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Abstract
Aim: Anthropogenic-driven biodiversity loss can impact ecosystem stability. However, 
most studies have only evaluated the diversity–stability relationship at the local scale 
and we do not fully understand which factors stabilize animal populations and com-
munities across scales. Here, we investigate the role of species dispersal ability, cli-
mate, spatial distance and different facets of biodiversity on the stability of butterfly 
populations and communities across multiple spatial scales.
Location: Primarily Western Europe.
Time Period: 2005–2016.
Major Taxa Studied: Butterflies (Rhopalocera) of Europe.
Methods: We assembled a continent-wide database of European butterflies' abun-
dance and used Structural Equation Modelling to evaluate the direct and indirect ef-
fects of multiple stabilizing mechanisms. In parallel, we tested the effect of dispersal 
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1  |  INTRODUC TION

Increasing anthropogenic pressures on Earth are leading to biodiver-
sity loss, which may affect the stability of ecosystem functions and 
services that humanity depends upon (Schindler et  al.,  2010). The 
sense of a biodiversity crisis has prompted hundreds of studies con-
ducted over the last decades, most of them experimental, to investi-
gate the relationship between biodiversity and stability (e.g., Tilman 
et al., 2006, Loreau & de Mazancourt, 2013, Wilcox et al., 2017). There 
is now a general consensus that biodiversity is important for ecosys-
tem stability (Loreau et al., 2003; Wang & Loreau, 2016). The stabiliz-
ing effect of biodiversity has been mainly linked to two non-exclusive 
mechanisms: (i) temporal asynchrony of species due to their comple-
mentary responses to environmental fluctuations (i.e., the insurance 
effect, Yachi & Loreau, 1999); and (ii) higher biodiversity increases the 
likelihood of the presence of species that are tolerant to environmen-
tal perturbations (Yachi & Loreau, 1999). However, most studies have 
focused on local scales, relating α-diversity to the stability of local 
communities (i.e., local or α-stability, e.g., Tilman et al., 2006, Loreau & 
de Mazancourt, 2013) and it is unclear what drives the stability of eco-
systems from local to regional scales and how different environmental 
contexts alter diversity–stability relationships at macro-scales (but see 
Liang et al., 2022 and Qiao et al., 2022).

Analogous to the local species asynchrony that stabilizes local 
communities, stability at the regional scale (i.e., metacommunity) 

can result from spatial asynchrony among local communities' total 
abundance (Wang & Loreau, 2014). Spatial asynchrony is linked to 
two main processes. First, higher spatial dissimilarity in species com-
position (β-diversity) increases the likelihood of complementary re-
sponses among communities to a common environmental pressure, 
which results in asynchronous fluctuations among local communi-
ties, thus increasing regional stability (i.e., spatial insurance effect; 
Wang & Loreau, 2016). Secondly, spatial asynchrony can result from 
complementary responses among spatially structured subpopula-
tions of the same species (hereafter metapopulation asynchrony) 
(Wilcox et  al., 2017). Such species-level spatial asynchrony (Wang 
et al., 2019) happens, for instance, when a common and widespread 
species responds differently to environmental conditions in differ-
ent habitat patches along environmental gradients. Regional stabil-
ity can also be observed if every local community is stable, so that 
local stability directly translates into regional stability, independent 
of spatial asynchrony (Wang & Loreau, 2016). However, there is no 
consensus yet on whether local stability or spatial asynchrony is the 
main driver of regional stability (Wang & Loreau, 2014). Both mech-
anisms are likely relevant (Appendix S1, Figure S1.1) but may vary 
in significance depending on the environmental context and spatial 
scale (Qiao et al., 2022; Wilcox et al., 2017). It is an important next 
step to determine under which circumstances and environmental 
contexts local or regional mechanisms become more important in 
stabilizing metacommunities.

ability on the stability at multiple spatial scales, using a butterfly mobility index as an 
indicator of dispersal capacity.
Results: Regional stability strongly reflected local stability, which in turn was driven 
by both taxonomic and functional α-diversity. Spatial asynchrony was also important 
for regional stability and it was driven by both functional β-diversity and metapopula-
tion asynchrony, which in turn increased with spatial distance among communities. 
We observed a positive effect of temperature on functional α-diversity and on local 
stability, whereas precipitation negatively influenced local diversity. Finally, spatial 
asynchrony contributed more to the regional stability of less mobile species compared 
to highly mobile ones, indicating that both extrinsic and intrinsic determinants of con-
nectivity impact regional stability indirectly.
Main Conclusions: Our results demonstrate the importance of local and regional pro-
cesses for regional stability. However, the relative contribution of spatial asynchrony 
and metapopulation asynchrony increases with connectivity loss, especially for less 
mobile species, indicating that landscape management should be tailored depending 
on the dispersal capacity of organisms. Both local biodiversity loss and regional biotic 
homogenization destabilize metacommunities, with potential implications for the reli-
able provision of ecosystem functions.

K E Y W O R D S
connectivity, dispersal ability, diversity–stability relationships, regional stability, spatial 
asynchrony, spatial distance
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There is evidence that increasing the spatial extent of metacom-
munities leads to a higher relative contribution of spatial asynchrony 
to regional stability compared to local stability (Liang et al., 2022). 
This is expected because β-diversity generally increases with the 
spatial distance among local communities (Soininen et al., 2007) and 
because higher β-diversity enhances spatial asynchrony among local 
communities (Catano et  al.,  2020; Wang et  al.,  2021). However, it 
is important to consider that dispersal limitation does not only de-
pend on landscape structural connectivity but also on ecological 
differences among species and individuals (e.g., Auffret et al., 2017). 
Therefore, it is crucial to test empirically how species traits linked to 
dispersal capacity influence regional stability through their effect on 
β-diversity and spatial asynchrony. From an applied perspective, a 
higher importance of β-diversity and spatial asynchrony for regional 
stability compared to local processes (e.g., Catano et al., 2020; Qiao 
et  al.,  2022), would imply a stronger focus on the preservation of 
multiple sites within the landscape to reduce variability in ecosystem 
processes and services. Conversely, if α-diversity and local stability 
are more important (Wang et al., 2021; Wilcox et al., 2017), priority 
should be given to preserving sites that are more diverse and stable 
locally.

Although spatial asynchrony can also result from β-diversity and 
from metapopulation asynchrony, the latter mechanism has received 
less attention in studies on diversity–stability relationships across 
scales (but see Wilcox et al., 2017). Metapopulation asynchrony can 
be influenced by the differential responses of local populations to 
environmental factors (Thorson et  al.,  2018). These variations in 
local population responses may be attributed to phenotypic plas-
ticity (Brans et  al.,  2017) and other spatial, connectivity-related 
mechanisms, including genetic differences resulting from geo-
graphic isolation (Orsini et al., 2013) and priority effects (de Meester 
et al., 2016). For instance, an experimental study that manipulated 
dispersal rates among populations of Drosophila found that limited 
dispersal enhanced metapopulation stability due to asynchronous 
responses among sub-populations (Dey & Joshi, 2006). Thus, it is 
also important to consider how spatial distances and species traits 
linked to dispersal ability influence metapopulation dynamics and 
their effects on spatial asynchrony.

Animal ecology studies on diversity–stability relationships 
across scales are still rare (but see Catano et al., 2020), especially 
due to a lack of high-resolution abundance data covering large 
spatial extents. Thanks largely to the work of community science, 
European butterflies can be considered an excellent model group, 
because they have been systematically monitored in several coun-
tries spanning a considerable latitudinal and climatic gradient (van 
Swaay et al., 2008). In addition, butterflies are particularly sensitive 
to climate change and land use (Parmesan,  2003; Thomas, 2005), 
which are factors that might affect their abundance and stability. 
Compared to other insect groups, we have considerable knowledge 
about the functional traits, phylogeny, biology and ecology of but-
terflies, especially in Europe (Settele et  al.,  2009). Consequently, 
investigating the mechanisms influencing the stability of butterfly 
populations across different spatial scales is now feasible and can 

provide insights into the conservation of other insects, which often 
lack detailed abundance and trait data (Stork, 2018).

Here, we assembled a large database of butterfly abundances 
with high spatial resolution gathered across seven European coun-
tries to test the influence of geographic and climatic variables, 
species dispersal capacity as well as functional and taxonomic-
based diversity metrics on regional stability. Particularly, we 
aimed at testing the following hypotheses: (H1) α-diversity sta-
bilizes overall butterfly abundances within local communities, 
which scales up to influence regional stability. Particularly, we 
expect that communities with higher taxonomic and functional α-
diversity will be characterized by higher local species asynchrony 
in response to environmental fluctuations than communities with 
lower α-diversity (Yachi & Loreau,  1999, Figure  1, Appendix  S1 
and Table  S1.1). Since α-diversity is generally positively related 
to dispersal (e.g., Cadotte,  2006), we expect higher α-diversity 
for highly mobile species compared to less mobile species. (H2) 
Taxonomic and functional β-diversity increases spatial asyn-
chrony among local communities and, consequently, this spatial 
asynchrony translates into regional stability (Polley et  al.,  2020, 
Liang et al., 2022, Figure 1, Appendix S1 and Table S1.1). We ex-
pect that less mobile species will have higher spatial β-diversity 
owing to dispersal limitation than more mobile species. (H3) As 
metapopulation asynchrony can also increase spatial asynchrony 
and thus regional stability, we expect populations of the same 
species in different local communities to exhibit asynchronous dy-
namics (Wilcox et al., 2017, Figure 1, Appendix S1 and Table S1.1). 
However, we expect that spatially structured populations of more 
mobile species will have less metapopulation asynchrony than 
less mobile species. (H4) Spatial distance increases taxonomic and 

F I G U R E  1 Conceptual model showing the pathway network 
used to test the direct and indirect effects of abiotic factors, 
biodiversity and mechanisms that promote stability at multiple 
spatial scales. The blue, green, brown and black arrows indicate 
positive effects of climate, number of local communities (NLC), 
spatial distance and biodiversity respectively. MAT stands for mean 
annual temperature. Each pathway is numbered and described in 
Appendix S1 and Table S1.1.
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functional β-diversity and thus the probability of asynchronous 
fluctuations between local communities (Figure  1, Appendix  S1 
and Table  S1.1). We expect that spatial distance will increase 
both β-diversity and spatial asynchrony, due to higher dispersal 
limitation and environmental heterogeneity among communities 
(Larsen et al., 2021). This should particularly apply to less mobile 
species, where spatial distance is more likely to translate into 
dispersal limitation than for highly mobile species. (H5) Spatial 
variation in climatic factors, such as precipitation and tempera-
ture, positively modulate the stabilizing effect of biodiversity at 
multiple scales because these variables can promote β-diversity 
of plants (Zellweger et  al.,  2017) and stability of plant biomass 
(Liang et  al.,  2022; Wang et  al.,  2021), including butterfly host 
plants, contributing to the β-diversity of butterfly communities 
(Zellweger et al., 2017, Figure 1, Appendix S1 and Table S1.1).

2  |  METHODS

2.1  |  Data selection

We extracted butterfly data from the long-term community sci-
ence European Butterfly Monitoring Scheme (eBMS, van Swaay 
et  al.,  2022). All monitoring schemes are based on standardized 
Pollard-walk transects (Pollard, 1977; van Swaay et al., 2015) surveyed 
weekly during the main butterfly activity period (March to October) 
under beneficial weather conditions (see van Swaay et al., 2015 for 
more details). Since transects varied in length and were composed of 
several nested sections of variable length, we aggregated contigu-
ous sections along each transect to generate comparable sampling 
lengths of approximately 200 m (mean ± SD = 203.7 ± 11.6), covering 
Spain, France, Germany, Luxembourg, Belgium, The Netherlands, 
The United Kingdom, Sweden, and Finland. The dataset com-
prised the period from 2005 to 2016, which was the time window 
that maximizes data availability for all countries mentioned above. 
Subsequently, only transect sections that were revisited three 3 or 
more months per year were used (I = 1105) and the average abun-
dance per species and year was calculated and used as an estimate of 
annual species abundance. Each aggregated section (approximately 
200 m) of transect was considered a local community. For the selec-
tion of metacommunities, we first plotted a grid with 20 × 20 km cells 
on the map of Europe (Appendix S1 and Figure S1.2). We then se-
lected metacommunities that had three to five communities within a 
grid cell, monitored for a minimum of four and a maximum of twelve 
consecutive years. In the case that there were more than five local 
communities within a grid cell, we randomly selected only four or 
five sections to have a more balanced sampling effort (i.e., ranging 
from three to five local communities in all metacommunities). After 
this procedure, 285 metacommunities were retained for analysis. 
None of them were in the territories of Sweden and Luxembourg. 
This is because their communities and/or metacommunities did not 
meet all the pre-established criteria prior to the analyses. Since the 
countries started the monitoring scheme in different years, we only 

analysed communities with the same monitoring time within each 
metacommunity (minimum of four and maximum of twelve consecu-
tive years). After a simple linear regression performed with the ‘lm’ 
function of the R v.4.2.2 (R Core Team, 2022), we confirmed that the 
number of consecutive years did not influence the stability measure 
of the metacommunities (R2

adjusted = −0.0033, F = 0.07, p = 0.79), jus-
tifying this procedure.

2.2  |  Calculation of stability components

For each metacommunity, we calculated the regional stability of but-
terfly species abundance, following the model developed by Wang 
and Loreau (2014, 2016). For this, we use the average species abun-
dance per year. Moreover, we calculated the inverse of variability 
and synchrony metrics to represent stability and asynchrony respec-
tively (see Wilcox et al., 2017). The formulas used to calculate each 
metric are presented below:

where μM is the temporal mean of annually summed total abundance in 
metacommunity M and σM is the temporal standard deviation.

Spatial asynchrony is the degree to which the total abundance 
of butterflies from different local communities fluctuates differently 
from one another through time (see Hautier et al., 2020):

where wii denotes the variance of total abundance in community i, and 
wij denotes the covariance in total abundance between community i 
and j.

Local stability is the temporal average of the stability of butterfly 
abundance at the local community scale. This metric, for each local 
community, was obtained by calculating the coefficient of temporal 
variation of the total abundance of the community in each transect, 
weighted by the abundance of the local community and taking the 
inverse, according to Wilcox et al. (2017):

where μi is the temporal mean of the total abundance in the commu-
nity i, μM is the temporal mean of the total abundance in the meta-
community M and σi is the temporal standard deviation of the total 
abundance in the community i.

where for each species i present within a metacommunity, wmn is 
the temporal covariance between populations m and n and wmm is 

(1)Regional stability =

�M

�M

(2)Spatial asynchrony =

∑
i

√
wii��∑
i,jwij

�
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(∑
i
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�M

×
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)
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the temporal variance of population m, as referenced from a cova-
riance matrix. This metric is then averaged across species, weighted 
by species' relative abundances, to obtain a single value for each 
metacommunity.

2.3  |  Calculating taxonomic and functional 
α-diversity and β -diversity

We calculated the average taxonomic α-diversity per metacom-
munity, using the inverse of Simpson's index, obtained by the ‘di-
versity’ function of the ‘vegan’ R-package (Oksanen et al., 2022). 
To calculate functional α-diversity and β-diversity indices, we used 
two important life-history traits of butterflies: (i) wingspan, which 
is related to longevity and fecundity and is considered as an im-
portant response trait to certain environmental factors such as 
temperature (Chown & Gaston, 2010; Merckx et al., 2018); and (ii) 
egg volume, related to survival, performance of immature stages 
and number of food plant genera (García-Barros, 2000). Trait data 
were obtained from Essens et al. (2017) and analysed for the ex-
istence of collinearity, using the following criteria: Pearson cor-
relation test (r < 0.7) and variance inflation factor (VIF) < 3 (Zuur 
et al., 2010). For the calculation of functional α-diversity, we ini-
tially subjected the species × trait matrix to a clustering procedure 
using UPGMA with Gower distances to produce a dendrogram. 
Next, we used a species × sites matrix with abundance data and 
the dendrogram produced by the clustering process, as argu-
ments of the ‘alpha’ function of the ‘BAT’ R-package (Cardoso 
et al., 2022). Finally, we calculated the mean functional α-diversity 
of the communities to obtain a single value for each metacom-
munity. Regarding the calculation of spatial taxonomic β-diversity, 
we used the ratio between γ-diversity (also based on the inverse 
of Simpson's index) and the mean of taxonomic α-diversity. The 
pairwise functional β-diversity was calculated using the ‘beta’ 
function from the ‘BAT’ R-package (Cardoso et  al.,  2022), using 
species abundances and trait matrices for functional α-diversity. 
All diversity metrics, at different scales, were calculated for each 
year of the time series and then averaged across years to repre-
sent long-term estimates. Moreover, we decided to use the inverse 
of Simpson's index to calculate α, γ and β-taxonomic diversity to 
make this study comparable with other studies on biodiversity–
stability relationships at multiple scales, which used the same 
methodology but with taxonomic data only.

2.4  |  Calculating spatial distance

To obtain a single value of spatial distance between all local com-
munities per metacommunity, we used the mean of the pairwise 
Euclidean distance weighted by the mean pairwise shortest topo-
graphic distance (Wang,  2020), to account for potential dispersal 
barriers. These metrics were calculated using the geographic coor-
dinates of the centroid of each local community (decimal degrees, 

unit in meters) and the elevation layer from WorldClim at 10-min 
resolution.

2.5  |  Climatic data

Mean annual precipitation (MAP) and mean annual temperature 
(MAT) layers were obtained from the WorldClim bioclimatic varia-
bles version 2 (1970–2000) at 10-min resolution (http://​www.​world​
clim.​org/​, Hijmans et al., 2005). We averaged the MAP and MAT per 
metacommunity grid cell to obtain a single value. Thus, these met-
rics represent the spatial variation in temperature and precipitation 
between metacommunities.

2.6  |  Classifying butterfly species into low and high 
mobility categories

Based on the mobility index proposed by Essens et  al.  (2017), 
which takes into account available information on dispersal abil-
ity for a large number of species and combines it with informa-
tion on range size, wingspan and voltinism to estimate dispersal 
capacity for the remaining taxa, we classified butterfly species 
into two groups: (i) low and (ii) high mobility. Low mobility species 
(n = 81) are those that fell below the median value of the mobility 
index, whereas high mobility species (n = 112) are those equal to 
or above the median. However, to ensure a more balanced number 
of species between the butterfly groups for further analysis (see 
below), we excluded the 31 least mobile species from the highly 
mobile group (i.e., those closer to the median). Here, we also se-
lected the traits (wingspan and egg volume) to calculate func-
tional α-diversity and β-diversity indices of each mentioned group. 
The correlation between these two traits was weak according to 
Pearson's correlation test (r < 0.7) and VIF < 3 (Zuur et al., 2010), 
both for the low mobility species (r = 0.51 and VIF = 1.60) and the 
high mobility species (r = 0.62 and VIF = 1.43). We also carried out 
the same analyses between wingspan and mobility. We obtained 
the following results: (i) r = 0.16 and VIF = 1.02 for low mobility 
species and (ii) r = 0.11 and VIF = 1.02 for high mobility species. 
It is noteworthy that the comparative analyses between the two 
groups were carried out considering the same period and the same 
study sites. As a result, the number of less mobile species fell from 
81 to 78.

2.7  |  Statistical analyses

Based on theoretical and empirical studies on the stability–di-
versity relationship (e.g., Catano et  al.,  2020; Liang et  al., 2022; 
Wang & Loreau, 2016), we developed an initial theoretical model 
(Figure 1), considering ecologically reasonable links (Appendix S1 
and Table  S1.1). To test the significance and strength of the 
hypothesized direct and indirect stabilizing effects of each 

http://www.worldclim.org/
http://www.worldclim.org/
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component included in the initial model, we used structural equa-
tion modelling (SEM). Moreover, since different grid cells (meta-
communities) can vary in the number of local communities (NLC) 
from 3 to 5, we considered it important to include this variable 
in the initial model. This variable can also influence β-diversity as 
well as metapopulation and spatial asynchrony, as demonstrated 
in recent studies (Catano et al., 2020; Liang et al., 2022; Wang & 
Loreau, 2014). We natural-log (loge) transformed all variables to 
improve normality and fitted linear-based SEM models using the 
‘piecewiseSEM’ R-package (Lefcheck, 2016). Importantly, the loga-
rithmic transformation caused the variance of regional stability to 
be fully explained by local stability and spatial asynchrony (Wang 
et al., 2021). We started by building an initial SEM with data from 
the entire set of species (i.e., combining both low and high mo-
bile species) and using the taxonomic indices of α- and β-diversity. 
Then, we built another SEM but replaced the taxonomic indices of 
α- and β-diversity to their functional counterparts. We performed 
the same procedures focusing on the low and high mobility spe-
cies separately. Thus, in total, we performed six initial SEMs, ana-
lysing: (i) the entire dataset based on taxonomic and functional 
diversity indices; (ii) low mobility species based on taxonomic and 
functional diversity indices, and (iii) high mobility species based 
on taxonomic and functional diversity indices. However, none of 
our six hypothesized SEM models were supported by the data 
(i.e., poor model fit, with Fisher's C and Chi-squared p < 0.05, see 
Appendix S1, legends to Figures S1.3 and S1.4). We then followed 
the approach set out by Catano et al.  (2020), Liang et al.  (2022), 
Zuo et  al. (2023) and others, which consists of carrying out an 
exploratory path analysis to find a model with a satisfactory fit. 
Firstly, based on Shipley's d-separation test, we considered poten-
tial correlated errors, which are unforeseen correlations between 
variables that do not have a clear causal link (Lefcheck, 2016; e.g., 
correlation between metapopulation asynchrony and local sta-
bility). Secondly, we removed statistically non-significant links 
(p > 0.05) if this would improve the fit of the model (χ2 > 0.05 and 
Fisher's C > 0.05, see Catano et  al., 2020, Liang et  al., 2022). In 
addition, we checked for residual spatial autocorrelation in our 
final SEM models by calculating Moran's I and there was none (see 
Tallavaara et al., 2018). Although the final six models showed bet-
ter fits, it is important to note that this was determined based on 
the structure of the data. Finally, to assess the relative importance 
of local stability and spatial asynchrony to regional stability, we 
partitioned their variances (‘varpart’ function, ‘vegan’ R-package) 
by means of partial regressions, allowing the quantification of the 
unique and shared contribution of both predictors.

To compare the stability and diversity patterns among meta-
communities composed of highly mobile and relatively less mo-
bile species, we ran several permutational univariate analyses of 
variance (permutational anova, 5000 iterations). To do so, we used 
mobility as a factor (low and high) and considered the following 
descriptors as dependent variables, one at a time: (i) taxonomic α-
diversity; (ii) functional α-diversity; (iii) taxonomic β-diversity; (iv) 
functional β-diversity; (v) metapopulation asynchrony; (vi) spatial 

asynchrony; (vii) local stability and (viii) regional stability. For this 
test, we used the function ‘aovp’ from the ‘lmPerm’ R-package 
(Wheeler & Torchiano,  2016). All analyses were performed in the 
R software environment version 4.2.2 (R Core Team, 2022). Code 
and data that support the results are available at doi.org/10.6084/
m9.figshare.24716334.

3  |  RESULTS

3.1  |  Importance of local stability and spatial 
asynchrony for regional stability

According to SEMs built on the basis of the entire dataset 
(Figure  2a,b), the metacommunity level stability of European but-
terflies was more influenced by the stability of local communities 
[standardized path coefficient (spc) = 0.71, p < 0.001] than by spa-
tial asynchrony (spc = 0.58, p < 0.001; see also Appendix  S1 and 
Figure S1.5).

3.2  |  Positive effects of butterfly species diversity 
on stability at multiple scales

Considering the entire dataset, we observed a positive influ-
ence of taxonomic and functional α-diversity on local community 
stability (Figure  2a,b). Additionally, the magnitude of such posi-
tive effects of both α-diversity facets was quantitatively similar 
(spc = 0.32, p < 0.001, taxonomic and spc = 0.28, p < 0.001, func-
tional). Taxonomic β-diversity was not significantly related to spa-
tial asynchrony among local communities (spc = −0.04, p = 0.46). 
By contrast, functional β-diversity (spc = 0.13, p < 0.01) and, 
especially, metapopulation asynchrony (spc = 0.63, p < 0.001, 
Figure  2a) positively influenced spatial asynchrony among local 
communities. The effects of taxonomic and functional α-diversity 
on local community stability as well as the effects of metapopula-
tion asynchrony and functional β-diversity on spatial asynchrony 
propagated across scales to indirectly influence the stability of 
metacommunities (Figure 2a,b).

3.3  |  Importance of spatial distance, climatic 
factors and number of local communities on stability 
at multiple scales

Considering the entire dataset, we found that spatial distance in-
creased spatial asynchrony among communities indirectly through 
metapopulation asynchrony (spc = 0.41, p < 0.001, Figure 2a,b) and 
functional β-diversity (spc = 0.42, p < 0.001, Figure  2b), but not 
through taxonomic β-diversity (Figure  2a). Climatic factors influ-
enced regional stability only through local stability (Figure 2a) and 
taxonomic and functional α-diversity, but not through any meas-
urement of β-diversity (Figure  2a,b). Specifically, temperature had 

https://doi.org/10.6084/m9.figshare.24716334
https://doi.org/10.6084/m9.figshare.24716334
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a positive influence on local stability (spc = 0.12, p < 0.05, Figure 2a) 
and functional α-diversity (spc = 0.16, p < 0.01, Figure  2b). On 
the other hand, the effect of precipitation on both the taxonomic 

(spc = −0.18, p < 0.01, Figure 2a) and functional (spc = −0.17, p < 0.01, 
Figure 2b) facets of α-diversity was negative. Finally, we observed 
that the NLC had a negative impact on functional β-diversity 
(spc = −0.15, p < 0.01, Figure 2b) and a positive influence on meta-
population asynchrony (spc = 0.29, p < 0.001, Figure 2a,b). With re-
gard to the taxonomic facet of β-diversity, the NLC showed no effect 
(spc = 0.002, p = 0.98).

3.4  |  Impact of species dispersal ability on stability 
at multiple scales

On average, metacommunities of relatively less mobile species 
were characterized by significantly lower taxonomic α-diversity 
and functional α-diversity compared to the metacommunities of 
relatively more mobile species (p < 0.001, Figure 3a,b). Taxonomic 
β-diversity was on average significantly higher for metacommu-
nities of more mobile species (p < 0.01, Figure  3c). By contrast, 
functional β-diversity was significantly higher for relatively less 
mobile species (p < 0.001, Figure 3d). Metapopulation asynchrony 
and spatial asynchrony were both higher for metacommunities of 
less mobile species (p < 0.001, Figure 3e,f). Local stability and re-
gional stability of butterfly abundances were significantly higher 
in the group of species with relatively higher dispersal capacity 
(p < 0.001, Figure 3g,h).

Compared to the group of less mobile species, we observed a 
small increase in the relative contribution of local stability to regional 
stability in the group of highly mobile species (change in spc from 
0.71 in the low mobility group to 0.76 in the group of high mobility, 
Figure 4). In contrast, we observed a small increase in the relative 
contribution of spatial asynchrony to regional stability in the group 
of less mobile species compared to the group of highly mobile ones 
(change in spc from 0.47 in the high mobility group to 0.55 in the 
group of less mobile species; Figure 4). We also found that metapop-
ulation asynchrony (spc = 0.80, p < 0.001, Figure  4a,c) contributed 
more to both spatial asynchrony and regional stability of low mo-
bility butterflies when compared to the highly mobile species group 
(spc = 0.64, p < 0.001, Figure 4b,d). Moreover, we observed that the 
relative contribution of taxonomic α-diversity to local stability was 
similar for both species' groups [spc = 0.38, p < 0.001 (low mobility 
species, Figure 4a) and spc = 0.40, p < 0.001 (high mobility species, 
Figure 4b)]. On the other hand, the functional α-diversity of the less 
mobile butterflies showed a slightly stronger positive relationship 
with local stability (spc = 0.38, p < 0.001, Figure  4c) compared to 
the more mobile group (spc = 0.34, p < 0.001, Figure 4d). Finally, we 
found that no facet of β-diversity was relevant to the spatial asyn-
chrony of low- and high-mobility species.

We also carried out the same analyses using 112 more mobile 
species, that is, without removing any species from the highly mobile 
group. The results were very similar to those obtained using met-
rics of 81 species (Appendix  S1 and Figure  S1.7a,b). Furthermore, 
the strength of the relationships was very similar in both datasets. 
The unstandardized effects, standard errors and p-values of each 

F I G U R E  2 Results of structural equation modelling (SEM) 
showing direct and indirect pathways through which local and 
spatial factors determine regional stability of European butterfly 
abundance. The final SEM (a) based on multiplicative taxonomic 
β-diversity and local mean species diversity (inverse Simpson's 
index) and (b) based on pairwise functional β-diversity and local 
mean functional diversity. Black arrows indicate positive effects 
(p < 0.05), red arrows represent negative effects (p < 0.05) and grey 
double-headed arrows represent covariant variables. The numbers 
adjacent to the arrows are standardized path coefficients, and the 
width of the arrows indicates the strength of the relationship. The 
percentages next to the variables indicate the variance explained 
by the model (R2). The SEM statistics were as follows: (a): χ2 = 31.0, 
df = 23, p = 0.12; Fisher's C = 45.0; df = 44, p = 0.43; (b): χ2 = 32.7, 
df = 24, p = 0.11 and Fisher's C = 42.4, df = 44; p = 0.54 (indicating 
good model data fit).

(a)

(b)
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significant link have been provided in Appendix S1 and Tables S1.2, 
S1.3, S1.4 and S1.5.

4  |  DISCUSSION

Here, we used a high-resolution dataset of butterflies gathered in 
seven European countries and covering several years to investigate 
diversity–stability relationships across spatial scales. We demon-
strate that both α-diversity and β-diversity played significant roles 
in stabilizing metacommunities, through their direct effects on local 
stability and spatial asynchrony respectively. Moreover, we also 
observed a direct positive effect of temperature on functional α-
diversity and local stability. In contrast, we observed a direct and 
indirect negative effect of precipitation on local diversity and on 
the stability of local communities respectively. Additionally, we 
also show for the first time that differences in dispersal capacity 
among species can influence the relative importance of local sta-
bility and spatial asynchrony for regional stability of butterflies, as 
we expected. We note that local stability was the main driver of 
regional stability for both high and low mobility species. This im-
plies that local processes prevail, but spatial dynamics should not 
be entirely disregarded when designing landscape management 

strategies, especially when the focus is the stability of less mobile 
species compared to highly mobile ones. When focusing on the en-
tire dataset, we found that using a functional trait-based index of 
β-diversity improves predictions of spatial asynchrony and regional 
stability when compared to taxonomic β-diversity. Metapopulation 
asynchrony contributed more to spatial asynchrony in abundances 
among communities than metrics of β-diversity. However, there 
was no clear difference in predictive power between taxonomic and 
functional-based indices of α-diversity, except when considering the 
most mobile species. Below, we discuss these findings in more detail.

4.1  |  Drivers of diversity–stability relationships 
across scales: The entire dataset

When analysing the drivers of regional stability of European but-
terfly abundance, we observed that both local stability and spatial 
asynchrony were important stabilizing mechanisms, but with rela-
tively greater importance of local stability. This result aligns with 
recent research on plant biodiversity and biomass stability (Hautier 
et al., 2020; Wilcox et al., 2017), but contrasts with studies on fishes 
(Thorson et  al.,  2018) and birds (Catano et  al.,  2020) where spa-
tial asynchrony was identified as the primary stabilizing factor. A 

F I G U R E  3 Error bars with means and standard errors for diversity and stability metrics of low (brown error bars) and highly mobile 
(blue error bars) European butterfly species. (a) taxonomic α-diversity, (b) functional α-diversity, (c) taxonomic β-diversity, (d) functional β-
diversity, (e) metapopulation asynchrony, (f) spatial asynchrony, (g) local stability and (h) regional stability. Distinct letters (a versus b) indicate 
significant differences (p < 0.05) based on permutational anova.
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plausible explanation for contrasting influences of local stability and 
spatial asynchrony are differences in spatial extent among studies. 
For example, the results of Liang et al. (2022) indicate that the sta-
bilizing effect of spatial asynchrony on regional stability increased 
with increasing spatial extent, suggesting that spatial asynchrony 
of biomass may be driven by factors related to spatial distance, 
such as the environmental heterogeneity, dispersal limitation and 

the compositional dissimilarity between local communities (Wang 
& Loreau, 2014), which tend to increase with geographic distance 
(Soininen et al., 2007). This lack of consensus among these studies 
demonstrates the need for more long-term studies that investigate 
how varying environmental contexts, spatial scales and intrinsic or-
ganisms' traits, such as dispersal ability, could affect the relative im-
portance of local and regional stabilizing mechanisms.

F I G U R E  4 The final SEMs (a) and (b) based on multiplicative taxonomic β-diversity and local mean species diversity (inverse Simpson's 
index) of relatively less mobile and more mobile species respectively; (c) and (d) based on pairwise functional β-diversity and local mean 
functional diversity of low and high mobility species respectively. Black arrows indicate relationships between measured variables or 
positive effects (p < 0.05), red arrows represent negative effects (p < 0.05) and grey double-headed arrows represent covariant variables. The 
numbers adjacent to the arrows are standardized path coefficients, and the width of the arrows indicates the strength of the relationship. 
The percentages next to the variables indicate the variance explained by the model (R2). The SEM statistics were as follows: (a) χ2 = 22.4, 
df = 17, p = 0.17; Fisher's C = 37.6; df = 32; p = 0.23; (b) χ2 = 36.7, df = 20, p = 0.01; Fisher's C = 40.5; df = 38; p = 0.36; (c) χ2 = 23.7, df = 14, 
p = 0.05; Fisher's C = 39.8; df = 28; p = 0.07 and (d) χ2 = 39.0, df = 24, p = 0.03; Fisher's C = 44.0; df = 42; p = 0.39.

(a) (b)

(c) (d)
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We found that both taxonomic and functional α-diversity in-
creased the local stability of butterflies' abundance, which then 
scaled up to influence regional stability. This result agrees with 
theoretical models (Loreau & de Mazancourt,  2013; Wang & 
Loreau,  2016) and empirical studies that reported similar rela-
tionships (Bai et al., 2004; Catano et al., 2020; Wang et al., 2021). 
When we considered the mechanisms underlying local stability 
(see Appendix  S1 and Figure  S1.6a,b), we found that both local 
species stability and species asynchrony influenced local stability 
with relatively high magnitude. However, it is important to note 
that while α-diversity had a strong stabilizing role through species 
asynchrony (see Appendix  S1 and Figure  S1.6a,b), it explained a 
relatively small fraction of local stability (small R2), which means 
that other unmeasured variables could also be important. In a re-
cent study with European butterflies, Evans et  al.  (2023) found 
that species synchrony decreased butterfly community stability, 
that is, a similar result to ours when considering only local scale 
processes. Our results go beyond those of Evans et  al.  (2023), 
as we also assessed metacommunity stability and linked this to 
spatial asynchrony among communities in many European land-
scapes, along with spatial distance, functional diversity and spe-
cies mobility. Interestingly, we also observed that both taxonomic 
and functional α-diversity positively influenced only local spe-
cies asynchrony, but not local species stability (Appendix S1 and 
Figure S1.6a,b). These findings suggest that butterfly taxonomic 
and functional α-diversity are good predictors of species response 
traits, which influence how species respond to environmental per-
turbations (Loreau & de Mazancourt, 2013).

Traits such as wingspan and egg volume can confer adap-
tive advantages to butterflies, influencing the fecundity, survival 
and longevity of individuals (Fischer et  al.,  2003, 2006; García-
Barros, 2000). These factors, in turn, can be essential for the com-
ponents of the regional stability of butterflies. For example, species 
with larger eggs that contain greater amounts of energy and water 
(Fischer et al., 2006, Karl et al., 2007) contribute to the fitness of the 
immature stages of butterflies under stressful environmental con-
ditions (García-Barros,  2000). However, a comprehensive analysis 
indicated that there is a trade-off between the number of eggs and 
egg volume across species (García-Barros,  2000), which is a com-
mon pattern related to R and K life-history strategies. While R strat-
egists can rapidly re-colonize sites after disturbances and thus show 
high resilience to environmental fluctuations, K strategists might 
be superior competitors. In addition, larger butterflies tend to use 
large or structurally complex food plants compared to smaller spe-
cies (García-Barros, 2000). Such complementary food preferences 
and life-history strategies can thus explain why higher functional 
diversity locally enhances local stability due to local species asyn-
chrony in the entire dataset. Likewise, spatial complementarity due 
to shifts in size and egg volume among communities (i.e., functional 
β-diversity) seems to enhance spatial asynchrony in the entire data-
set. The reason why functional α-diversity and β-diversity become 
non-significant when we analyse low and high mobility species sepa-
rately is probably due to a more limited range in the two traits within 

each of these groups compared to the entire dataset. An import-
ant avenue for future research is to evaluate whether butterfly re-
sponse traits, such as the ones considered here, are also associated 
with impact traits and ecosystem processes such as pollination and 
herbivory.

We found that functional β-diversity, but not taxonomic β-
diversity, positively influenced spatial asynchrony and, thus indi-
rectly contributed to regional stability. The absence of a stabilizing 
effect of taxonomic β-diversity in our study coincides with the results 
of other recent studies that focused on plants (Wilcox et al., 2017; 
Zhang et al., 2019). The lack of predictive power for taxonomic β-
diversity in other studies as well as in ours suggests that functional 
trait-based indices of β-diversity might be more appropriate to cap-
ture spatial variation in ecological aspects that determine differen-
tial community responses to a common environmental pressure at a 
landscape scale, which leads to spatial asynchrony. In this way, our 
results corroborate the hypothesis of spatial biodiversity insurance 
(Loreau et al., 2003; Wang & Loreau, 2016), mediated by spatial vari-
ation in species traits. It is important to mention that some stud-
ies have recently reported an influence of taxonomic β-diversity on 
spatial asynchrony (Catano et al., 2020; Hautier et al., 2020; Liang 
et al., 2022; Qiao et al., 2022; Wang et al., 2021), which suggests 
that the predictive power of taxonomic and/or functional β-diversity 
might vary depending on which traits were measured and also on the 
level of functional redundancy. If variation in species composition 
among communities is not accompanied by variation in functional 
traits due to high functional redundancy (see Villéger et al., 2013), 
then it is possible that taxonomic β-diversity will be uninformative. 
In such a case, it would be better to use metrics of functional β-
diversity informed by relevant traits as a way to distinguish between 
scenarios of high functional redundancy and high functional comple-
mentarity among communities (Mouchet et al., 2010). As far as we 
are aware, this is the first study to demonstrate a positive associa-
tion between butterfly functional β-diversity and regional stability 
across multiple European metacommunities. Although a large part 
of our sampling locations come from northwestern Europe com-
pared to eastern and south-eastern regions, these results suggest 
that increasing functional homogenization of butterflies in many 
European landscapes (Ekroos et al., 2010) reduces metacommunity 
stability (Wang et al., 2021; Wang & Loreau, 2016) and can influence 
the reliable provision of ecosystem functions delivered by butter-
flies, such as pollination and herbivory (Badenes-Pérez et al., 2010; 
Rader et  al.,  2016). Future efforts to collect butterfly abundance 
data through time in other European countries that are potentially 
less environmentally degraded, such as in eastern and south-eastern 
regions are necessary to evaluate the extent to which our results 
remain relevant in other spatial and environmental contexts.

Spatial asynchrony of abundances or biomass among local com-
munities can be driven by β-diversity (Wang & Loreau, 2016) or by 
metapopulation asynchrony (Wilcox et al., 2017). In our study, we 
observed that the stabilizing effect of metapopulation dynamics on 
spatial asynchrony was greater than the influence of different facets 
of β-diversity. Particularly, metapopulation asynchrony drove spatial 
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asynchrony with a positive indirect effect on the regional stability of 
butterfly abundance. In other studies, spatial asynchrony mediated 
by metapopulation dynamics was also pointed out as an important 
stabilizing factor of primary productivity (Wilcox et  al.,  2017) and 
fish stocks (Schindler et al., 2010). This implies the need of maintain-
ing genetic diversity (Chang & Smith, 2014) as well as phenotypic 
and phenological differences among populations (Brans et al., 2017; 
Schindler et al., 2010) to enhance regional stability (de Mazancourt 
et al., 2013). However, much of the scientific concern about the re-
gional diversity–stability relationship focuses on the role of species 
and the consequences of their loss (Catano et al., 2020; Qiao et al., 
2022; Wang & Loreau, 2016, Wilcox et al., 2017). Here, we demon-
strate the importance of maintaining population diversity for the 
stability of butterfly abundances and that its preservation cannot 
be underestimated. An important perspective for future research is 
to use more refined intraspecific trait information and genetic data 
to investigate the eco-evolutionary mechanisms, such as plasticity 
or rapid adaptation (Govaert et al., 2022), that link metapopulation 
asynchrony to metacommunity stability.

Another aspect of our study is that we tested the modulating 
role of spatial distance on the stabilizing effect of β-diversity and 
metapopulation asynchrony. We found that greater spatial distance 
between communities increased both β-diversity in its different 
facets and metapopulation asynchrony (Figure 2a,b), corroborating 
the prediction that taxonomic and functional similarity between 
biological communities usually decreases with spatial distance 
(Graco-Roza et al., 2022; Soininen et al., 2007). However, it is im-
portant to highlight that spatial distance is not a mechanism in itself 
(Graco-Roza et al., 2022, Soininen et al., 2007), but rather it is linked 
to ecological factors and processes that influence community dy-
namics (Soininen et al., 2007), such as dispersal limitation mediated 
by spatial configuration (Garcillán & Ezcurra, 2003), ecological drift 
(Hubbell, 2001; Vellend, 2010) and also by spatially structured en-
vironmental heterogeneity (Stein et al., 2014). In this way, the inclu-
sion of spatial distance in SEM proved to be an effective approach 
to explain part of the variation in different facets of β-diversity, 
metapopulation asynchrony and indirectly spatial asynchrony, since 
this predictor reflects several ecological phenomena that are cen-
tral to metacommunity theory (Soininen et al., 2007).

Although most of our sampling points were concentrated in a 
relatively similar climatic region in Europe, and thus we had limited 
power to test the influence of climate, we still found that there was 
spatial variation in annual precipitation, and locations with higher 
precipitation had lower functional α-diversity, whereas temperature 
positively correlated with local stability (Figure 2a) and functional α-
diversity (Figure 2b). These results indicate that warmer regions are 
more stable, reflecting more favourable conditions for butterflies. 
However, it is important to bear in mind that opposing relationships 
can also be observed depending on the taxonomic group studied. 
For example, a recent study identified a negative relationship be-
tween temperature and local stability of plants (Liang et al., 2022). 
Moreover, the opposing effects of precipitation and temperature 
on butterfly α-diversity in Europe might reflect the fact that, on 

average, Mediterranean climates are warmer and drier and harbour 
a greater variety of microhabitats, which may enhance butterfly spe-
cies diversity and also functional trait diversity (Numa et al., 2016). 
Precipitation did not exert any influence on the different facets of 
β-diversity, contrasting with the results of previous studies that 
showed a positive effect of this climate variable on the taxonomic β-
diversity of birds (Catano et al., 2020) and plants (Liang et al., 2022; 
Wang et al., 2021).

Although we have initially hypothesized a positive relationship 
between species richness and mean annual precipitation, our results 
were not what we expected. It is important to acknowledge that 
the relationships between climatic variables and butterfly species 
richness in Europe are complex and vary regionally depending on 
several factors (Stefanescu et al., 2011), such as: (i) topography; (ii) 
ecosystem type and (iii) land use type and intensity. For example, 
on the European continent, temperature is one of the main limiting 
factors for butterfly richness in northern regions (Luoto et al., 2006), 
whereas in warmer regions, such as the Mediterranean, water avail-
ability is the main limiting factor (Herrando et al., 2019; Stefanescu 
et  al.,  2011) due to recurrent precipitation deficits (EEA,  2012; 
Herrando et al., 2019). Thus, new studies about diversity–stability 
relationships across scales should ideally include variables related 
to climate, land use and topography in order to account for such 
complexities.

Theory predicts that the larger the number of local communi-
ties, the larger the probability of spatial asynchrony among those 
communities (Wang & Loreau,  2014). However, considering the 
entire dataset, the number of local communities had no influence 
on taxonomic β-diversity nor on spatial asynchrony. This finding is 
at odds with the results obtained in empirical studies that focused 
on birds (Catano et al., 2020) and plants (Liang et al., 2022). On the 
other hand, we found a negative correlation between the number of 
local communities and functional β-diversity, while the relationship 
was positive with metapopulation asynchrony. This suggests that, 
at least for butterflies in Europe, increasing the number of avail-
able habitat patches within regions (here 20 × 20 km) likely results 
in differential responses of local populations, which consequently 
increases regional stability. This pattern is likely driven by different 
environmental conditions among sites and/or dispersal limitation 
among them. On the other hand, we notice that local stability was 
overall more important for metacommunity stability than spatial 
asynchrony. This might reflect the fact that only three to five loca-
tions are included in each metacommunity in our study (with each 
grid cell 20 × 20 km). Thus, it might be that the relatively small area 
and few locations considered here result in limited climatic and en-
vironmental variation across locations, limiting our capacity to find 
expected functional differences in composition and thus in spatial 
asynchrony. It is conceivable that the significant differences in meta-
population and spatial asynchrony between low and high mobility 
species would be stronger if we had considered larger areas and 
more local communities, thus enhancing the range of environmental 
conditions and the potential for dispersal limitation to increase asyn-
chronous responses among sub-populations.
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4.2  |  Impact of species dispersal ability on stability 
at multiple scales

By analysing groups of species with relatively lower and higher dis-
persal capacity separately within the same sampling sites and meta-
communities, we found clearly distinctive patterns. First, regional 
stability was on average higher for more mobile species, suggesting 
that dispersal ability is an important process of metacommunity stabil-
ity. The fact that the variability of regional abundance is higher for less 
mobile species might indicate that they are at higher risk of extinction 
due to climate change and land-use change, which are factors known 
to enhance population variability and population declines (Costache 
et al., 2021; Ekroos et al., 2010). Metacommunity theory assumes that 
species dispersal from the regional species pool is a central process de-
termining both α and β-diversity (Leibold et al., 2004), but it has not 
been well explored in studies of metacommunity stability yet. Here, we 
observed that higher dispersal ability enhanced both taxonomic and 
functional α-diversity of European butterflies, which were both im-
portant determinants of local stability and, thus, indirectly influenced 
regional stability. Higher α-diversity thus explains why regional stabil-
ity is higher for more mobile species compared to less mobile species. 
However, metapopulation asynchrony was higher for less mobile spe-
cies, which positively scaled up to influence regional stability in this 
group, as expected. Moreover, our prediction of higher functional β-
diversity for less mobile species compared to high mobile species was 
corroborated, although the opposite pattern was observed when we 
analysed taxonomic β-diversity. This seems to suggest that higher func-
tional β-diversity is linked to dispersal limitation (but see Graco-Roza 
et  al.,  2022) in our study, affecting the distribution of the measured 
traits across the landscape. For instance, it seems that highly mobile 
species were able to effectively disperse through the landscape, but the 
existing environmental variation was insufficient to strongly filter spe-
cies by size and egg volume. This resulted in functional homogenization 
of these traits across the landscapes for highly mobile species. By con-
trast, some small species of the low mobility group are likely strongly 
limited in dispersal capacity, which seems to constrain their distribu-
tion in the landscape and to enhance functional β-diversity through 
ecological drift (see also Chase, 2010). In the meantime, taxonomic β-
diversity was higher for the group of more mobile species, suggesting 
that more efficient dispersal triggers effective species sorting (Gianuca 
et al., 2017), allowing each species to more effectively track their suit-
able environmental conditions when compared to relatively poor dis-
persers. Future studies could gain more insight into niche-based species 
sorting and habitat selection by integrating more traits than only wing 
span and egg volume, and by relating detailed environmental character-
istics of the habitat patches to multi-trait β-diversity.

4.3  |  Implications for biodiversity conservation

Global change and associated anthropogenic pressures on Earth, 
including habitat fragmentation and climate change, are leading to 
biodiversity erosion as well as temporal shifts in species composition 

locally and regionally (Cardinale et al., 2012; Dornelas et al., 2014). 
This is concerning because changes in climate and connectivity can 
impact the local and spatial insurance provided by biodiversity, im-
plying that more action is needed to guarantee the reliable provision 
of ecosystem processes and services in the Anthropocene. Our find-
ings are particularly relevant in the context of the ‘30 × 30’ goal of 
the Global Biodiversity Framework, which aims to conserve at least 
30% of terrestrial and aquatic ecosystems through the establishment 
of protected areas and other effective area-based conservation 
measures (Waldron et al., 2020). Habitat protection and successful 
restoration of ecological processes can positively impact local and 
regional diversity (Holl et al., 2022). Our results indicate that local 
stability is the main driver of regional stability, suggesting that habi-
tat protection and restoration might be important to increase both 
local and regional stability of butterflies. This agrees with studies 
that report a high contribution of local scale processes to the re-
gional stability of multiple organisms (e.g., Wisnoski et al., 2023).

In addition to habitat protection and restoration locally, enhanc-
ing landscape connectivity by means of ecological corridors might 
allow species with limited dispersal capacity to track their suitable 
environmental and climatic conditions as they change in space 
(Diengdoh et al., 2023; Habel et al., 2020; Hodgson et al., 2022). High 
structural connectivity could, thus, potentially increase taxonomic 
and functional α-diversity of less mobile species, positively impact-
ing their local and regional stability. However, some studies suggest 
that improving connectivity, although important, might not be suffi-
cient to enable species to cope with rapid climate changes (Coristine 
et al., 2016; Fourcade et al., 2021). Thus, other management strate-
gies, such as increasing the percentage of protected areas should also 
be contemplated (Rada et  al.,  2019). Importantly, a single large re-
serve might not be preferable, because for the same amount of hab-
itat area protected, a network of several connected habitat patches 
covers more spatial extent and potentially also encompasses more 
environmental conditions. In addition, several small protected areas 
might be advantageous to spread and dilute extinction risk across 
multiple sub-populations (Fahrig, 2020). This is especially relevant for 
less mobile species as we demonstrate that metapopulation dynam-
ics is an important determinant of spatial asynchrony, and therefore 
should be carefully considered in conservation strategies that aim at 
enhancing regional stability. Thus, both local and regional conserva-
tion strategies are fundamental for maintaining the provision of eco-
system services at larger scales, and for improving the resistance and 
resilience of ecosystems in the face of anthropogenic disturbances.

4.4  |  Limitations and perspectives

Given the distribution of the plots analysed in our study, concentrated 
in northwestern Europe (mainly in England and the Netherlands), it 
is necessary to exercise some caution when interpreting our results, 
since the countries of eastern and southern Europe are absent or 
underrepresented in our analyses. It is also worth mentioning that 
although the sampling configuration somewhat limited the climatic 
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variation in space, climate still proved to be important for taxonomic 
and functional α-diversity (entire dataset). Thus, we suggest that 
future efforts should be made to collect high-quality data in other 
parts of Europe and the world. We believe that future diversity–sta-
bility studies that are more representative in terms of the geographi-
cal distribution of sampling points and climatic conditions on the 
European continent will be able to reveal an even greater relevance 
of climate on stability across multiple spatial scales.

5  |  CONCLUSIONS

Although we observed a high redundancy between the taxonomic 
and functional-based approaches at the local scale, functional β-
diversity was a more important driver of spatial asynchrony than its 
taxonomic counterpart when we focused on the entire dataset. By 
integrating climatic variables and spatial distance, we were able to 
reveal various pathways leading to regional stability. All investigated 
variables contributed directly and/or indirectly to the regional sta-
bility of butterfly abundance, mainly through the stability of local 
communities. Our study revealed consistent stabilizing effects of 
taxonomic and functional diversity at different scales, supporting 
the predictions of the local and spatial insurance hypothesis of bi-
odiversity (Loreau et al., 2003; Yachi & Loreau, 1999). Our results 
indicate that the stability of metacommunities of both high and low 
mobility species is more influenced by local stability than by spatial 
asynchrony, suggesting the need to preserve or restore local habitat 
quality to maintain or enhance regional stability. However, compared 
to good disperses, less mobile species were characterized by signifi-
cantly higher metapopulation and spatial asynchrony (Figure 3e,f), 
as expected. Therefore, managers seeking to reduce regional vari-
ability of species with limited dispersal capacity should also take a 
landscape perspective into account, enhancing connectivity and the 
preservation of multiple sites to conserve metapopulation and meta-
community dynamics.

ACKNOWLEDG EMENTS
Ideas and concepts presented in this study were initially discussed 
and supported by the sECURE Project, which was fully funded by 
the German Centre for Integrative Biodiversity Research (iDiv) 
Halle-Jena-Leipzig. We thank all participants of the sECURE project 
for their contribution as well as all organizers and volunteers of the 
European Butterfly Monitoring Schemes (e-BMS) for data gathering 
and sharing. We are also grateful to Adriano C. F. da Silva, Vinícius A. 
G. Bastazini, Duarte de S. P. T. Viana and Gislene M. da S. Ganade for 
useful discussions that helped improve the manuscript. This study 
was financed in part by the Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior – Brasil (CAPES) – Finance Code 001. ATG 
received a postdoctoral research grant from iDiv.

DATA AVAIL ABILIT Y S TATEMENT
The data and code that support the findings of this study 
can be accessed on Figshare at: https://doi.org/10.6084/

m9.figshare.24716334. These data include metrics of European but-
terfly stability (e.g., regional stability), geographical and climatic vari-
ables, species dispersal ability, as well as metrics of functional and 
taxonomic diversity at various spatial scales.

ORCID
Wagner de F. Alves   https://orcid.org/0009-0009-0321-0883 
Leonardo C. de Souza   https://orcid.org/0000-0003-4472-9664 
Oliver Schweiger   https://orcid.org/0000-0001-8779-2335 
Victor R. di Cavalcanti   https://orcid.org/0009-0004-5782-004X 
Josef Settele   https://orcid.org/0000-0002-8624-4983 
Martin Wiemers   https://orcid.org/0000-0001-5272-3903 
Reto Schmucki   https://orcid.org/0000-0003-3064-7553 
Mikko Kuussaari   https://orcid.org/0000-0003-0264-9316 
Olga Tzortzakaki   https://orcid.org/0000-0003-1933-0133 
Lars B. Pettersson   https://orcid.org/0000-0001-5745-508X 
Benoît Fontaine   https://orcid.org/0000-0002-1017-5643 
Chris van Swaay   https://orcid.org/0000-0003-0927-2216 
Constantí Stefanescu   https://orcid.org/0000-0001-8952-7869 
Dirk Maes   https://orcid.org/0000-0002-7947-3788 
Michiel F. WallisDeVries   https://orcid.org/0000-0003-3808-2999 
Andros T. Gianuca   https://orcid.org/0000-0001-9639-3846 

R E FE R E N C E S
Auffret, A. G., Rico, Y., Bullock, J. M., Hooftman, D. A. P., Pakeman, R. 

J., Soons, M. B., Suárez-Esteban, A., Traveset, A., Wagner, H. H., & 
Cousins, S. A. O. (2017). Plant functional connectivity – integrating 
landscape structure and effective dispersal. Journal of Ecology, 105, 
1648–1656.

Badenes-Pérez, F. R., Alfaro-Alpízar, M. A., & Johnson, M. T. (2010). 
Diversity, ecology and herbivory of hairstreak butterflies 
(Theclinae) associated with the velvet tree, Miconia calvescens in 
Costa Rica. Journal of Insect Science, 10(209), 209.

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.

Brans, K. I., 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 zoo-
plankton body size along urbanization gradients. Philosophical 
Transactions of the Royal Society of London. Series B, Biological 
Sciences, 372, 20160030.

Cadotte, M. W. (2006). Dispersal and species diversity: A meta-analysis. 
The American Naturalist, 167(6), 913–924.

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., & Naeem, S. (2012). Biodiversity loss and its impact on 
humanity. Nature, 486, 59–67.

Cardoso, P., Mammola, S., Rigal, F., & Carvalho, J. (2022). BAT: Biodiversity 
Assessment Tools. R package version 2.9.2. https://​CRAN.​R-​proje​
ct.​org/​packa​ge=​BAT

Catano, C. P., Fristoe, T. S., LaManna, J. A., & Myers, J. A. (2020). Local 
species diversity, β-diversity and climate influence the regional 
stability of bird biomass across North America. Proceedings of the 
Royal Society of London, Series B: Biological Sciences, 287, 20192520.

Chang, C. C., & Smith, M. D. (2014). Resource availability modulates 
above- and below-ground competitive interactions between gen-
otypes of a dominant C4 grass. Functional Ecology, 28, 1041–1051.

Chase, J. M. (2010). Stochastic community assembly causes higher biodi-
versity in more productive environments. Science, 328, 1388–1391.

https://doi.org/10.6084/m9.figshare.24716334
https://doi.org/10.6084/m9.figshare.24716334
https://orcid.org/0009-0009-0321-0883
https://orcid.org/0009-0009-0321-0883
https://orcid.org/0000-0003-4472-9664
https://orcid.org/0000-0003-4472-9664
https://orcid.org/0000-0001-8779-2335
https://orcid.org/0000-0001-8779-2335
https://orcid.org/0009-0004-5782-004X
https://orcid.org/0009-0004-5782-004X
https://orcid.org/0000-0002-8624-4983
https://orcid.org/0000-0002-8624-4983
https://orcid.org/0000-0001-5272-3903
https://orcid.org/0000-0001-5272-3903
https://orcid.org/0000-0003-3064-7553
https://orcid.org/0000-0003-3064-7553
https://orcid.org/0000-0003-0264-9316
https://orcid.org/0000-0003-0264-9316
https://orcid.org/0000-0003-1933-0133
https://orcid.org/0000-0003-1933-0133
https://orcid.org/0000-0001-5745-508X
https://orcid.org/0000-0001-5745-508X
https://orcid.org/0000-0002-1017-5643
https://orcid.org/0000-0002-1017-5643
https://orcid.org/0000-0003-0927-2216
https://orcid.org/0000-0003-0927-2216
https://orcid.org/0000-0001-8952-7869
https://orcid.org/0000-0001-8952-7869
https://orcid.org/0000-0002-7947-3788
https://orcid.org/0000-0002-7947-3788
https://orcid.org/0000-0003-3808-2999
https://orcid.org/0000-0003-3808-2999
https://orcid.org/0000-0001-9639-3846
https://orcid.org/0000-0001-9639-3846
https://cran.r-project.org/package=BAT
https://cran.r-project.org/package=BAT


14 of 16  |     ALVES et al.

Chown, S. L., & Gaston, K. J. (2010). Body size variation in insects: A 
macroecological perspective. Biological Reviews and Biological 
Proceedings of the Cambridge Philosophical Society, 85, 139–169.

Coristine, L. E., Soroye, P., Soares, R. N., Robillard, C., & Kerr, J. T. (2016). 
Dispersal limitation, climate change, and practical tools for but-
terfly conservation in intensively used landscapes. Natural Areas 
Journal, 36(4), 440–452.

Costache, C., Crişan, A., & Rákosy, L. (2021). The decline of butterfly 
populations due to climate and land use change in Romania. In M.-
M. Nistor (Ed.), Climate and land use impacts on natural and artificial 
systems: Mitigation and adaptation (pp. 271–285). Elsevier.

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

de Meester, L., Vanoverbeke, J., Kilsdonk, L. J., & Urban, M. C. (2016). 
Evolving perspectives on monopolization and priority effects. 
Trends in Ecology & Evolution, 31, 136–146.

Dey, S., & Joshi, A. (2006). Stability via asynchrony in Drosophila meta-
populations with low migration rates. Science, 312(5772), 434–436.

Diengdoh, V. L., Ondei, S., Amin, R. J., Hunt, M., & Brook, B. W. (2023). 
Landscape functional connectivity for butterflies under different 
scenarios of land-use, land-cover, and climate change in Australia. 
Biological Conservation, 277, 109825.

Dornelas, M., Gotelli, N. J., McGill, B., Shimadzu, H., Moyes, F., Sievers, 
C., & Magurran, A. E. (2014). Assemblage time series reveal biodi-
versity change but not systematic loss. Science, 344, 296–299.

EEA. (2012). Climate change, impacts and vulnerability. In Europe 2012. 
EEA Report No. 12/2012. European Environment Agency.

Ekroos, J., Heliölä, J., & Kuussaari, M. (2010). Homogenization of lep-
idopteran communities in intensively cultivated agricultural land-
scapes. Journal of Applied Ecology, 47, 459–467.

Essens, T., van Langevelde, F., Vos, R. A., van Swaay, C. A. M., & 
WallisDeVries, M. F. (2017). Ecological determinants of butter-
fly vulnerability across the European continent. Journal of Insect 
Conservation, 21, 439–450.

Evans, L. C., Melero, Y., Schmucki, R., Boersch-Supan, P. H., Brotons, L., 
Fontaine, C., Jiguet, F., Kuussaari, M., Massimino, D., Robinson, 
R. A., Roy, D. B., Schweiger, O., Settele, J., Stefanescu, C., van 
Turnhout, C. A. M., & Oliver, T. H. (2023). Mechanisms underpin-
ning community stability along a latitudinal gradient: Insights from 
a niche-based approach. Global Change Biology, 9, 3271–3284.

Fahrig, L. (2020). Why do several small patches hold more species than 
few large patches? Global Ecology and Biogeography, 29, 615–628.

Fischer, K., Bot, A. N. M., Brakefield, P. M., & Zwaan, B. J. (2006). Do 
mothers producing large offspring have to sacrifice fecundity? 
Journal of Evolutionary Biology, 19, 380–391.

Fischer, K., Brakefield, P. M., & Zwaan, B. J. (2003). Plasticity in butterfly 
egg size: Why larger offspring at lower temperatures? Ecology, 84, 
3138–3147.

Fourcade, Y., WallisDeVries, M. F., Kuussaari, M., van Swaay, C. A. M., 
Heliölä, J., & Öckinger, E. (2021). Habitat amount and distribution 
modify community dynamics under climate change. Ecology Letters, 
24(5), 950–957.

García-Barros, E. (2000). Body size, egg size, and their interspecific 
relationships with ecological and life history traits in butterflies 
(Lepidoptera: Papilionoidea, Hesperioidea). Biological Journal of the 
Linnean Society, 70, 251–284.

Garcillán, P. P., & Ezcurra, E. (2003). Biogeographic regions and β-
diversity of woody dryland legumes in the Baja California penin-
sula. Journal of Vegetation Science, 14, 859–868.

Gianuca, A. T., Declerck, S. A. J., Lemmens, P., & de Meester, L. (2017). 
Effects of dispersal and environmental heterogeneity on the re-
placement and nestedness components of β-diversity. Ecology, 98, 
525–533.

Govaert, L., Pantel, J. H., & de Meester, L. (2022). Quantifying eco-
evolutionary contributions to trait divergence in spatially struc-
tured systems. Ecological Monographs, 92(4), e1531.

Graco-Roza, C., Aarnio, S., Abrego, N., Acosta, A. T. R., Alahuhta, J., 
Altman, J., Angiolini, C., Aroviita, J., Attorre, F., Baastrup-Spohr, L., 
Barrera-Alba, J. J., Belmaker, J., Biurrun, I., Bonari, G., Bruelheide, 
H., Burrascano, S., Carboni, M., Cardoso, P., Carvalho, J. C., … 
Soininen, J. (2022). Distance decay 2.0-a global synthesis of tax-
onomic and functional turnover in ecological communities. Global 
Ecology and Biogeography, 31, 1399–1421.

Habel, J. C., Ulrich, W., & Schmitt, T. (2020). Butterflies in corridors: 
Quality matters for specialists. Insect Conservation and Diversity, 13, 
91–98.

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., … Wang, 
S. (2020). General destabilizing effects of eutrophication on grass-
land productivity at multiple spatial scales. Nature Communications, 
11, 5375.

Herrando, S., Titeux, N., Brotons, L., Anton, M., Ubach, A., Villero, D., 
García-Barros, E., Munguira, M. L., Godinho, C., & Stefanescu, C. 
(2019). Contrasting impacts of precipitation on Mediterranean 
birds and butterflies. Scientific Reports, 9, 5680.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). 
Very high resolution interpolated climate surfaces for global land 
areas. International Journal of Climatology, 25, 1965–1978.

Hodgson, J. A., Randle, Z., Shortall, C. R., & Oliver, T. H. (2022). Where 
and why are species' range shifts hampered by unsuitable land-
scapes? Global Change Biology, 28(16), 4765–4774.

Holl, K. D., Luong, J. C., & Brancalion, P. H. S. (2022). Overcoming bi-
otic homogenization in ecological restoration. Trends in Ecology & 
Evolution, 37, 777–788.

Hubbell, S. P. (2001). The unified neutral theory of biodiversity and biogeog-
raphy (MPB-32). Princeton University Press.

Karl, I., Lorenz, M. W., & Fischer, K. (2007). Energetics of reproduction: 
consequences of divergent selection on egg size, food limitation, 
and female age for egg composition and reproductive effort in a 
butterfly. Biological Journal of the Linnean Society, 91, 403–418.

Larsen, S., Comte, L., Filipe, A. F., Fortin, M. J., Jacquet, C., Ryser, R., 
Tedesco, P. A., Brose, U., Erős, T., Giam, X., Irving, K., Ruhi, A., Sharma, 
S., & Olden, J. D. (2021). The geography of metapopulation synchrony 
in dendritic river networks. Ecology Letters, 24(4), 791–801.

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

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. 
M., Hoopes, M. F., Holt, R. D., Shurin, J. B., Law, R., Tilman, D., 
Loreau, M., & González, A. (2004). The metacommunity concept: 
A framework for multi-scale community ecology. Ecology Letters, 7, 
601–613.

Liang, M., Baiser, B., Hallett, L. M., Hautier, Y., Jiang, L., Loreau, M., 
Record, S., Sokol, E. R., Zarnetske, P. L., & Wang, S. (2022). 
Consistent stabilizing effects of plant diversity across spa-
tial scales and climatic gradients. Nature Ecology & Evolution, 6, 
1669–1675.

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

Loreau, M., Mouquet, N., & Gonzalez, A. (2003). Biodiversity as spa-
tial insurance in heterogeneous landscapes. Proceedings of the 
National Academy of Sciences of the United States of America, 100, 
12765–12770.

Luoto, M., Heikkinen, R. K., Pöyry, J., & Saarinen, K. (2006). Determinants 
of the biogeographical distribution of butterflies in boreal regions. 
Journal of Biogeography, 33, 1764–1778.



    |  15 of 16ALVES et al.

Merckx, T., Souffreau, C., Kaiser, A., Baardsen, L. F., Backeljau, T., 
Bonte, D., Brans, K. I., 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., … van Dyck, H. 
(2018). Body-size shifts in aquatic and terrestrial urban communi-
ties. Nature, 558, 113–116.

Mouchet, M., Villéger, S., Mason, N., & Mouillot, D. (2010). Functional 
diversity measures: An overview of their redundancy and their abil-
ity to discriminate community assembly rules. Functional Ecology, 
24, 867–876.

Numa, C., van Swaay, C. A. M., Wynhoff, I., Wiemers, M., Barrios, V., 
Allen, D., Sayer, C., Munguira, M. L., Balletto, E., Benyamini, D., 
Beshkov, S., Bonelli, S., Caruana, R., Dapporto, L., Franeta, F., & 
Welch, H. (2016). The status and distribution of Mediterranean but-
terflies. IUCN.

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, 
P., O'Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H., 
Barbour, M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G., 
Chirico, M., Caceres, M. D., Durand, S., … Weedon, J. (2022). vegan: 
Community Ecology Package. R package version 2.6-4. https://​
CRAN.​R-​proje​ct.​org/​packa​ge=​vegan​

Orsini, L., Vanoverbeke, J., Swillen, I., Mergeay, J., & Meester, L. (2013). 
Drivers of population genetic differentiation in the wild: Isolation 
by dispersal limitation, isolation by adaptation and isolation by col-
onization. Molecular Ecology, 22, 5983–5999.

Parmesan, C. (2003). Butterflies as bioindicators for climate change effects. 
In C. L. Boggs, W. B. Watt, & P. R. Ehrlich (Eds.), Butterflies: Ecology 
and evolution taking flight (pp. 541–560). University of Chicago Press.

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

Polley, H. W., Yang, C., Wilsey, B. J., & Fay, P. A. (2020). Temporal stabil-
ity of grassland metacommunities is regulated more by community 
functional traits than species diversity. Ecosphere, 11, e03178.

Qiao, X., Geng, Y., Zhang, C., Han, Z., Zhang, Z., Zhao, X., & von Gadow, K. 
(2022). Spatial asynchrony matters more than alpha stability in sta-
bilizing ecosystem productivity in a large temperate forest region. 
Global Ecology and Biogeography, 31, 1133–1146.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://​www.​R-​proje​
ct.​org/​

Rada, S., Schweiger, O., Harpke, A., Kühn, E., Kuras, T., Settele, J., & Musche, 
M. (2019). Protected areas do not mitigate biodiversity declines: A 
case study on butterflies. Diversity and Distributions, 25(2), 217–224.

Rader, R., Bartomeus, I., Garibaldi, L. A., Garratt, M. P. D., Howlett, B. 
G., Winfree, R., Cunningham, S. A., Mayfield, M. M., Arthur, A. D., 
Andersson, G. K. S., Bommarco, R., Brittain, C., Carvalheiro, L. G., 
Chacoff, N. P., Entling, M. H., Foully, B., Freitas, B. M., Gemmill-
Herren, B., Ghazoul, J., … Woyciechowskin, M. (2016). Non-bee 
insects are important contributors to global crop pollination. 
Proceedings of the National Academy of Sciences of the United States 
of America, 113, 146–151.

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.

Settele, J., Shreeve, T. G., Konvicka, M., & van Dyck, H. (2009). Ecology of 
butterflies in Europe. Cambridge University Press.

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

Stefanescu, C., Carnicer, J., & Peñuelas, J. (2011). Determinants of spe-
cies richness in generalist and specialist Mediterranean butter-
flies: The negative synergic forces of climate and habitat change. 
Ecography, 34, 353–363.

Stein, A., Gerstner, K., & Kreft, H. (2014). Environmental heterogeneity 
as a universal driver of species richness across taxa, biomes and 
spatial scales. Ecology Letters, 17(7), 866–880.

Stork, N. E. (2018). How many species of insects and other terrestrial 
arthropods are there on earth? Annual Review of Entomology, 63, 
31–45.

Tallavaara, M., Eronen, J. T., & Luoto, M. (2018). Productivity, biodiver-
sity, and pathogens influence the global hunter-gatherer popula-
tion density. Proceedings of the National Academy of Sciences of the 
United States of America, 115, 1232–1237.

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

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 of London, Series B: Biological Sciences, 285, 
20180915.

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

van Swaay, C. A. M., Dennis, E. B., Schmucki, R., Sevilleja, C. G., Åström, 
S., Balalaikins, M., J.M Barea-Azcón, Simona Bonelli, Marc Botham, 
J.P. Cancela, Sue Collins, M. De Flores, Leonardo Dapporto, Claude 
Dopagne, I. Dziekanska, Ruth Escobés, Zdeněk Faltýnek Fric, Jose 
Manuel Garcia Fernandez, Benoît Fontaine, P. Glogovčan, Roy, D. 
B. (2022). European Grassland Butterfly Indicator 1990–2020: 
Technical report. Butterfly Conservation Europe & ABLE/eBMS. 
www.​butte​rfly-​monit​oring.​net.

van Swaay, C. A. M., Nowicki, P., Settele, J., & van Strien, A. J. (2008). 
Butterfly monitoring in Europe: Methods, applications and per-
spectives. Biodiversity and Conservation, 17, 3455–3469.

van Swaay, C. A. M., Regan, E., Ling, M., Bozhinovska, E., Fernández, M., 
Huertas, B., Phon, C.-K., Kőrösi, A., Meerman, J., Peer, G., Uehara-
Prado, M., Sáfián, S., Sam, L., Shuey, J., Taron, D., Terblanche, R., 
Underhill, L. (2015). Guidelines for standardized global butterfly 
monitoring. GEO BON Technical Series 1.

Vellend, M. (2010). Conceptual synthesis in community ecology. The 
Quarterly Review of Biology, 85, 183–206.

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional 
β-diversity reveals that low functional β-diversity is driven by low 
functional turnover in European fish assemblages. Global Ecology 
and Biogeography, 22, 671–681.

Waldron, A., Adams, V., Allan, J., Arnell, A., Asner, G., Atkinson, S., Baccini, 
A., Baillie, J., Balmford, A., Austin Beau, J., Brander, L., Brondizio, 
E., Bruner, A., Burgess, N., Burkart, K., Butchart, S., Button, R., 
Carrasco, R., Cheung, W., … Zhang, Y. P. (2020). Protecting 30% 
of the planet for nature: Costs, benefits and economic implications. 
International Institute for Applied Systems Analysis. https://​doi.​
org/​10.​17863/​​CAM.​56764​

Wang, I. J. (2020). Topographic path analysis for modelling dispersal and 
functional connectivity: Calculating topographic distances using 
the TopoDistance R package. Methods in Ecology and Evolution, 11, 
265–272.

Wang, S., Lamy, T., Hallett, L. M., & Loreau, M. (2019). Stability and syn-
chrony across ecological hierarchies in heterogeneous metacom-
munities: Linking theory to data. Ecography, 42, 1200–1211.

Wang, S., & Loreau, M. (2014). Ecosystem stability in space: α, β and γ 
variability. Ecology Letters, 17, 891–901.

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

Wang, S., Loreau, M., de Mazancourt, C., Isbell, F., Beierkuhnlein, C., 
Connolly, J., Deutschman, D. H., Doležal, J., Eisenhauer, N., Hector, 
A., Jentsch, A., Kreyling, J., Lanta, V., Lepš, J., Polley, H. W., Reich, P. 
B., van Ruijven, J., Schmid, B., Tilman, D., … Craven, D. (2021). Biotic 
homogenization destabilizes ecosystem functioning by decreasing 
spatial asynchrony. Ecology, 102(6), e03332.

https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://www.r-project.org/
https://www.r-project.org/
http://www.butterfly-monitoring.net
https://doi.org/10.17863/CAM.56764
https://doi.org/10.17863/CAM.56764


16 of 16  |     ALVES et al.

Wheeler, B., & Torchiano, M. (2016). lmPerm: Permutation Tests for 
Linear Models. R package version 2.1.0. https://​CRAN.​R-​proje​ct.​
org/​packa​ge=​lmPerm

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., Jr., Collins, S. L., Du, G., 
… Zhang, Y. (2017). Asynchrony among local communities stabi-
lises ecosystem function of metacommunities. Ecology Letters, 20, 
1534–1545.

Wisnoski, N. I., Andrade, R., Castorani, M. C. N., Catano, C. P., 
Compagnoni, A., Lamy, T., Lany, N. K., Marazzi, L., Record, S., Smith, 
A. C., Swan, C. M., Tonkin, J. D., Voelker, N. M., Zarnetske, P. L., & 
Sokol, E. R. (2023). Diversity–stability relationships across organ-
ism groups and ecosystem types become decoupled across spatial 
scales. Ecology, 104, e4136.

Yachi, S., & Loreau, M. (1999). Biodiversity and ecosystem productivity in 
a fluctuating environment: The insurance hypothesis. Proceedings 
of the National Academy of Sciences of the United States of America, 
96, 1463–1468.

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.

Zhang, Y., Feng, J., Loreau, M., He, N., Han, X., & Jiang, L. (2019). Nitrogen 
addition does not reduce the role of spatial asynchrony in stabilis-
ing grassland communities. Ecology Letters, 22, 563–571.

Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data explo-
ration to avoid common statistical problems. Methods in Ecology and 
Evolution, 1, 3–14.

Zuo, X., Gornish, E. S., Koerner, S. E., van der Plas, F., Wang, S., & Liang, 
M. (2023). Dominant species determine grazing effects on the sta-
bility of herbaceous community production at multiple scales in 
drylands. Journal of Applied Ecology, 60, 1917–1928.

BIOSKE TCH

The team of authors is broadly interested in understanding 
which factors stabilize animal populations and communities at 
various spatial scales, highlighting the role of different facets of 
biodiversity, connectivity and climate on the diversity–stability 
relationship.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Alves, W. d. F., de Souza, L. C., 
Schweiger, O., di Cavalcanti, V. R., Settele, J., Wiemers, M., 
Schmucki, R., Kuussaari, M., Tzortzakaki, O., Pettersson, L. 
B., Fontaine, B., van Swaay, C., Stefanescu, C., Maes, D., 
WallisDeVries, M. F., & Gianuca, A. T. (2024). Connectivity 
and climate influence diversity–stability relationships across 
spatial scales in European butterfly metacommunities. Global 
Ecology and Biogeography, 00, e13896. https://doi.
org/10.1111/geb.13896

https://cran.r-project.org/package=lmPerm%3e
https://cran.r-project.org/package=lmPerm%3e
https://doi.org/10.1111/geb.13896
https://doi.org/10.1111/geb.13896

	Connectivity and climate influence diversity–stability relationships across spatial scales in European butterfly metacommunities
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data selection
	2.2|Calculation of stability components
	2.3|Calculating taxonomic and functional α-­diversity and β-­diversity
	2.4|Calculating spatial distance
	2.5|Climatic data
	2.6|Classifying butterfly species into low and high mobility categories
	2.7|Statistical analyses

	3|RESULTS
	3.1|Importance of local stability and spatial asynchrony for regional stability
	3.2|Positive effects of butterfly species diversity on stability at multiple scales
	3.3|Importance of spatial distance, climatic factors and number of local communities on stability at multiple scales
	3.4|Impact of species dispersal ability on stability at multiple scales

	4|DISCUSSION
	4.1|Drivers of diversity–stability relationships across scales: The entire dataset
	4.2|Impact of species dispersal ability on stability at multiple scales
	4.3|Implications for biodiversity conservation
	4.4|Limitations and perspectives

	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


