species associated with forest and grassland habitat types
(Fig. 3¢). This is understandable, as certain types of grasslands (e.g., semi-
natural grasslands’®) are known hotspots of diversity in central Europe”.
Moreover, although the majority of forests in Switzerland have long been
heavily managed, they serve as habitat for 60% of recorded animals, plants
and fungi™. Indeed, even managed forests serve as habitat for many species,
underlining their overall importance for biodiversity””. Connectance was
significantly higher in montane than in lowland regions. Additionally,
connectance decreased along the second principal component, which cap-
tured increasing proportions of less productive (barren) or intensively used

(agricultural and urban) habitat types. This suggests that both elevation and
land use influence food web structure. The relationship between con-
nectance and elevation remains unresolved across empirical studies, with
reported patterns varying in direction and significance’’, though con-
nectance generally decreases with increasing species richness™’*”. Addi-
tionally, regions with high human footprint (often strongly negatively
correlated with regions with high elevation), demonstrate lower
connectance’, likely reflecting differences in species richness, interaction
structure, and local environmental filtering®.

Wetlands, grasslands, forests, and even some agroecosystems may
often serve as corridors and play important roles in maintaining landscape-
level biodiversity and spatial connectivity, which may drive their critical role
in maintaining network robustness”. Robustness coefficients of scenarios
targeting wetland species were significantly lower than the others in the
montane regions, while in the lowlands, this was the case for scenarios
targeting agroecosystem species. Lower robustness coefficients are evidence
of the fragmentation of the network into larger isolated fragments, rather
than the ability to maintain a giant component’'. This may point towards a
higher probability that species associated with montane wetlands are
responsible for maintaining the function of the multi-habitat food web.
Small, isolated habitat fragments may disproportionately contribute to
regional network robustness by functioning as sources of unique species and
interactions®’. The removal of all wetland-associated species from the
metaweb (Supplementary Fig. 15) results in a notable reduction in the
species richness of EPT (Ephemeroptera, Plecoptera and Trichoptera) and
vertebrates. These groups are particularly well-known cross-habitat con-
nectors: EPT taxa are aquatic insects with terrestrial adult stages, and ver-
tebrates frequently have large spatial ranges and generalist diets, linking
otherwise disparate parts of a region*"*>. Most wetlands in Switzerland have
long been highly fragmented'”, yet even small alpine wetlands in a region can
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support diverse plant communities and lead to an increase in both local and
regional species richness”. Such wetlands in landscapes can play an
important role as vegetation refugia for wetland specialists as well as many
other upland species”. Although wetland species accounted for 31% of all
taxa, their removal led to the loss of 69% of all recorded interactions,
indicating that they are involved in a disproportionately high number of
trophic links (Supplementary Fig. 15). Therefore, conservation actions
prioritising such fragments of wetland habitat may enhance regional net-
work robustness. Our simulations are conducted at a coarser grain size, thus
masking some of the fine-scale processes occurring in these smaller habitats.
Nevertheless, they provide preliminary insights into broader patterns of
biodiversity. In the lowlands, primary extinctions of agroecosystem-
associated species led to a faster rate of secondary extinctions. Disturbed
landscapes, such as lowland agroecosystems, generally contain fewer plant
species and more generalist animals™; both are characteristics of species
whose loss would be more likely to trigger secondary extinctions. Thus, the
critical impact is likely not due to the loss of agroecosystem specialists, but
rather the loss of generalist species, whose disappearance reverberates across
the entire regional multi-habitat food web. Robustness coefficients of sce-
narios targeting aquatic species were significantly higher than the others,
providing evidence that the food web retains a larger giant component as
primary extinctions continue. Aquatic food webs have been demonstrated
to be more highly connected than terrestrial ecosystems”**** and exhibit
higher link density, pointing towards more generalised feeding behaviours™,
which may result in greater robustness to primary species extinctions.
Additionally, while aquatic-terrestrial flows of species and energy are
documented”, they are likely to be less influential than flows between dif-
ferent terrestrial habitat types. For example, spillover of species to and from
agroecosystems to other habitat types has been documented and demon-
strated to be both beneficial to the pollination of crops and detrimental to the
pollination of wild plants®. Alternatively, as aquatic and terrestrial food
webs have historically been studied separately”, these results may be an
artefact due to a lack in existing data on aquatic-terrestrial flows. None-
theless, we argue that not only do habitat associations play an important role
in the robustness of regional food webs to species extinctions, the variation
in habitat-type associations as well as the types of potential spillovers
between habitat types may drive the decrease in robustness.

Rare species—while remaining functionally crucial®” within habitats
—may serve a less prominent role in maintaining regional multi-habitat
food web robustness due to their low population size, restricted geographic
ranges and specific habitat requirements. This is evidenced by our findings
that the preferential loss of rare species results in fewer secondary extinctions
and higher robustness coefficients than the scenario targeting common
species and the random scenario. Common species remain crucial for many
ecosystem processes and functions due to their high abundance and
potential to be habitat generalists with large geographic ranges™". Thus, the
loss of common species may result in the faster loss of links between habitats
and increased network fragmentation. We demonstrate that the regional
food webs are least robust against initial primary extinctions of common
species. A moderate positive correlation exists between a species’ relative
abundance and the number of recorded interactions in which it partakes
(see Supplementary Fig. 13). We additionally assessed how common and
rare species contribute to food web structure by examining their influence
on nestedness (Supplementary Methods Note 2). Removing the most
common species led to a consistent reduction in nestedness across regional
food webs, suggesting that these species form a structural core around which
rarer species’ interactions are organised (see Supplementary Fig. 14). In the
literature, abundant generalist pollinators have been shown to maintain
network robustness in agricultural pollination networks under pressure’’,
and generalist plant species were responsible for the maintenance of net-
work robustness under random extinction scenarios’. Therefore, as our
results also confirm, natural food webs may be robust against the loss of rare,
often more specialised (see Supplementary Fig. 13) species. However, such
realistic extinction sequences may generate food webs where many species
are dependent on a few core generalist species”™”. Biotic homogenisation

also results in lower P-diversity among local communities through
decreased spatial asynchrony and consequent destabilisation of ecosystem
functioning”. In homogenised food webs, the loss of these common species
would pose a significant threat to food web robustness, as there is a lack of
functional redundancy, and all remaining species in the food web must play
crucial roles in maintaining its structure and function. While conservation
efforts often focus on rare species, anthropogenic stressors have negatively
impacted the populations of common species for centuries®. The loss of
common species can disrupt community dynamics and lead to negative
impacts on ecosystem functions and processes™. Thus, not only rare but also
common species with declining populations require conservation inter-
vention and reduction of exposure to anthropogenic stressors. Further
studies considering spatially explicit local communities, population declines
and the turnover of interactions may shed light on the stability of homo-
genised networks in space in the face of continuous species loss.

The simulations were built on an empirically based trophic metaweb
and a broad habitat-association data set. Biases in the existing data have been
carried into this analysis, such as the bias towards higher availability of
empirical data for plant-pollinator, bird-plant, and plant-parasite interac-
tions, as well as biases between different types of interactions (e.g., insect
predation vs pollination)*. However, the usage of the metaweb approach
aims to standardise—if not minimise—these biases, as the biases are equally
spread across the inferred regional food webs, making them comparable. A
simple geographic model had been utilised to further infer trophic inter-
actions for generalists based on low-resolution interaction data to partly fill
these gaps™. For specific taxa, further modelling based on functional or
phylogenetic matching for suitable taxa may improve data coverage in the
future” .

A metaweb contains all possible interactions, including those that may
not occur as the species may not have co-occurred and have the opportunity
to interact despite matching in other traits’’. While some of these impossible
links have been removed by the inferences of the regional food webs, these
regional food webs still represent geographically large regions. Many species
within our twelve regional food webs are still unlikely to interact at the local
scale, overestimating the connectivity of the networks and the diet breadth
of the species. This is particularly true for some inferred interactions in the
trophiCH metaweb, which are based on expert knowledge based on habitat
associations (e.g., bird-plant interactions)™. Therefore, the results presented
here may be an underestimation of the real vulnerability of these regions to
sequential extinctions or, alternatively, an overestimation of vulnerability
due to the overrepresentation of links that are not locally plausible, leading
to increased connectivity.

In contrast to the simulations conducted in this study, trophic inter-
actions within food webs are not static. Firstly, novel interactions may arise
as new species co-occur due to climate-induced species range shifts'* "> and
introductions'**'"". Particularly, when generalist non-native species are
introduced into a system, they have a tendency to enhance network
redundancy and occupy central nodes'”. While such species are less likely to
engage in novel interactions with specialists, ecosystem functions provided
by the interactions may be retained, even though taxonomic diversity and
functionally unique interactions are lost™'®. In Switzerland, 1305 species
have been classified as non-native, of which 737 species were included in this
study (9.43% of the included taxa). Of these, 128 species have been classified
as invasive or potentially invasive'”. A spatially explicit study with more
localised food webs would be necessary to adequately address the impact of
novel interactions on food webs in space, as the degree to which non-native
species act as disruptors and contributors to ecosystem functionality
depends on the spatial resolution and dispersal capacity of the species'”.
Future studies may benefit from inferring future food webs through co-
occurrence based future species distribution models'”' and the explicit
addition of non-native species as a proxy for novel interactions™. Secondly,
declines in prey populations may drive species to switch to other potential
resources, especially for consumers with generalised feeding behaviours'”.
The trophiCH database inferred many interactions for generalists based on
a taxonomic approach™ and thus considers many potential and locally

Communications Biology | (2025)8:988

10


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08396-y

Article

unrealised interactions®”. It has been established that emerging interac-
tions are often limited to within well-defined taxonomic levels, mostly at the
genus level’. Thus, our approach implicitly allows for the potential rewiring
to resources that the species is known to feed on in other locations.
Nevertheless, the potential is limited by our existing knowledge of interac-
tions, and the approach does not account for species switching their diets
towards resource taxa with functional—rather than taxonomic—simila-
rities. Over longer time scales, many species may adapt to new modes of
feeding completely, rather than immediately becoming extinct'®'".
Accounting for adaptation in food webs is challenging due to the complexity
and variability of adaptive processes, which can occur through shifts in
species’ behaviour, physiology, or evolution over different time scales'”.
Adaptation depends on local factors such as competition, resource avail-
ability, and habitat conditions, and often lags behind rapid environmental
changes like habitat loss or climate shifts''"'*. Future studies could consider
incorporating higher temporal resolution, species-specific rates of adapta-
tion, and local ecological dynamics. However, they may be hindered by data
gaps at large spatial scales for regional food webs, which often contain
thousands of species. Alternatively, model food webs based on theories such
as allometric optimal foraging theory could be employed to explore
potential adaptive responses'".

This present study focused on food web topology but does not account
for interaction strengths or shifts in species abundances, which are critical
for understanding food web dynamics. Species do not disappear from an
ecosystem immediately due to disturbance, instead, they experience
reductions in population size. While our static approach emphasises
bottom-up effects of food web dependencies as species are fully lost, top-
down effects are also well-established'", where predator populations reg-
ulate entire ecosystems by controlling the prey populations. Spatial fluc-
tuations in initial predator populations may also drive different responses to
disturbances' . Incorporating these factors at large spatial scales are often
infeasible; however, future studies could benefit from integrating interaction
strengths and species abundance data, or modelling, to provide a more
comprehensive view of food web dynamics across large regions. Moreover,
recent work has demonstrated that while regional context is important for
assessing the impact of secondary extinctions of regional networks, results of
simulations can differ significantly when species are removed from the
whole region or from some local sites within the region'". Further work,
including networks resolved at a finer resolution based on information on
real-world communities, which also account for regional context, may
further increase our understanding of future outcomes of species loss.

We demonstrate clear differences between elevational groups in the
response of regional multi-habitat food webs to primary extinctions.
However, elevation is correlated with land-use intensity; montane ecosys-
tems are generally less intensively influenced by humans than lowland
ecosystems'"”. Thus, it is challenging to disentangle whether the observed
effects between elevational groups are primarily driven by inherent abiotic
factors associated with elevation or by differences in land-use intensity.

This study employs a country-based approach, which is relevant for
biodiversity conservation conducted at policy-relevant spatial scales'*'*.
Socio-political boundaries influence biodiversity and efforts to conserve it
due to divided governance and management'”, yet ecological processes
often extend beyond these borders. For example, the ability of a species to
move between suitable habitats is not limited by open political boundaries.
However, this present study accounts for habitat loss implicitly, through the
use of species’ habitat associations and trophic dependencies across habitat
types. Spatially explicit explorations of habitat loss, fragmentation and
degradation on food web structure would require a consideration of species’
habitat connectivity and resource availability across national borders.
Moreover, species may exhibit biotic niche truncation, as species without
feeding resources within a biogeographic region in Switzerland may be able
to find suitable sources by moving outside the national borders'”’. We used
an empirical metaweb based on documented interactions in and around
Switzerland, thus, many interactions for species along the border are already
accounted for, even if those interactions have not been documented directly

in Switzerland. In addition, our regional food webs represent potential
constructs that consider biogeographic regions with large spatial extents.
This likely overestimation of the potential interactions occurring at any one
location within these regions functions as a way to counteract the potential
underestimation of feeding resources due to niche truncation along political
boundaries. Future studies should aim to address these border effects
explicitly by integrating cross-border data as far as available, to provide a
more comprehensive understanding of the effects of habitat fragmentation
and species connectivity on food web structure.

Drivers of global change place unequal pressures upon various habitat
types across different regions in increasingly fragmented landscapes. Our
results underscore the cascading effects of species loss across regional net-
works containing a legion of species moving through multiple habitat types,
emphasising the need for urgent, integrated conservation strategies. The
national scale of this study offers a unique opportunity to inform con-
servation approaches that align efforts across regions, ensuring policies are
consistent and coordinated to address habitat connectivity and species
interdependencies across diverse ecosystems. Both habitat-specific inter-
ventions and broader landscape considerations are necessary to effectively
confront the sustained and escalating threats that biodiversity faces today.

Data availability

Raw occurrence data from the Swiss Species Information Centre InfoSpecies
(www.infospecies.ch) is available upon request to the organisation. Data
produced from this study are available through the Envidat repository'**. All
other data sets used in this study are publicly available and have been cited
within the methods.

Code availability

All code and data needed to run the simulations and statistical analyses are
available here on Envidat'*’. The most up-to-date code reproducing the
simulations is available here: https://github.com/mrejichacko/casCHades.
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