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Assessing multiple drivers of stability in butterflies' abundance across Europe
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RESUMO
As pressdes antropicas sobre os ambientes naturais tém causado perda da biodiversidade com

consequéncias importantes para a provisdo e estabilidade de servigos ecossistémicos. No
entanto, a grande maioria dos estudos sobre biodiversidade e estabilidade tem se concentrado
em escalas espaciais finas e ainda ndo sabemos bem como os diferentes aspectos da diversidade
influenciam a estabilidade do ecossistema através de escalas. Aqui, utilizamos um banco de
dados de escala continental de abundancias de borboletas (231 espécies e 349
metacomunidades) e Modelagem por Equagdes Estruturais (MEE) para avaliar o papel da
distancia geografica, diversidade a e P na estabilizacdo de propriedades agregadas do
ecossistema (por exemplo, abundancia de espécies) em multiplas escalas espaciais ao longo da
Europa. Multiplas variaveis sdo importantes na rede de processos que determinam a
estabilidade do ecossistema em diferentes escalas espaciais. A estabilidade da comunidade
(local) aumentou com a estabilidade de espécies e a assincronia de espécies, enquanto que a
estabilidade local e a assincronia espacial aumentaram a estabilidade na escala de
metacomunidade (regional). A estabilidade local e a assincronia metapopulacional foram os
principais fatores de estabilidade regional e assincronia espacial, respectivamente. A
biodiversidade (diversidade o e ) aumentou a estabilidade ao aumentar a assincronia entre
espécies, metapopulacdes e comunidades. A distancia geografica entre as comunidades também
foi importante como um fator indireto de estabilidade regional através de seu efeito positivo na
diversidade B e assincronia metapopulacional. A estabilidade regional das propriedades do
ecossistema vem de varios caminhos, com implicacGes diretas para conservacao e gestdo. Além
disso, nossos resultados indicam que a perda continua de biodiversidade e a homogeneizacao
bidtica podem desestabilizar os processos ecossistémicos atraves do aumento da sincronia entre

espécies e comunidades locais.

PALAVRAS-CHAVE
diversidade beta, homogeneizagéo biotica, conservacéo, estabilidade do ecossistema, distancia

geografica, seguro local, insetos, assincronia espacial, seguro espacial, assincronia de espécies



ABSTRACT
Aim: Anthropogenic pressures on natural environments have been causing a loss of

biodiversity with important consequences for the provision and stability of ecosystem services.
However, the vast majority of studies on biodiversity and stability have focused on fine spatial
scales and we still do not know well how different aspects of diversity influence ecosystem
stability across scales. Here, we investigate the role of geographic distance, o and B-diversity
in stabilizing aggregate ecosystem properties (e.g., species abundance) across spatial scales.
Location: Europe.

Time period: 2005-2016.

Major taxa studied: Butterflies.

Methods: We coupled a continental scale database of butterflies” abundances (231 species and
349 metacommunities) and Structural Equation Modeling (SEM) to evaluate the direct and
indirect effects of multiple variables in stabilizing ecosystem properties across spatial scales.
Results: Multiple variables are important in the network of processes that determine ecosystem
stability across spatial scales. Community (local) stability increased with species stability and
species asynchrony, while local stability and spatial asynchrony increased stability at the
metacommunity (regional) scale. Local stability and metapopulation asynchrony were the main
drivers of regional stability and spatial asynchrony, respectively. Biodiversity (o and B-
diversity) increased stability by increasing asynchrony among species, metapopulations and
communities. The geographic distance among communities was also important as an indirect
driver of regional stability through its positive effect on B-diversity and metapopulation
asynchrony.

Main conclusions: Regional stability of ecosystem properties come from multiple pathways,
with direct implications for conservation and management. In addition, our results indicate that
ongoing biodiversity loss and biotic homogenization can destabilize ecosystem processes by

increasing the synchrony among species and local communities.

KEYWORDS
beta diversity, biotic homogenization, conservation, ecosystem stability, geographic distance,

local insurance, insects, spatial asynchrony, spatial insurance, species asynchrony



1. INTRODUCTION

There is growing evidence that maintaining biodiversity benefits ecosystem functioning by
increasing its temporal stability (Bai et al., 2004; Tilman et al., 2006, 2014; Ptacnik et al., 2008;
Isbell et al., 2009, 2015; Hector et al., 2010; Gross et al., 2014; Hallett et al., 2014; Craven et
al., 2018). There are many overlapping mechanisms through which diversity can increase
stability (Downing et al., 2014; Fu et al., 2019), but the most commonly found is the
compensatory dynamics (increased asynchrony)(Craven et al., 2018). Compensatory dynamics
occurs when the temporal variation of species abundances or biomasses are negatively
correlated (i.e., low species synchrony); that is, declines in some species can be compensated
by increases in others and its net effect generates stability (Bai et al., 2004; Hector et al., 2010).
Higher diversity is expected to increase the probability of asynchronous fluctuations among
species (Loreau & De Mazancourt, 2008). However, the studies mentioned above come
primarily from relative small-scale experiments (mainly in grasslands), although conservation
strategies are normally thought regionally (rather than at the scale of a local community).
Therefore, from an applied point of view, scaling up from population and community processes
to ecosystem level stability is a key step in predicting the consequences of environmental
changes at scales relevant to conservation and management (cf. regional or landscape
scales)(Snelgrove et al., 2014; Isbell et al., 2017; Gonzalez et al., 2020).

With the development of a recent theoretical framework, the processes that determine
the temporal stability of ecosystem aggregate properties (e.g., species abundance) at multiple
spatial scales can be quantified (Wang & Loreau, 2014, 2016). Following Wang and Loreau
(2014, 2016), here we define stability at any given scale as the invariability of species
abundances through time. From the local community perspective, local stability can result from
two main processes. First, a higher average temporal stability of species (species stability) can
stabilize local communities due to low temporal variation (Figure 1D). Second, asynchronous
temporal responses among species (species asynchrony) can increase local stability through
compensatory dynamics (Figure 1C). Likewise, higher stability at the metacommunity scale
(regional stability) can result from higher temporal stability within communities (local stability,
Figure 1C-D) and/or also from the degree to which local communities vary asynchronously in
respect to each other (spatial asynchrony, Figure 1B). Spatial asynchrony can arise through
species turnover, which reflects differences in species composition among a set of communities

(i.e., spatial B-diversity). As the local communities have more dissimilar species composition,



they are expected to exhibit more asynchronous responses to common environmental variation

than those with higher similarity (Wang & Loreau, 2016).
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FIGURE 1 Conceptual figure illustrating how stability and asynchrony at multiple spatial scales combine to
determine the regional stability of an ecosystem aggregate property (e.g., species abundance). A) Highly
synchronous dynamics of species within and between communities results in low stability at the regional scale. B)
Despite reduced local stability resulting from synchronized species fluctuations, local communities vary
asynchronously due to the high asynchrony of the same species in different local communities, which results in a
high regional stability. C) High species asynchrony within communities and low species-level asynchrony between
communities. This results in high regional stability due to stable (and synchronous) communities. D) High regional

stability as a result of stable (and synchronous) species and communities. Adapted from Wilcox et al. (2017).
Another source of spatial asynchrony, although not accounted for in this first
framework, is the contribution of the metapopulation asynchrony (i.e., same species in different
local communities, Figure 1B), which can also stabilize ecosystem functioning (Wilcox et al.,
2017). Metapopulation asynchrony can arise due to multiple factors, such as variations in

environmental characteristics across local communities (Doak & Morris, 2010; Thorson et al.,



2014), genotypic or phenotypic differences (Schindler et al., 2010; Moore et al., 2014; Brans
et al., 2017), species interactions and demographic stochasticity (de Mazancourt et al., 2013).
Thus, it is also important to integrate the latter as a potential component of spatial asynchrony,
along with other variables that can influence the local stability or spatial asynchrony and its

components in a single causal model (Figure 2, Table 1).
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FIGURE 2 Conceptual model showing the hypothesized network of processes that can influence biodiversity,

stability and asynchrony at multiple spatial scales, which ultimately determine regional stability. Red and blue
boxes represent variables from within and among local communities, respectively. Green arrows indicate positive
effects and the black arrow can have either a positive or negative effect. Each path is numbered and described in
Table 1.



TABLE 1 Pathways, hypotheses and implications for management and conservation

Path

Hypothesis and mechanism

Implications

References

(1) a-diversity - species
stability

(2) a-diversity - species
asynchrony

(3) B-diversity = spatial
asynchrony

(4) B-diversity >
metapopulation asynchrony

(5) Geographic distance -
B-diversity

(6) Geographic distance >
metapopulation asynchrony

(7) Geographic distance >
spatial asynchrony

(8) Metapopulation
asynchrony - spatial
asynchrony

(9) Species asynchrony -
local stability
(10) Species stability = local

stability

(11) Local stability -
regional stability

(12) Spatial asynchrony -
regional stability

Higher a-diversity can either increase or decrease
the temporal variation of individual species
abundances within a community

Higher a-diversity generates greater differences in
niches preferences and increases the probability
of asynchronous fluctuations among species

Higher dissimilarity in species composition among
local communities increases the probability of
asynchronous fluctuations among them

Higher dissimilarity in species composition among
local communities provides a greater likelihood of
distinct inter-specific interactions of the same
species populations across space

Higher geographic distance among local
communities can generate B-diversity through
spatially structured environmental variation,
demographic stochasticity and low dispersal rates

Higher geographic distance can generate more
spatially structured environmental variation and
increase the likelihood of asynchronous
fluctuations among same species across local
communities

Higher geographic distance can generate more
spatially structured environmental variation and
increase the likelihood of asynchronous
fluctuations among local communities

Higher asynchrony of the same species in distinct
local communities can contribute to spatial
asynchrony

Higher asynchrony among species within a
community increases the temporal of stability of
the community because declines in some species
can be compensated by increases in others
Higher temporal stability of species abundances
within communities increases (cascades to) local
stability due to the low temporal variation in
individual species abundances

Higher temporal stability of local communities
cascades to the metacommunity scale

This mechanism is the scaled-up version of path
(9), with communities instead of species. Higher
asynchrony among local communities stabilizes
ecosystem functioning because declines in some
communities can be compensated by increases in
others. Despite low stability in some local
communities, the ecosystem function/property at
the metacommunity scale is maintained

Maintain/increase local
biodiversity through
conservation and restoration
of habitats

Prevent or reduce
environmental and biotic
homogenization

See recommendation for
hypothesis (3)

Conserve/restore distinct
habitat types and/or increase
the size/number of protected
areas to encompass more
spatially structured
environmental variation

See recommendation for
hypothesis (5)

See recommendation for
hypothesis (5)

Conserve/restore species
populations

See recommendations for
hypothesis (2)

See recommendations for
hypothesis (2)

See recommendations for
hypothesis (3), (5) and (8)

(Thibaut & Connolly,
2013)

(Loreau & De
Mazancourt, 2008)

(Wang & Loreau,
2016; Wang et al.,
2021)

To be tested

(Soininen et al.,
2007)

To be tested

To be tested

(Schindler et al.,
2010; Wilcox et al.,
2017)

(Loreau & de
Mazancourt, 2013;
Lamy et al., 2019)

(Thibaut & Connolly,
2013)

(Wang & Loreau,
2014)

(Wang & Loreau,
2014)



Within a spatial context, the geographic distance among local communities can
influence regional stability as it encompasses a set of processes, such as spatially structured
environmental variation, demographic stochasticity and dispersal (Xue et al., 2014; Fluck et
al., 2020; Zeni et al., 2020). In the distance decay relationship (Soininen et al., 2007), biological
similarity decreases with geographical distance (i.e., the spatial B-diversity increases). This
relationship can be driven by three main processes, which are not mutually exclusive: (i)
decreasing similarity in environmental characteristics with distance can result in species
sorting, and thus higher B-diversity (Zellweger et al., 2017); (ii) spatial configuration of the
landscape influence the dispersal rate of organisms — for example, topographic heterogeneity
leads to a higher decrease in similarity with distance (Garcillan & Ezcurra, 2003); (iii)
according to neutral theory (Hubbell, 2001), ecological drift, random dispersal and random
speciation can result in community similarity decays with increasing geographic distance, even
in homogeneous environments. Furthermore, dispersal can also influence regional stability by
maintaining local and regional diversity as it allows species to track suitable environmental
conditions (Stuhldreher & Fartmann, 2014) and promote species coexistence (Loreau et al.,
2003; Shanafelt et al., 2015).

To investigate drivers of stability across scales, we focused here on insects, which is a
major and important group of organisms, comprising over half of the world’s multicellular
terrestrial species (Stork, 2018). In addition, insects play a vital role in ecosystem functioning
and services (Noriega et al., 2018; Schowalter et al., 2018). For example, insects integrate food
webs by linking primary producers and consumers, as well as higher-level consumers. Insects,
such as butterflies, are estimated to pollinate over 80% of flowering plants (Ollerton et al.,
2011; Vanbergen et al., 2013), strongly contributing to the primary productivity of many
ecosystems, being particularly important to agriculture (Klein et al., 2006; Vanbergen et al.,
2013). They also provide many other ecosystem services upon which humans depend, including
medical and industrial products, biological control, decomposition, nutrient cycling, among
others (Noriega et al., 2018; Schowalter et al., 2018). The ecological services provided by
insects was evaluated to be at least $57 billion in the United States annually (Losey & Vaughan,
2006), with recent estimates suggesting that crop pollination by insects supports $361 billion
of crop production worldwide (Lautenbach et al., 2012).

More recently, there has been growing attention on the global insect declines (Cardoso
et al., 2020; Wagner, 2020; Wagner et al., 2021). The current knowledge about this group is

still incipient (Stork, 2018), but a meta-analysis revealed that 40% of insect species are



threatened with extinction (Sanchez-Bayo & Wyckhuys, 2019), with Lepidoptera,
Hymenoptera and Coleoptera being the most affected. Among the main drivers of extinctions,
habitat loss due to land conversion for agriculture appears first (Sanchez-Bayo & Wyckhuys,
2019), followed by other factors, such as urbanization, pollution, invasive species and climate
change (Cardoso et al., 2020; Piano et al., 2020). Thus, severe insect declines might have global
ecological and economic consequences and it is important to better understand what factors
increase the stability of insect populations under scenarios of global change.

Butterflies are well documented, popular, sensitive to disturbances and, most
importantly, have a monitoring scheme in Europe (butterfly-monitoring.net). Because of these
characteristics, they are a valuable environmental indicator and can also be an adequate model
for many terrestrial insect groups (Thomas, 2005). In the same way as other insects, the
butterflies are also experiencing an alarming global decline in their populations (Melero et al.,
2016; Habel et al., 2019; Warren et al., 2021), even in protected areas (Rada et al., 2019).
Therefore, understanding the mechanisms that influence the stability of this group at multiple
spatial scales can also help as an overall guide for insects’ conservation, for which data is scarce.

Here, we use a continental-scale butterfly abundance database to assess the role of
geographic distance, a and p-diversity on the stability and asynchrony components of regional
stability in 349 metacommunities across Europe. This database provides a great opportunity to
test the theory and understand what processes stabilize ecosystem properties in a wide range of
environments and scales. We used a structural equation modeling approach to quantify the
direct and indirect effects of geographic distance, a and B-diversity in stabilizing regional

ecosystem properties across multiple spatial scales.

2. MATERIALS AND METHODS

2.1 Database

The database comes from the long-term citizen science European Butterfly Monitoring Scheme
(eBMS). The raw database included 8568 unique transect sections (see below) ca. 200 m long
(mean £ SD = 203 + 11), spanning from 1990 to 2016, from the butterfly monitoring scheme
of nine countries: Spain, France, Germany, Luxembourg, Belgium, Netherlands, United
Kingdom, Sweden and Finland (Figure S1). All the monitoring schemes are based on Pollard-
walk transects (Pollard, 1977; Van Swaay et al., 2015). Usually, during the butterflies’ flight
season (March-April and September-October) and when weather conditions meet specified

criteria, volunteers count all individual butterflies detected along a fixed transect route divided
9



into smaller sections. The volunteers count all butterflies in an imaginary box 2.5 m to their
sides and 5 m ahead and above them. As the volunteers cannot detect all the butterflies in a
transect, transect counts provide estimates of species-specific abundance rather than absolute
values. For each transect section, the abundance of each species is summed yearly and reflects
year-to-year population changes. Most of the transects are monitored by skilled volunteers and
the counts are reported annually to build long-term time series. For the detailed eBMS
methodology see Van Swaay et al. (2012, 2015) and Sevilleja et al. (2019).

Because transects are divided into smaller sections, some subdivisions of the same
transect had equal geographic coordinates (i.e., overlapped points in the map). To overcome
this issue, we added a 200 meters buffer separating the transect sections based on their section
number. For example, consider 4 subdivisions of the same transect “T” (T 1, T 2, T 3 and
T_4), all with the same coordinates. First, the direction is chosen at random (north, south, east
or west) and then the last three are separated from the first by 200, 400 and 600 meters,
respectively. This procedure was done in 1034 of the 4387 transect sections before delimiting

the metacommunities and sampling (see next section).

2.2 Data selection

First, we selected only transect sections between the years of 2005 and 2016, which was the
temporal window for most of the data and countries. Second, only transect sections that were
revisited three or more months per year (5 + 1) were used. Each transect section was considered
a local community, and a set of these, which could vary between three to five (to even the
sampling effort between countries), a metacommunity. To delimit a metacommunity, a grid
with cells of 20 x 20 kilometers was plotted over a map of Europe, resulting in 349
metacommunities (Figure 3). In case a metacommunity was composed of more than five local
communities, three, four or five were randomly sampled. Because the countries started the
monitoring scheme in different years, the monitoring time among metacommunities could vary
between four and twelve consecutive years (8.9 £ 2.7), but all local communities within each

metacommunity had the same consecutive monitoring time.

10
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FIGURE 3 Map showing the distribution of the 349 butterfly metacommunities across Europe. Red, yellow and
blue squares represent metacommunities with three, four and five local communities, respectively. Numbers in
parentheses are the frequency of each class. The metacommunities boundaries were defined by plotting a grid with
cells of 20 x 20 kilometers over the map of Europe. All transect sections (ca. 200 m long) within each grid cell
were considered part of that metacommunity. In case a metacommunity had more than five local communities,
three, four or five were randomly sampled.
2.3 Calculation of stability components
For each metacommunity (i.e., grid cell), species abundance was used to calculate regional
stability and its components (Table 2), following (Loreau & De Mazancourt, 2008; Wang &
Loreau, 2014). Here, the variability and synchrony metrics were inverted to represent stability
and asynchrony, respectively. All calculations were performed in the R software environment
(R Core Team, 2021) adapting the code available in Wilcox et al. (2017). The formulas used to
calculate each metric are presented below, as follows:

Regional stability (Rg:p),

HUm

M

Rgep =

(1)
where oy, is the temporal standard deviation and u,, is the temporal mean of summed

total abundance in metacommunity M.

11



Spatial asynchrony (¢),

-1
2ijWij

(Z VW)

(p:

(2)

where w;; is the temporal covariance between communities i and j, and wy; is the

temporal variance of community i, as referenced from a covariance matrix.

Metapopulation asynchrony (@pop),

-1

Zm,n Wimn

N —

¢mpop,i -

(3)

where for each species i present within a metacommunity, w,,, is the temporal

covariance between populations m and n, and w,,,, is the temporal variance of population m,

as referenced from a covariance matrix. This metric is then averaged across species, weighted

by species’ relative abundances, to obtain a single value for each metacommunity.

TABLE 2 Descriptions of ecosystem stability metrics (adapted from Wilcox et al. 2017)

Name Symbol Short description Ecological description
Regional R Temporal invariability of the total Ecosystem stability at the
stability stb metacommunity abundance metacommunity scale

The degree to which local communities’ :

) < ; How much different the local
Spatial abundances vary asynchronously in L
() L communities vary from year to
asynchrony respect to each other within a )
. . year in respect to each other

metacommunity through time

The degree of asynchrony among same

species population abundances in How much different the same
Metapopulation p distinct local communities within a species populations vary in
Asynchrony MmPOP metacommunity through time. Averaged  respect to each other across local

across species to obtain a single value communities through time

per metacommunity

Temporal invariability of the total
Local L community abundance. Averaged across  Ecosystem stability at the local
stability SEO local communities to obtain a single community scale

value per metacommunity

The degree of asynchrony among species
Species abundances within a local community How much different are species

P [OR through time. Averaged across local responses to environmental

asynchrony P - AR .

communities to obtain a single value per  fluctuations from year to year

metacommunity

Temporal invariability of single species
Species s abundance. Averaged across all species How much stable are species-
stability Pstb and local communities to obtain a single  level abundances through time

value per metacommunity

12



Local stability (Lgp),

-1
Hi  0O;
—_— x —_—

L =
stb - Uy U

(4)

where y; is the temporal mean of the total abundance in the community i, p,, is the

temporal mean of the total abundance in the metacommunity M, and g; is the temporal standard

deviation of the total abundance in the community i. This metric is averaged across all local

communities, weighted by each community's total abundance, to obtain a single value for each
metacommunity.

Species asynchrony (¢sp),
-1
Zk,l Wkl

N e )
(5)
where w is the temporal covariance matrix comparing abundances of species k and |
within community i. To obtain a single value for each metacommunity, species asynchrony is
averaged across communities, weighted by the total abundance of each community.

Species stability (Spgep),

-1

Hiw . %0

Spsevi=| ) X

Hi  HjiG)
(6)
where u; ;) is the mean of species j’s abundance through time in community i, y; is the
mean total abundance in community i, u;;) is the mean abundance of species j in community
I, and oj(;) is the temporal standard deviation of species j in community i. This metric is

averaged across communities, weighted by each species’ relative abundance and then by total

community abundance to obtain a single value for each metacommunity.

2.4 Calculating biodiversity
To estimate a-diversity, the inverse of the Simpson’s index (D) was used:
D=
i=1DPi
(7)
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where p; is the relative abundance of species i and S is the number of species in the local
community. This metric was calculated for each local community in each metacommunity and
for each year separately and then averaged. The species richness (total number of species = 231,
14 + 6) and Shannon’s diversity were also calculated, but as all the three metrics were correlated
(Table S1), we opted for the inverse of the Simpson’s index because it is not sensitive to sample
size. The inverse of the Simpson’s index was calculated using the “diversity()” function from
the “vegan” package.

We used the index of Bray-Curtis (“bray.part()” function, “betapart” package) to
calculate spatial B-diversity among communities for each metacommunity. The mean of the
pairwise B-diversity among local communities was calculated for each metacommunity in each
year separately and then averaged. We also checked for correlations between B-diversity and
local diversity indices, which revealed a non-significant correlation between our measure of -

diversity and the inverse of the Simpson’s index (Table S1).

2.5 Calculating geographic distance

To obtain a single value of geographic distance per metacommunity, we used the mean of the
pairwise Euclidean distance between all local communities within each metacommunity. This
metric was calculated using the geographic coordinates (decimal degrees, unit in meters) of

each local community.

2.6 Statistical analyses

All the variables were log-transformed to normalize the residual of the linear models (except
the number of local communities) and to remove the skewness of the geographic distance
variable (Figure S2). In our study, the number of local communities was not constant across
metacommunities. To remove any potential effect of this unevenness over the other variables,
and also to avoid adding it as a covariate, we did a linear regression of them against the number
of local communities and then used the residuals for all further analyses.

To evaluate multiple hypotheses from theories (Figure 2, Table 1), and the direct and
indirect effects, multivariate analysis was carried out in the form of Structural Equation
Modeling (SEM) using the ‘piecewiseSEM’ package (Lefcheck, 2016). Structural equation
models combine multiple predictor and response variables in a single causal network. They are
commonly represented using path diagrams (as in Figure 2), where arrows indicate directional

causal relationships between observed variables. The predictor variable is from where the arrow
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starts and the response variable is where the arrow ends. The presumed relationships can be
translated into a series of structured mathematical equations that correspond to the pathways in
the model. The model is conceptualized beforehand and can be based on prior observations,
experimentation and theories. Because variables can be both predictors and responses, SEM
can quantify the direct and indirect (cascading) effects in a model. Our initial model (Figure 2)
had a poor fit to the data (Fisher’s C = 164.471 and P = 0) and the paths 1 and 7 were not
significant (p-values = 0.69 and 0.14, respectively). Built in the ‘piecewiseSEM’ package, there
is a directed separation test (Lefcheck, 2016), which provides information (a posteriori) of
unrecognized significant pathways that is supported by the data. Almost all the unrecognized
significant pathways (7 out of 8) were treated as correlated errors (Lefcheck, 2016). Correlated
errors reflect the situation when two variables appear to be correlated but they are not presumed
to have any causal relationship. Such correlations could be caused by some unmeasured
variable. We added the new path (a-diversity to spatial asynchrony) and removed nonsignificant
ones only if it improved model AIC, which resulted in the exclusion of path 1 (AAIC = 5.69).
Lastly, note that in the results the variance of regional stability was fully explained because log-
transforming made local stability (Lg.;,) and spatial asynchrony (¢) sum up to regional stability
(Rstp); that is, log. (Rsp) = loge(Lgp) + log. () (as in Hautier et al. 2020 and Wang et al.
2021). We checked for residual spatial autocorrelation in our SEM model by calculating
Moran's | and there was none (Table S2).

To assess the relative importance of local stability and spatial asynchrony to regional
stability, a variance partitioning was done (“varpart()” function, “vegan” package). This
analysis is based on partial regressions and allows the quantification of the unique and shared
contribution of a set of explanatory variables. This contribution is expressed in the form of
coefficients of determination (R?), which are estimates of how much variation in the response
variable has been explained by a given component.

3. RESULTS

The final model (Fisher’s C = 21.43, df = 28 and P = 0.80) explained 100%, 98% and 43% of
the variance in regional stability, local stability and spatial asynchrony, respectively (Figure 4).
Both local stability (standardized (std.) effect = 0.77, p < 0.001) and spatial asynchrony (std.
effect = 0.45, p < 0.001) highly contributed to the increase of regional stability. Spatial
asynchrony increased with B-diversity (std. effect = 0.10, p = 0.03) and metapopulation

asynchrony (std. effect = 0.56, p < 0.001), and was indirectly increased by B-diversity (std.
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indirect effect (0.30 x 0.56) = 0.16) and geographic distance (std. indirect effect (0.19 x 0.56)
= 0.10) through metapopulation asynchrony. Spatial asynchrony decreased with a-diversity
(std. effect = — 0.11, p = 0.004). Metapopulation asynchrony increased with B-diversity (std.
effect = 0.30, p < 0.001) and geographic distance (std. effect = 0.19, p < 0.001), and was
indirectly increased by geographic distance (std. indirect effect (0.51 x 0.30) = 0.15) through
B-diversity. Local stability increased with species stability (std. effect = 0.70, p < 0.001) and
species asynchrony (std. effect = 0.74, p < 0.001), and was indirectly increased by a-diversity
(std. indirect effect (0.28 x 0.74) = 0.20) through species asynchrony. B-diversity increased with
geographic distance (std. effect = 0.51, p < 0.001). Species asynchrony increased with a-
diversity (std. effect = 0.28, p < 0.001). There was no influence of geographic distance on spatial

asynchrony (std. effect = 0.07, p = 0.10) within this model.

R? = 100%
Fisher's C = 21.43
REGIONAL STABILITY P =0.80
df = 28

0.77 0.45
R?* = 98%
[ Local stability ]
0.70 0.74
= 8% R*=19% \
Species Spemes Metapopulation \\
stability asynchrony asynchrony 5
0.30 0.19
R? = 26%
—-0.11 0.51 G hi
a-diversity J [ B-diversity ce:l?si:r]\f:elc

FIGURE 4 Structural equation model showing the direct and indirect pathways through which biodiversity (o and
B-diversity) and geographic distance influence asynchrony and stability at multiple spatial scales. Red and blue
boxes represent variables from within and among local communities, respectively. Numbers next to arrows are
standardized path coefficients. Solid green arrows represent significant paths, the solid red and dashed gray arrow

represent negative and nonsignificant paths, respectively. Width of paths are scaled by path coefficients.
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The tests of directed separation are presented in Table 3. The critical value represents

the magnitude and direction of the correlation (i.e., positive or negative). All of the new paths

were treated as correlated errors (CE), with only one exception (*). The negative effect of a-

diversity on spatial asynchrony was theoretically expected (Wang & Loreau, 2016).

TABLE 3 Tests of directed separation (unrecognized pathways)

Response Predictor Critical value p-value
Spatial asynchrony CE Species asynchrony 3.44 <0.001
Spatial asynchrony CE Species stability 3.38 <0.001
Spatial asynchrony * a-diversity -2.86 0.004
Metapopulation asynchrony CE Species asynchrony 4.21 <0.001
Metapopulation asynchrony CE Species stability 4.22 <0.001
Local stability CE B-diversity -3.02 0.002
Species stability CE B-diversity -6.23 <0.001
Species asynchrony CE B-diversity 2.61 0.009

In the variance partitioning, 100% of the variance in regional stability was explained by

local stability alone (55%), spatial asynchrony alone (19%) and their shared effect (26%)
(Figure 5).
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FIGURE 5 Relative importance of local stability and spatial asynchrony to regional stability in 349 butterfly

metacommunities across Europe. Percentages are the variation of regional stability explained by local stability

alone (red), spatial asynchrony alone (blue) and their shared effect (gray). Plots show the bivariate linear

regressions (unique + shared effect) between regional stability and local stability (A) and spatial asynchrony (B).

Note that because we controlled for the number of local communities there are positive and negative values (the

residuals).
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4. DISCUSSION

Understanding scale-dependent effects of biodiversity on the stability of ecosystems is key to
mitigate global change impacts on the delivery of ecosystem functions and services. Here we
provide a synthetic overview of which processes are contributing to the stability of butterflies’
abundances at multiple spatial scales across Europe. Multiple components were important in
the network of processes that determine regional stability. At the local community, stability
increased with both species stability and species asynchrony, while local stability and spatial
asynchrony increased stability at the metacommunity scale. The contribution of biodiversity (o
and PB-diversity) to stability was determined by increasing asynchrony among species,
metapopulations and local communities. The geographic distance among local communities
was also important as an indirect driver of regional stability, especially through its positive
effect on B-diversity. The results indicate that ecosystem stability at the regional scale comes
from multiple pathways, with direct implications for conservation and management (see Table
1 in introduction).

We found that local stability had a stronger stabilizing effect on regional stability than
spatial asynchrony (Figure 5). This finding is in agreement with some previous studies in which
local stability was the primary force contributing to regional stability (Wilcox et al., 2017;
Lamy et al., 2019; Wang et al., 2019, 2021; Hautier et al., 2020; all studied plants), but it is at
odds with other studies where the effect of spatial asynchrony was stronger (Thorson et al.,
2018; Catano et al., 2020; Hammond et al., 2020; marine fishes, birds and coastal rock pool
organisms, respectively). One possible explanation for these contrasting patterns could be the
type of organisms (plants vs animals), in which local stability might be the most common
mechanism stabilizing metacommunities of plants whereas spatial asynchrony seems to be the
main driver of animal metacommunities. For example, the national stability of food production
was found to be mainly driven by the average stability of individual crop yields rather than
asynchrony among them (Mahaut et al., 2021). Nonetheless, further research with other
organisms, especially a multi-trophic approach (e.g., Firkowski et al., 2021), will be needed for
a better understanding of the underlying processes and how their relative importance varies
between regions, spatial scales and organism groups.

At the local scale, species stability and asynchrony increased local stability with similar
magnitudes. This finding shows that stable species can be as important to local stabilization as
compensatory dynamics (see also, Grman et al. 2010, Sasaki & Lauenroth, 2011). As in Hautier

et al. (2020), we did not find a relationship between a-diversity and species stability. Yet, more
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diverse communities increased local stability through higher asynchrony among species. As
different species have different biotic and abiotic preferences, communities with higher a-
diversity are more likely to present such asynchronous dynamics as the environment fluctuates
(Loreau & De Mazancourt, 2008). Such results are in agreement with previous studies (Bai et
al., 2004; Hector et al., 2010; Wilcox et al., 2017; Hautier et al., 2020), but here we demonstrate
how such local scale dynamics scale up to impact stability at larger spatial scales.

Moreover, we also found that a-diversity had a negative effect over regional stability by
decreasing spatial asynchrony, but an overall positive effect. The negative effect of a-diversity
on spatial asynchrony was theoretically expected (Wang & Loreau, 2016), and could be due to
high environmental correlation among local communities, as most of the sampling sites used in
our study are spatially close (Figure S2). Also, this negative effect could reflect high between-
species environmental correlation, as many butterfly species are very sensitive to environmental
disturbances (Thomas, 2005; Whitworth et al., 2018). Thus, as the different species have similar
responses to environmental variation and the local communities are environmentally correlated,
greater diversity is expected to strengthen the spatial synchronous responses.

When moving to the metacommunity scale, spatial variation in biodiversity and
geographic distance appear as main drivers of spatial asynchrony, which supports theoretical
predictions (Wang & Loreau, 2014, 2016). Regarding B-diversity, we confirm the expectations
of higher asynchrony among communities with different species compositions and its
stabilizing effect through spatial asynchrony (Wang & Loreau, 2016). Yet, we demonstrate that
B-diversity can also increase metapopulation asynchrony. This pattern may reflect that different
biotic interactions across communities owing to high B-diversity leads to compensatory
responses of the same species across communities (i.e., metapopulation asynchrony). Also, the
spatial asynchrony in butterflies” abundances is probably linked to the asynchrony of resource
availability (host/nectar plants) in both space and time. In accordance with Wang et al. (2021),
our results suggest that biotic homogenization can destabilize ecosystems by increasing
synchrony among local communities. Below we discuss how metapopulation asynchrony and
geographic distance contributed to regional stability.

Our results show that metapopulation asynchrony was the main driver of spatial
asynchrony. The observed asynchronous metapopulation responses were influenced by two
variables: B-diversity and geographic distance. The contribution of -diversity could be a result
of the same species varying asynchronously due to different species interactions occurring

across local communities. In turn, the effect of geographic distance could reflect abiotic
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variations in the landscape, which is driving the populations of the same species to vary
asynchronously (Doak & Morris, 2010; Thorson et al., 2014). In other studies, this type of
spatial asynchrony mediated by metapopulation dynamics was also claimed to be an important
factor stabilizing primary productivity (Wilcox et al., 2017) and fish stocks (Schindler et al.,
2010). If this is a common pattern, population extinctions, which were estimated to be three
times greater than species extinctions rates (Hughes et al., 1997), represent an underlooked
threat to ecosystem stability and food supply.

Although we cannot distinguish among concurrent mechanisms, this was the first study
to show how the geographic distance among communities can influence ecosystem stability at
larger scales. Greater geographic distance among communities increased both B-diversity and
metapopulation asynchrony. Because we did not measure abiotic variables (e.g., temperature,
precipitation), the influence of geographic distance most likely represents the shared effect
between environmental variables and space itself (Qian & Shimono, 2012; Chen et al., 2020),
such as dispersal limitation, abiotic variations and stochastic processes (Ford & Roberts, 2020).
Furthermore, when considering the scenario of high spatial connectivity (i.e., low geographic
distance), in which variation in environmental characteristics is minimum, we can speculate
that the observed low B-diversity and metapopulation asynchrony (Figure 6) may be related to
competitive exclusion (Loreau et al., 2003; Shanafelt et al., 2015), which reduced species
turnover (Deane et al., 2017) and, consequently, potential distinct interspecific interactions
across space. In the spatial insurance hypothesis, Loreau et al. (2003) states that at high
dispersal rates (high spatial connectivity in our case) the metacommunity functions as a single
local community, and species that have the highest fitness for average conditions are expected
to become dominant in the whole metacommunity, potentially leading to the exclusion of

inferior competitors.
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FIGURE 6 Bivariate plots showing the influence of geographic distance on A) metapopulation asynchrony (linear
effect, R2 = 0.15 and p < 0.001) and B) B-diversity (nonlinear effect, logarithmic curve). Because a logarithmic
curve was fitted, we did not control for the number of local communities.

Ongoing anthropogenic activities have direct impacts over biodiversity and the
environment, which can negatively affect regional stability by increasing the synchrony among
species and local communities. Habitat loss/degradation decreases insects a-diversity (Fonseca,
2009; Sanchez-Bayo & Wyckhuys, 2019; Uhl et al., 2021) and consequently the species
asynchrony within communities, which in turn reduces regional stability by lowering local
stability. This is particularly relevant for butterflies, as local stability is the main driver of
regional stability. It also implies that preserving the quality of local habitats is very important
and effective for this group, and probably for other insects. For example, Piano et al. (2020)
showed that increased urbanization causes declines in insects’ diversity and abundance, with
85% reduced abundance in butterflies, possibly due to the Urban Heat Island effect (Merckx et
al., 2018) and degradation of remaining habitats (McKinney, 2008). Biodiversity changes due
to biotic homogenization, that is, reduced species turnover across space (low p-diversity;
Magurran et al., 2015; Blowes et al., 2019), can have a double negative effect over regional
stability by reducing metapopulation and spatial asynchrony. Furthermore, and particularly for
mobile species, we anticipate that habitat fragmentation might decrease regional stability
through reduced patch dynamics (e.g., source-sink) and by not allowing species to track suitable
environments. The latter is especially relevant to species that depend on different habitat types
throughout their life-cycle, such as butterflies (Eichel & Fartmann, 2008). Still, the connectivity

between metacommunities becomes increasingly more relevant as some species distributions
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are shifting northwards due to the rapid global warming (Devictor et al., 2012; Platts et al.,
2019), that is, without connectivity, non-thermophilic species lag behind.

Here we presented an overview of multiple drivers of stability in European butterflies'
abundance across scales. In summary, a-diversity increases local stability by increasing species
asynchrony and [-diversity increases spatial asynchrony through asynchrony among
communities and metapopulations. Metapopulation asynchrony was the main driver of spatial
asynchrony of butterflies in Europe, calling attention to the importance of intra-specific
diversity. The geographic distance among communities increased p-diversity and
metapopulation asynchrony. Local stability had a stronger contribution to regional stability than
spatial asynchrony, implying that preserving local habitats is paramount for butterflies and
probably for other insects. Lastly, the results indicate that multiple components should be
preserved to ensure larger scale ecosystem stability and that the ongoing biodiversity losses and

changes can reduce local and regional stability by increasing the synchrony of its components.

5. REFERENCES

Bai, Y., Han, X., Wu, J., Chen, Z. & Li, L. (2004) Ecosystem stability and compensatory effects in the Inner
Mongolia grassland. Nature, 431, 181-184.

Blowes, S.A., Supp, S.R., Antdo, L.H., Bates, A., Bruelheide, H., Chase, J.M., Moyes, F., Magurran, A.,
McGill, B., Myers-Smith, I.H., Winter, M., Bjorkman, A.D., Bowler, D.E., Byrnes, J.E.K., Gonzalez,
A., Hines, J., Isbell, F., Jones, H.P., Navarro, L.M., Thompson, P.L., Vellend, M., Waldock, C. &
Dornelas, M. (2019) The geography of biodiversity change in marine and terrestrial assemblages.
Science, 366, 339—-345.

Brans, K.l.,, Govaert, L., Engelen, J.M.T., Gianuca, A.T., Souffreau, C. & De Meester, L. (2017) Eco-
evolutionary dynamics in urbanized landscapes: Evolution, species sorting and the change in
zooplankton body size along urbanization gradients. Philosophical Transactions of the Royal
Society B: Biological Sciences, 372.

Cardoso, P., Barton, P.S., Birkhofer, K., Chichorro, F., Deacon, C., Fartmann, T., Fukushima, C.S,,
Gaigher, R., Habel, J.C., Hallmann, C.A., Hill, M.J., Hochkirch, A., Kwak, M.L., Mammola, S., Ari
Noriega, J., Orfinger, A.B., Pedraza, F., Pryke, J.S., Roque, F.O., Settele, J., Simaika, J.P., Stork, N.E.,
Suhling, F., Vorster, C. & Samways, M.). (2020) Scientists’ warning to humanity on insect
extinctions. Biological Conservation, 242.

Catano, C.P,, Fristoe, T.S., LaManna, J.A. & Myers, J.A. (2020) Local species diversity, B-diversity and

climate influence the regional stability of bird biomass across North America. Proceedings of the

22



Royal Society B: Biological Sciences, 287.

Chen, G., Wang, W.,, Liu, Y., Zhang, Y., Ma, W,, Xin, K. & Wang, M. (2020) Uncovering the relative
influences of space and environment in shaping the biogeographic patterns of mangrove mollusk
diversity. ICES Journal of Marine Science, 77, 30—39.

Craven, D., Eisenhauer, N., Pearse, W.D., Hautier, Y., Isbell, F., Roscher, C., Bahn, M., Beierkuhnlein, C.,
Bonisch, G., Buchmann, N., Byun, C., Catford, J.A., Cerabolini, B.E.L., Cornelissen, J.H.C., Craine,
J.M., De Luca, E., Ebeling, A., Griffin, J.N., Hector, A., Hines, J., Jentsch, A., Kattge, J., Kreyling, J.,
Lanta, V., Lemoine, N., Meyer, S.T., Minden, V., Onipchenko, V., Polley, H.W., Reich, P.B., van
Ruijven, J., Schamp, B., Smith, M.D., Soudzilovskaia, N.A., Tilman, D., Weigelt, A., Wilsey, B. &
Manning, P. (2018) Multiple facets of biodiversity drive the diversity—stability relationship.
Nature Ecology & Evolution 2018 2:10, 2, 1579-1587.

Deane, D.C., Fordham, D.A,, Stevens, A.K. & Bradshaw, C.J.A. (2017) Dispersal-driven homogenization
of wetland vegetation revealed from local contributions to B-diversity. Journal of Vegetation
Science, 28, 893—902.

Devictor, V., Van Swaay, C., Brereton, T., Brotons, L., Chamberlain, D., Heliolo, J., Herrando, S., Julliard,
R., Kuussaari, M., Lindstrom, A., Reif, J., Roy, D.B., Schweiger, O., Settele, J., Stefanescu, C., Van
Strien, A., Van Turnhout, C., Vermouzek, Z., WallisDeVries, M., Wynhoff, I. & Jiguet, F. (2012)
Differences in the climatic debts of birds and butterflies at a continental scale. Nature Climate
Change 2012 2:2,2,121-124.

Doak, D.F. & Morris, W.F. (2010) Demographic compensation and tipping points in climate-induced
range shifts. Nature, 467, 959-962.

Downing, A.L., Brown, B.L. & Leibold, M.A. (2014) Multiple diversity—stability mechanisms enhance
population and community stability in aquatic food webs. Ecology, 95, 173-184.

Eichel, S. & Fartmann, T. (2008) Management of calcareous grasslands for Nickerl’s fritillary (Melitaea
aurelia) has to consider habitat requirements of the immature stages, isolation, and patch area.
Journal of Insect Conservation, 12, 677—688.

Firkowski, C.R., Thompson, P.L., Gonzalez, A., Cadotte, M.W. & Fortin, M.J. (2021) Multi-trophic
metacommunity interactions mediate asynchrony and stability in fluctuating environments.
Ecological Monographs, e1484.

Fluck, I.E., Caceres, N., Hendges, C.D., Brum, M. do N. & Dambros, C.S. (2020) Climate and geographic
distance are more influential than rivers on the beta diversity of passerine birds in Amazonia.
Ecography, 43, 860—-868.

Fonseca, C.R. (2009) The Silent Mass Extinction of Insect Herbivores in Biodiversity Hotspots.

Conservation Biology, 23, 1507-1515.

23



Ford, B.M. & Roberts, J.D. (2020) Functional traits reveal the presence and nature of multiple processes
in the assembly of marine fish communities. Oecologia, 192, 143-154.

Fu, H., Yuan, G., Jeppesen, E., Ge, D., Zou, D., Lou, Q., Dai, T., Li, W., Zhong, J., Huang, Z., Liu, Q. & Wu,
A. (2019) Multiple stabilizing pathways in wetland plant communities subjected to an elevation
gradient. Ecological Indicators, 104, 704—710.

Garcillan, P.P. & Ezcurra, E. (2003) Biogeographic regions and B-diversity of woody dryland legumes in
the Baja California peninsula. Journal of Vegetation Science, 14, 859—-868.

Gonzalez, A., Germain, R.M., Srivastava, D.S,, Filotas, E., Dee, L.E., Gravel, D., Thompson, P.L., Isbell, F.,
Wang, S., Kéfi, S., Montoya, J., Zelnik, Y.R. & Loreau, M. (2020) Scaling-up biodiversity-ecosystem
functioning research. Ecology Letters, 23, 757-776.

Grman, E., Lau, J.A., Schoolmaster, D.R. & Gross, K.L. (2010) Mechanisms contributing to stability in
ecosystem function depend on the environmental context. Ecology Letters, 13, 1400-1410.
Gross, K., Cardinale, B.J., Fox, J.W., Gonzalez, A., Loreau, M., Wayne Polley, H., Reich, P.B. & van
Ruijven, J. (2014) Species richness and the temporal stability of biomass production: A new

analysis of recent biodiversity experiments. American Naturalist, 183, 1-12.

Habel, J.C., Ulrich, W., Biburger, N., Seibold, S. & Schmitt, T. (2019) Agricultural intensification drives
butterfly decline. Insect Conservation and Diversity, 12, 289-295.

Hallett, L.M., Hsu, J.S., Cleland, E.E., Collins, S.L., Dickson, T.L., Farrer, E.C., Gherardi, L.A., Gross, K.L.,
Hobbs, R.J., Turnbull, L. & Suding, K.N. (2014) Biotic mechanisms of community stability shift
along a precipitation gradient. Ecology, 95, 1693-1700.

Hammond, M., Loreau, M., de Mazancourt, C. & Kolasa, J. (2020) Disentangling local, metapopulation,
and cross-community sources of stabilization and asynchrony in metacommunities. Ecosphere,
11.

Hautier, Y., Zhang, P., Loreau, M., Wilcox, K.R., Seabloom, E.W., Borer, E.T., Byrnes, J.E.K., Koerner, S.E.,
Komatsu, K.J., Lefcheck, J.S., Hector, A., Adler, P.B., Alberti, J., Arnillas, C.A., Bakker, J.D., Brudvig,
L.A., Bugalho, M.N., Cadotte, M., Caldeira, M.C., Carroll, O., Crawley, M., Collins, S.L., Daleo, P.,
Dee, L.E., Eisenhauer, N., Eskelinen, A., Fay, P.A., Gilbert, B., Hansar, A, Isbell, F., Knops, J.M.H.,
MacDougall, A.S., McCulley, R.L., Moore, J.L., Morgan, J.W., Mori, A.S., Peri, P.L., Pos, E.T., Power,
S.A,, Price, J.N,, Reich, P.B., Risch, A.C., Roscher, C., Sankaran, M., Schiitz, M., Smith, M., Stevens,
C., Tognetti, P.M., Virtanen, R., Wardle, G.M., Wilfahrt, P.A. & Wang, S. (2020) General
destabilizing effects of eutrophication on grassland productivity at multiple spatial scales. Nature
Communications, 11, 1-9.

Hector, A., Hautier, Y., Saner, P., Wacker, L., Bagchi, R., Joshi, J., Scherer-Lorenzen, M., Spehn, E.M.,

Bazeley-White, E., M.Weilenmann, Caldeira, M.C., Dimitrakopoulos, P.G., Finn, J.A., Huss-Danell,

24



K., Jumpponen, A. & Loreau, M. (2010) General stabilizing effects of plant diversity on grassland
productivity through population asynchrony and overyielding. Ecology, 91, 2213-2220.

Hubbell, S.P. (2001) The Unified Neutral Theory of Biodiversity and Biogeography (MPB-32), Princeton
University Press.

Hughes, J.B., Daily, G.C. & Ehrlich, P.R. (1997) Population diversity: Its extent and extinction. Science,
278, 689-692.

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T.M., Bonin, C,,
Bruelheide, H., De Luca, E., Ebeling, A., Griffin, J.N., Guo, Q., Hautier, Y., Hector, A., Jentsch, A.,
Kreyling, J., Lanta, V., Manning, P., Meyer, S.T., Mori, A.S., Naeem, S., Niklaus, P.A., Polley, H.W.,
Reich, P.B., Roscher, C., Seabloom, E.W., Smith, M.D., Thakur, M.P., Tilman, D., Tracy, B.F., Van
Der Putten, W.H., Van Ruijven, J., Weigelt, A., Weisser, W.W., Wilsey, B. & Eisenhauer, N. (2015)
Biodiversity increases the resistance of ecosystem productivity to climate extremes. Nature, 526,
574-577.

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Diaz, S., Hector, A., MacE, G.M., Wardle, D.A., O’Connor,
M.I., Duffy, J.E., Turnbull, L.A., Thompson, P.L. & Larigauderie, A. (2017) Linking the influence and
dependence of people on biodiversity across scales. Nature, 546, 65—72.

Isbell, F.I., Polley, H.W. & Wilsey, B.). (2009) Biodiversity, productivity and the temporal stability of
productivity: Patterns and processes. Ecology Letters, 12, 443—-451.

Klein, A.M., Vaissiére, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C. &
Tscharntke, T. (2006) Importance of pollinators in changing landscapes for world crops.
Proceedings of the Royal Society B: Biological Sciences, 274, 303—313.

Lamy, T., Wang, S., Renard, D., Lafferty, K.D., Reed, D.C. & Miller, R.J. (2019) Species insurance trumps
spatial insurance in stabilizing biomass of a marine macroalgal metacommunity. Ecology, 100,
e02719.

Lautenbach, S., Seppelt, R., Liebscher, J. & Dormann, C.F. (2012) Spatial and Temporal Trends of Global
Pollination Benefit. PLOS ONE, 7, e35954.

Lefcheck, J.S. (2016) piecewiseSEM: Piecewise structural equation modelling in r for ecology, evolution,
and systematics. Methods in Ecology and Evolution, 7, 573-579.

Loreau, M. & de Mazancourt, C. (2013) Biodiversity and ecosystem stability: A synthesis of underlying
mechanisms. Ecology Letters, 16, 106—115.

Loreau, M. & De Mazancourt, C. (2008) Species synchrony and its drivers: Neutral and nonneutral
community dynamics in fluctuating environments. American Naturalist, 172.

Loreau, M., Mouquet, N. & Gonzalez, A. (2003) Biodiversity as spatial insurance in heterogeneous

landscapes. Proceedings of the National Academy of Sciences of the United States of America,

25



100, 12765-12770.

Losey, J.E. & Vaughan, M. (2006) The economic value of ecological services provided by insects.
BioScience, 56, 311-323.

Magurran, A.E., Dornelas, M., Moyes, F., Gotelli, N.J. & McGill, B. (2015) Rapid biotic homogenization
of marine fish assemblages. Nature Communications, 6, 2—6.

Mahaut, L., Violle, C. & Renard, D. (2021) Complementary mechanisms stabilize national food
production. Scientific Reports 2021 11:1, 11, 1-7.

de Mazancourt, C,, Isbell, F., Larocque, A., Berendse, F., De Luca, E., Grace, J.B., Haegeman, B., Wayne
Polley, H., Roscher, C., Schmid, B., Tilman, D., van Ruijven, J., Weigelt, A., Wilsey, B.J. & Loreau,
M. (2013) Predicting ecosystem stability from community composition and biodiversity. Ecology
Letters, 16, 617—-625.

McKinney, M.L. (2008) Effects of urbanization on species richness: A review of plants and animals.
Urban Ecosystems, 11, 161-176.

Melero, Y., Stefanescu, C. & Pino, J. (2016) General declines in Mediterranean butterflies over the last
two decades are modulated by species traits. Biological Conservation, 201, 336—342.

Merckx, T., Souffreau, C., Kaiser, A., Baardsen, L.F., Backeljau, T., Bonte, D., Brans, K.l., Cours, M.,
Dahirel, M., Debortoli, N., De Wolf, K., Engelen, J.M.T., Fontaneto, D., Gianuca, A.T., Govaert, L.,
Hendrickx, F., Higuti, J., Lens, L., Martens, K., Matheve, H., Matthysen, E., Piano, E., Sablon, R.,
Schon, I., Van Doninck, K., De Meester, L. & Van Dyck, H. (2018) Body-size shifts in aquatic and
terrestrial urban communities. Nature, 558, 113-116.

Moore, J.W., Yeakel, J.D., Peard, D., Lough, J. & Beere, M. (2014) Life-history diversity and its
importance to population stability and persistence of a migratory fish: steelhead in two large
North American watersheds. Journal of Animal Ecology, 83, 1035-1046.

Noriega, J.A., Hortal, J., Azcarate, F.M., Berg, M.P., Bonada, N., Briones, M.J.l., Del Toro, I., Goulson, D.,
Ibanez, S., Landis, D.A., Moretti, M., Potts, S.G., Slade, E.M., Stout, J.C., Ulyshen, M.D., Wackers,
F.L., Woodcock, B.A. & Santos, A.M.C. (2018) Research trends in ecosystem services provided by
insects. Basic and Applied Ecology, 26, 8-23.

Ollerton, J., Winfree, R. & Tarrant, S. (2011) How many flowering plants are pollinated by animals?
Oikos, 120, 321-326.

Piano, E., Souffreau, C., Merckx, T., Baardsen, L.F., Backeljau, T., Bonte, D., Brans, K.l., Cours, M.,
Dahirel, M., Debortoli, N., Decaestecker, E., De Wolf, K., Engelen, J.M.T., Fontaneto, D., Gianuca,
A.T., Govaert, L., Hanashiro, F.T.T., Higuti, J., Lens, L., Martens, K., Matheve, H., Matthysen, E.,
Pinseel, E., Sablon, R., Schon, I., Stoks, R., Van Doninck, K., Van Dyck, H., Vanormelingen, P., Van

Wichelen, J., Vyverman, W., De Meester, L. & Hendrickx, F. (2020) Urbanization drives cross-taxon

26



declines in abundance and diversity at multiple spatial scales. Global Change Biology, 26, 1196—
1211.

Platts, P.J., Mason, S.C., Palmer, G., Hill, J.K., Oliver, T.H., Powney, G.D., Fox, R. & Thomas, C.D. (2019)
Habitat availability explains variation in climate-driven range shifts across multiple taxonomic
groups. Scientific Reports 2019 9:1, 9, 1-10.

Pollard, E. (1977) A method for assessing changes in the abundance of butterflies. Biological
Conservation, 12, 115-134.

Ptacnik, R., Solimini, A.G., Andersen, T., Tamminen, T., Brettum, P., Lepisto, L., Willén, E. & Rekolainen,
S. (2008) Diversity predicts stability and resource use efficiency in natural phytoplankton
communities. Proceedings of the National Academy of Sciences of the United States of America,
105, 5134-5138.

Qian, H. & Shimono, A. (2012) Effects of geographic distance and climatic dissimilarity on species
turnover in alpine meadow communities across a broad spatial extent on the Tibetan Plateau.
Plant Ecology, 213, 1357-1364.

R Core Team (2021) R: A Language and Environment for Statistical Computing.

Rada, S., Schweiger, O., Harpke, A., Kiihn, E., Kuras, T., Settele, J. & Musche, M. (2019) Protected areas
do not mitigate biodiversity declines: A case study on butterflies. Diversity and Distributions, 25,
217-224.

Sanchez-Bayo, F. & Wyckhuys, K.A.G. (2019) Worldwide decline of the entomofauna: A review of its
drivers. Biological Conservation, 232, 8-27.

Sasaki, T. & Lauenroth, W.K. (2011) Dominant species, rather than diversity, regulates temporal
stability of plant communities. Oecologia, 166, 761-768.

Schindler, D.E., Hilborn, R., Chasco, B., Boatright, C.P., Quinn, T.P., Rogers, L.A. & Webster, M.S. (2010)
Population diversity and the portfolio effect in an exploited species. Nature, 465, 609-612.
Schowalter, T.D., Noriega, J.A. & Tscharntke, T. (2018) Insect effects on ecosystem services—

Introduction. Basic and Applied Ecology, 26, 1-7.

Sevilleja, C.G., van Swaay, C.A.M., Bourn, N., Settele, J., Warren, M.S., Wynhoff, I. & Roy, D.B. (2019)
Butterfly Transect Counts: Manual to monitor butterflies. Report VS2019.016. Butterfly
Conservation Europe & De Vlinderstichting/Dutch Butterfly Conservation, Wageningen.

Shanafelt, D.W., Dieckmann, U., Jonas, M., Franklin, O., Loreau, M. & Perrings, C. (2015) Biodiversity,
productivity, and the spatial insurance hypothesis revisited. Journal of Theoretical Biology, 380,
426-435.

Snelgrove, P.V.R., Thrush, S.F., Wall, D.H. & Norkko, A. (2014) Real world biodiversity-ecosystem

functioning: A seafloor perspective. Trends in Ecology and Evolution, 29, 398—405.

27



Soininen, J.,, McDonald, R. & Hillebrand, H. (2007) The distance decay of similarity in ecological
communities. Ecography, 30, 3—12.

Stork, N.E. (2018) How Many Species of Insects and Other Terrestrial Arthropods Are There on Earth?
Annual Review of Entomology, 63, 31-45.

Stuhldreher, G. & Fartmann, T. (2014) When habitat management can be a bad thing: effects of habitat
quality, isolation and climate on a declining grassland butterfly. Journal of Insect Conservation,
18, 965-979.

Van Swaay, C., Brereton, T., Kirkland, P. & Warren, M. (2012) Manual for Butterfly Monitoring. Report
VS2012.010.

Van Swaay, C., Regan, E., Ling, M., Bozhinovska, E., Ferndndez, M., Huertas, B., Chooi-Khim, P., K&rosi,
A., Marini-Filho, O., Meerman, J., Peer, G., Safian, S., Sam, L., Shuey, J., Taron, D., Terblanche, R.,
Uehara-Prado, M. & Underhill, L. (2015) Guidelines for Standardized Global Butterfly Monitoring,.

Thibaut, L.M. & Connolly, S.R. (2013) Understanding diversity-stability relationships: Towards a unified
model of portfolio effects. Ecology Letters, 16, 140—150.

Thomas, J.A. (2005) Monitoring change in the abundance and distribution of insects using butterflies
and other indicator groups. Philosophical Transactions of the Royal Society B: Biological Sciences,
360, 339-357.

Thorson, J.T., Scheuerell, M.D., Buhle, E.R. & Copeland, T. (2014) Spatial variation buffers temporal
fluctuations in early juvenile survival for an endangered Pacific salmon. Journal of Animal Ecology,
83, 157-167.

Thorson, J.T., Scheuerell, M.D., Olden, J.D. & Schindler, D.E. (2018) Spatial heterogeneity contributes
more to portfolio effects than species variability in bottom-associated marine fishes. Proceedings
of the Royal Society B, 285.

Tilman, D., Isbell, F. & Cowles, J.M. (2014) Biodiversity and ecosystem functioning. Annual Review of
Ecology, Evolution, and Systematics, 45, 471-493.

Tilman, D., Reich, P.B. & Knops, J.M.H. (2006) Biodiversity and ecosystem stability in a decade-long
grassland experiment. Nature, 441, 629—-632.

Uhl, B., Wolfling, M. & Fiedler, K. (2021) Qualitative and Quantitative Loss of Habitat at Different Spatial
Scales Affects Functional Moth Diversity. Frontiers in Ecology and Evolution, 9, 256.

Vanbergen, A.J., Garratt, M.P., Vanbergen, A.J., Baude, M., Biesmeijer, J.C., Britton, N.F., Brown, M.J.F.,
Brown, M., Bryden, J., Budge, G.E., Bull, J.C., Carvell, C., Challinor, A.J., Connolly, C.N., Evans, D.J.,
Feil, E.J., Garratt, M.P., Greco, M.K., Heard, M.S., Jansen, V.A.A., Keeling, M.J., Kunin, W.E., Marris,
G.C., Memmott, J., Murray, J.T., Nicolson, S.W., Osborne, J.L., Paxton, R.J., Pirk, CW.W., Polce, C.,
Potts, S.G., Priest, N.K., Raine, N.E., Roberts, S., Ryabov, E. V., Shafir, S., Shirley, M.D.F., Simpson,

28



S.J., Stevenson, P.C., Stone, G.N., Termansen, M. & Wright, G.A. (2013) Threats to an ecosystem
service: pressures on pollinators. Frontiers in Ecology and the Environment, 11, 251-259.

Wagner, D.L. (2020) Insect declines in the anthropocene. Annual Review of Entomology, 65, 457—-480.

Wagner, D.L., Grames, E.M., Forister, M.L., Berenbaum, M.R. & Stopak, D. (2021) Insect decline in the
Anthropocene: Death by a thousand cuts. Proceedings of the National Academy of Sciences of the
United States of America, 118, 1-10.

Wang, S., Lamy, T., Hallett, LLM. & Loreau, M. (2019) Stability and synchrony across ecological
hierarchies in heterogeneous metacommunities: linking theory to data. Ecography, 42, 1200-
1211.

Wang, S. & Loreau, M. (2016) Biodiversity and ecosystem stability across scales in metacommunities.
Ecology Letters, 19, 510-518.

Wang, S. & Loreau, M. (2014) Ecosystem stability in space: a, B and y variability. Ecology Letters, 17,
891-901.

Wang, S., Loreau, M., de Mazancourt, C., Isbell, F., Beierkuhnlein, C., Connolly, J., Deutschman, D.H.,
Dolezal, J., Eisenhauer, N., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Leps, J., Polley, HW.,,
Reich, P.B., van Ruijven, J., Schmid, B., Tilman, D., Wilsey, B. & Craven, D. (2021) Biotic
homogenization destabilizes ecosystem functioning by decreasing spatial asynchrony. Ecology, 0,
1-10.

Warren, M.S., Maes, D., van Swaay, C.A.M., Goffart, P., van Dyck, H., Bourn, N.A.D., Wynhoff, I., Hoare,
D. & Ellis, S. (2021) The decline of butterflies in Europe: Problems, significance, and possible
solutions. Proceedings of the National Academy of Sciences of the United States of America, 118,
1-10.

Whitworth, A., Pillco Huarcaya, R., Gonzalez Mercado, H., Braunholtz, L.D. & MacLeod, R. (2018) Food
for thought. Rainforest carrion-feeding butterflies are more sensitive indicators of disturbance
history than fruit feeders. Biological Conservation, 217, 383—-390.

Wilcox, K.R., Tredennick, A.T., Koerner, S.E., Grman, E., Hallett, L.M., Avolio, M.L., La Pierre, K.J.,
Houseman, G.R., Isbell, F., Johnson, D.S., Alatalo, J.M., Baldwin, A.H., Bork, E.W., Boughton, E.H.,
Bowman, W.D., Britton, A.J., Cahill, J.F., Collins, S.L., Du, G., Eskelinen, A., Gough, L., Jentsch, A,
Kern, C., Klanderud, K., Knapp, A.K., Kreyling, J., Luo, Y., McLaren, J.R., Megonigal, P., Onipchenko,
V., Prevéy, J., Price, J.N., Robinson, C.H., Sala, O.E., Smith, M.D., Soudzilovskaia, N.A., Souza, L.,
Tilman, D., White, S.R., Xu, Z., Yahdjian, L., Yu, Q., Zhang, P. & Zhang, Y. (2017) Asynchrony among
local communities stabilises ecosystem function of metacommunities. Ecology Letters, 20, 1534—
1545.

Xue, H., Zhong, M., Xu, J. & Xu, L. (2014) Geographic Distance Affects Dispersal of the Patchy

29



Distributed Greater Long-Tailed Hamster (Tscherskia triton). PLOS ONE, 9, €99540.

Zellweger, F., Roth, T., Bugmann, H. & Bollmann, K. (2017) Beta diversity of plants, birds and butterflies
is closely associated with climate and habitat structure. Global Ecology and Biogeography, 26,
898-906.

Zeni, J.0., Hoeinghaus, D.J., Roa-Fuentes, C.A. & Casatti, L. (2020) Stochastic species loss and dispersal
limitation drive patterns of spatial and temporal beta diversity of fish assemblages in tropical

agroecosystem streams. Hydrobiologia, 847, 3829—-3843.

30



6. SUPPLEMENTAL INFORMATION

Supplemental information for

Assessing multiple drivers of stability in butterflies’ abundance across

Europe

31



5000000

4000000

¢ BEBMS

* DEBMS

* ES-CTBMS

* FIBMS

° FRBMS
LUBMS

° NLBMS

* SEBMS

* UKBMS

3000000

CRS: ETRS89-extended / LAEA Europe - EPSG:3035

0 250 500 km

2000000
[

e~

2000000 3000000 4000000 . 5000000 ] o 6000000

Figure S1. Distribution map of the transect sections of the raw database.
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Table S1. Pearson's product-moment correlation between diversity indices. The correlation coefficients

and p-values are below and above the main diagonal, respectively.

Richness <0.001 <0.001
0.85 Inverse Simpson’s <0.001
0.91 0.97 Shannon’s

-0.15 -0.07 -0.11

0.004
0.22
0.03

B-diversity
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Table S2. Tests of residual spatial autocorrelation in all linear models that compose the SEM. The null
hypothesis is that there is no spatial autocorrelation in the models (so we want a high p-value). The

Moran’s | was calculated using the code available in Tallavaara et al. (2018).

Moran’s |
Model Observed Expected SD p-value Effective N
zg%ii?irt'j' -0.009 -0.002 0.04 0.88 349
if;rf:ﬂmny 0.006 -0.002 0.04 0.83 349
Qﬂjtniﬂ‘;gﬁ;?‘“"” 0.0007 -0.002 0.04 0.93 349
vatsrsity 0.034 £0.002 0.04 0.40 349
;3;";‘,'ity 0.010 -0.002 0.04 0.76 349
ig);r?ci;srony 0.048 -0.002 0.04 0.25 349
REFERENCE
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influence the global hunter-gatherer population density. Proceedings of the National
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Figure S2 Violin charts of the average pairwise Euclidean distance among all local communities within

each metacommunity. The red dots represent the mean.
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