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Abstract

Species niches may impact population and community stability by influencing average population sizes and species richness,
however, niche-based approaches are rarely applied when studying stability in natural communities. Here we utilise a niche-
based approach to link niche characteristics to community stability in 140 European butterfly communities. We represent niches
as hyper-volumes and generate metrics for niche overlap, mismatch, and volume. Using structural equation modelling we then
test five hypotheses linking niche and community characteristics to mechanisms influencing community stability. We find that
the position of a site relative to the niches of the species pool predicts species richness, and that sites with species near the
centre of their niche have higher mean abundance. We then show that niche position and size influence population stability,
and species richness increases asynchrony which subsequently influences community stability. Our approach demonstrates that
niches metrics are useful tools for understanding the dynamics of natural communities.

Introduction

The factors affecting community stability are important to understand as community stability ultimately un-
derpins the stability of ecosystem function (Millennium Ecosystem Assessment 2005; Cardinale et al.2012).
A central problem is how species diversity (richness) contributes to stability (Elton 1958; May 1972; Tilman
& Downing 1994; Tilman 1999). Community stability is influenced by two properties of the community:
average population stability and asynchrony (Doak et al. 1998; Tilman et al. 1998; Yachi & Loreau 1999;
Thibaut & Connolly 2013). Briefly, average population stability describes the variability of each population
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over time and can be influenced by factors such as mean-variance scaling, where larger populations are rela-
tively less variable (Taylor 1961; Kilpatrick & Ives 2003) as well as density-dependent (e.g. pathogen-induced
mortality) and density-independent processes (e.g. mortality induced by extreme weather events). Popu-
lation asynchrony constitutes negatively correlated population dynamics, which can be driven by species
interactions (e.g. competition) or through varying responses to environmental conditions. Average asyn-
chrony between the populations in a given community is expected to increase with species richness (Thibaut
& Connolly 2013), but associations between richness and average population stability are less obvious (Jiang
& Pu 2009).

Though the theoretical background of community stability is well developed, the mechanisms have not been
tested in natural animal communities and much experimentation has been conducted with plant or aquatic
communities (Dıaz & Cabido 2001; Craven et al. 2018; van der Plas 2019). For example, asynchrony
increases with species richness in grassland communities (Roscher et al. 2011; Isbell et al. 2019), but
less is known about how richness impacts asynchrony or its importance in animal communities. Previous
work suggests that the relative importance of the mechanisms can vary between taxa, with some studies
finding a prominent role for asynchrony in driving community stability (Jucker et al. 2014; Ma et al. 2017).
For example, asynchrony is observed as key to the stability of arthropod and plant communities between
different habitat types (Blüthgen et al. 2016), while work on intertidal and algal communities suggest average
population stability can explain differences in community stability (Pennekamp et al. 2018; White et al. 2020).

To understand why the impact of these mechanisms varies between communities, it is important to quantify
both how asynchrony or population stability contribute to community stability and also the factors leading
to differences in synchrony and stability. Three main forces influence correlations among the dynamic of
species populations: intra- and inter-specific interactions, differing responses to environmental variations,
and demographic stochasticity (Roscheret al. 2011). A key factor for insect communities is the response
to environmental fluctuations (Ives et al. 1999). The distributions of butterflies are strongly influenced by
climate (Setteleet al. 2008) and population dynamics by weather (WallisDeVrieset al. 2011; Palmer et al.
2017). Consequently, responses to environmental variation could be important in understanding differences
in stability. However, a challenge when linking weather to synchrony in natural communities is that the
importance of environmental variables will vary among species (Roy et al. 2001; WallisDeVrieset al. 2011;
McDermott Long et al. 2017).

Additionally, at local scales species richness and abundance may vary due to the suitability of sites, or
at large scales, due factors such as latitudinal gradients in richness (Hillebrand 2004). For example, the
abundant centre hypothesis posits that species will be most abundant at locations near the centre of their
range (Andrewartha & Birch 1954; Brown 1984; Lawton 1993), and so sites located near many species’ range
centres should have higher population stability due to mean-variance effects (i.e. larger populations being
relatively less variable over time) (Oliver et al. 2012, 2014). The importance of asynchrony or population
stability may then vary due to community structure, e.g. differing levels of interspecific competition (Lehman
& Tilman 2000). Finally, varying sensitivities to environmental variation (Ives et al. 1999) may then drive
differences in population variability and contribute to the degree of asynchrony in a community.

To tackle this complexity, we apply the ecological niche concept, i.e. a species tolerance to different environ-
mental variables, can be represented as an n-dimensional space (Hutchinson 1957). Fundamental to niche
modelling, at both the species and community scales (Hirzel & Le Lay 2008; Poggiato et al. 2021), is that
species occurrence under local conditions is dictated predominantly by the niche space. Consequently, not-
withstanding nuances of extinction debt and colonisation credit (Tilman et al. 1994; Kuussaari et al.2009),
species richness should be predictable from the location of a site relative to the niches of the species in the
regional species pool. Similarly, mean abundance should be informed by site position relative to the niches
of the species at the site (Osorio-Olvera et al.2020). Species at the edge of their niche may also have lower
average population stability (Oliver et al. 2012; Mills et al.2017) and species with larger niche breadths may
be more robust to local environmental variation. Finally, when a site is in a different niche position for two
species, they may have differing responses to environmental variation at the site – generating asynchrony.
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We apply the niche-based approach to study 140 butterfly communities spanning a European scale from
Finland to Northeast Spain. We utilise a computationally fast approach to generate bioclimatic niche hyper-
volumes (Blonder et al. 2014, 2018) for each species. We then derive niche-based metrics to test potential
factors affecting first species richness, mean abundance, and then the mechanisms of community stability.
Specifically, we test five expected responses associated with key mechanisms: 1) species richness will be higher
if the site is located at shorter distances to the niche centres of the total species pool; 2) mean abundance
will be greater when the site is nearer to the niche centres of the species at the site; 3) average asynchrony
between pairs of species in a community will be greater if the niches of species are more dissimilar at a site,
and will also increase with species richness; 4) average population stability will be highest when the site is
nearer the centre of the species niches, when the average niche breadth of species is larger (i.e. more resilient
to local weather anomalies), and when the average abundance of the species is greater; 5) asynchrony and
average population stability will explain differences in community stability.

Materials and methods

Butterfly data

Data were collected with Butterfly Monitoring Schemes running in Finland, Northern Spain (Catalonia),
and the UK. In these schemes, volunteers count butterflies along line transects following a standardised
framework called the ’Pollard walk’ (Pollard & Yates 1993). The counts are then processed using generalized
additive models (GAMs) to give an index of abundance per site and per year (Denniset al. 2013; Schmucki
et al. 2016). Note that a single number is provided both for multivoltine and univoltine species, therefore it
is the total abundance across the observation period. If there are missing counts at a site, the GAM model
interpolates abundance based on counts made at other sites in the same bioclimatic zone (Metzger et al.
2013), producing unbiased estimates of abundance (Schmucki et al. 2016).

In the different countries, the number of sites and the duration of monitoring varies: Finland (1999, number
of sites = 107), Spain (1994, n = 130) and the U.K. (1976, n= 2128). Therefore, the country with the scheme
of shortest duration, Finland, set the time period for our study (1999-2017), and only sites with >= 10 years
of data were retained, leaving 59 and 55 sites from Spain and Finland respectively. To maintain a balance
in the sampling between the countries, 60 sites with >= 10 years of data were randomly sampled from the
larger collection of UK sites under a condition that each was >20 km from the others. To assure robust
estimates from the GAM, indices of abundance with >50% of missing observations were also removed. This
retained the same number of transect sites (n=174) but removed some years at sites when the counts were
made infrequently. A further 31 sites were removed prior to the final analysis, as they either contained only
one species (n=3), there was an insufficient overlap of species occurrences to calculate asynchrony, or too
few occurrences per species to calculate average population stability (n=28); note this occurred after species
were removed due to data limitations when constructing the hypervolume (below). This left a final dataset
of 143 sites.

Niche construction

To construct the bioclimatic niche hypervolumes for each species we first extracted observations from the
Global Biodiversity Information Facility (GBIF; http://www.gbif.org/ipt/) over a 30 year period (1970-2000)
using the ‘rgbif’ R package (Chamberlain et al. 2020) using the R statistical software (R Core Development
Team 2019).

We next utilised 19 ‘bioclimatic’ variables provided by WorldClim 2.1 (Fick & Hijmans 2017) at a resolution
of 2.5 arc minutes and clipped the data to the approximate region of the species observations (i.e. western
Europe; Figure 1). WorldClim’s bioclimatic variables are derived from temperature and precipitation records
and represent both mean and extreme conditions at a location. We fitted a PCA to the bioclimatic variables.
The first six axes were retained as they represented >95% of the variance across the 19 bioclimatic variables.
For each species observations, we collected the first six coordinates projected onto this PCA space and
used this to fit a 6-D hypervolume using multidimensional kernel density estimation (Blonder et al.2014)
using the hypervolume package (Blonder et al. 2014, 2018). Twelve species were removed from all further
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analyses at this point as there was an insufficient number of observations to fit the hypervolume algorithm;
thus we retained data for 145 species in total. The removed species, being very rare, have little impact
on community properties. We also removed data on populations where species occurred at sites only very
infrequently (zero counts for >25% of years) as these provide unreliable estimates of population stability
and may bias community niche metrics (below).

Niche and community metrics

The analysis required the calculation of four niche-based metrics and three measures associated with stabil-
ity. For clarity, we provide again the hypotheses and then describe the associated metrics. Starting with
hypothesis one, species richness is predicted to increase if a site is located nearer to the centre of the niches
of more of the total species pool (i.e. all 145 species). Species richness was the number of species observed
at the monitoring site during the study period. To construct the average distance between the site location
in niche space and the species pool niche centres, we took the average of the Euclidean distance between the
site’s location in 6D and the niche centroid of every species, hereafter referred to as overall niche distance.
Thus a site with a larger overall niche distance is further away from the niche centre of the total species
pool.

Hypothesis two predicts that mean abundance will increase as species are nearer the centre of their fun-
damental niche. Therefore we calculated a mean abundance across all species for each site – density was
used to account for differences in transect length between study sites. To calculate the distance of species
to their niche centres, we took the weighted average Euclidean distance between the niche centroids of each
species found at a site and the location of the site in 6D. The weighting means that the distance of the
most abundant species in a community is weighted most highly. This was applied so that niche distances
account for differences in evenness across communities. We term this measure niche-mismatch as we refer
to it repeatedly in the analysis.

Hypothesis three states that asynchrony will increase with species richness and if species have lower niche-
overlap. To measure asynchrony (synchrony) at a site we follow the summary measure detailed in Thibaut
and Connolly (2013):

Synchrony =
∑

ij V (i,j)

(
∑

i

√
V (i,i))

2

Here i and j refer to species at a site, the numerator is the sum of all elements of the covariance matrix of
the species at a site, and the denominator is the species level variances in the presence of perfect synchrony.
This measure is therefore standardised, accounting for differences in richness and variance. The synchrony
index always takes a score between 0 – no synchrony or population variance, and 1 – perfect synchrony.
To measure niche-overlap we utilised Jaccard Similarity which is the intersection of a pair of species niches
divided by their union, once again always scoring between 0 and 1. This was calculated for all pairwise
comparisons (Blonder et al., 2015) and the mean was used to give an overall niche-overlap score.

Hypothesis four states that average population stability will be highest when the site is nearer the centre
of the species niches, when the niche breadth of species is larger, and when the abundance of the species is
higher. To calculate average population stability, we again follow Thibaut and Connolly (2013):

Average population stability =
∑
i
m(i)
mc

m(i)√
V (i,i)

Here m(i) refers to the mean abundance of species i and mc refer to the sum of species mean abundances in the
community, thus the score is abundance weighted. The second term is the mean of the species abundance
divided by the standard deviation – the inverse coefficient of variation (Tilman 1999). For distance to
the centre of the niche, we utilised niche mismatch as calculated above. For niche breadth, we took the
abundance-weighted mean volume of the niches at the site.

Hypothesis five predicts that asynchrony and average population stability will explain differences in commu-
nity stability. For community stability, we again utilised the inverse coefficient of variation.
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(3) Community stability = µ√
V (i,i)

Where μ refers to mean abundance for all species at the site.

Structural equation model

As the same metrics are used in multiple hypotheses, we utilised a piecewise structural equation modelling
approach. The ’base’ model was constructed through linear models developed from the relationships assumed
in hypotheses 1-5 (Figure 2). Mean abundance was log-transformed to meet the assumptions of the linear
model. We noted relationships with species richness -> synchrony, and synchrony -> community stability
were non-linear, a quadratic term included in these models was significant but produced an overall model
with a higher AIC and with qualitatively similar results for all other relationships. Therefore, we retain
the simpler model with all relationships modelled as linear. For the models predicting species richness and
abundance, it was necessary to account for other unmeasured biogeographic differences between the countries
(Settele et al.2008). As categorical variables are challenging to interpret in a structural equation approach,
we modelled unmeasured spatial correlation using Generalized Least Squares (GLS) with an exponential
spatial correlation structure.

In addition to the base model, we included some additional correlated errors between observed variables not
accounted for in the main models. Initially, we included a dependency between mean abundance and species
richness due to possible differences in site quality, as it may be that high-quality sites are more species-rich
and abundant than expected given climatic niche position. However, this was not significant correlation
and was removed for parsimony. Tests of directed separation were then used to assess dependencies in the
model (Shipley 2000). This identified five missing dependencies in the model, three of these were added as
paths as they predicted one of the response variables in the model (mean niche volume -> species richness,
mean niche volume -> log mean abundance, niche overlap –> log mean abundance). However, the other
two relationships were fitted with correlated errors as they were not dependent variables, and were likely a
statistical consequence of increases in species richness; these were that increased species richness predicted
lower niche-overlap and greater niche-mismatch.

The piecewise structural model analysis was conducted using the piecewiseSEM R package (Lefcheck 2016)
and the GLS was fitted using nlme (Pinheiro et al. 2019). All analyses were conducted in R 3.6.1 (R Core
Development Team, 2019).

Results

Results for all hypotheses are summarised in Figures 2 and 3, and Table 1. Fischer’s C, a measurement
of conditional independence was 29.23 (p = 0.4, df = 28) for the structural equation model, suggesting no
missing dependencies in the model. For hypothesis one, increases in overall niche distance reduced species
richness, and a path was added from mean niche volume to species richness, finding greater niche volumes
were associated with greater species richness. Therefore, species richness decreased with the average distance
of a site in niche-space to the average of the total species pool supporting hypothesis one (Figure 2; Figure
3a; Table 1), and more species-rich sites contained species with higher niche volume on average.

Our second hypothesis was that mean abundance will be greater when the site is nearer to niche centres of
the species at the site. This was supported as we found log mean abundance decreased with niche mismatch
so that species nearer the centre of their range were, on average, more abundant (Figure 2; Figure 3b; Table
1). Log mean abundance also increased with mean niche volume and an additional path was added showing
increasing niche overlap was associated with increasing log mean abundance – we discuss possible reasons
for this below.

Our third hypothesis was that synchrony will be reduced if the niches of the species were more dissimilar. This
was less well supported as species richness decreased synchrony (increased asynchrony), but niche overlap
had no significant effect (Figure 2; Figure 3d; Table 1). We also found a relationship between species richness
and niche overlap, with overlap decreasing with higher species richness, indicating that richer communities

5
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were composed of species with more dissimilar niches.

Our fourth hypothesis was that average population stability would be greater when the site was nearer the
centre of the species niches and when the niche breadth of species was larger. This was partly supported as
niche mismatch decreased average population stability, but, contrary to expectation, increased mean niche
volume decreased average population stability, and mean population abundance had no significant effect
(Figure 2; Figure 3c; Table 1). There was also no significant effect of log abundance on population stability.

Finally we hypothesised synchrony and average population stability will explain differences in community
stability. Synchrony reduced community stability while average species stability increased community sta-
bility (Figure 2; Figure 3e,f; Table 1). After accounting for these effects, species richness and log mean
abundance also increased community stability.

Discussion

We utilised a niche-based approach to investigate five hypotheses relating to factors influencing community
stability. Our first hypothesis supported was that species richness will be higher if the site was located closer
to the niche centre of the species pool. This was expected as niche-distribution modelling is dependent on
the relationship between species niche-space and the probability of occurrence (Elith & Leathwick 2009). We
add here that a simple aggregate score was informative about the species richness of our communities. This,
however, leaves room for improvement when predicting niche effects on richness, such as utilising individual
niche models to sum occurrence at each site, or alternatively, applying joint approaches that utilise species
covariances to improve predictive performance (Poggiato et al. 2021). A spatial correlation structure also
accounted for differences in species richness not accounted for by climatic niche characteristics. Other factors
are, therefore, important for predicting richness such as latitudinal gradients in species richness (Hillebrand
2004), lower species richness of island faunas (MacArthur & Wilson 1967), and with smaller scale effects
such as changing land cover.

That our second hypothesis was supported, lends the first large scale support for the abundant centre
hypothesis (Andrewartha & Birch, 1954; Brown, 1984; Lawton, 1993) operating in butterfly communities.
The effect size here was modest, however, we applied a simple aggregate metric (mean niche mismatch) and
more variation in abundance might be explained for each species by niche mismatch. Similarly, increasing
the dimensionality of our niche constructions, or accounting for other factors such as land use may better
isolate the effect of niche position on abundance. We also found increased niche volume was associated
with increased mean abundance. This suggests that in communities where species had larger niches, i.e.
more generalist in terms of climate association, the populations were larger. This could be a reflection of
the wide-scale declines that have been noted for specialist species (Clavel et al. 2011). However, studies of
generalist-specialist trends in butterflies typically utilise species traits, including host plant association, and
focus on single countries (Stefanescu et al. 2011; Dapporto & Dennis 2013; Eskildsen et al. 2015) and so
linking these results must be cautious. Nevertheless, our results suggest that evaluating species trends in
relation to climatic niches could be valuable, particularly given the recent, and projected, increase in extreme
climatic events (Donohue et al. 2016; Ummenhofer & Meehl 2017). Finally, a path not predicted a priori,
suggested communities with higher niche overlap had populations that were on average more abundant.
It is possible, that after accounting for niche mismatch, a community with greater overlap means more
species situated in optimal conditions producing a positive association between high overlap and abundance.
However, we suggest further work is needed to resolve interactions between niche overlap, volume, and
mismatch.

Results from our third hypothesis showed a significant negative association between species richness and
synchrony, thereby supporting a key diversity-stability mechanism for butterfly communities (Thibaut &
Connolly, 2013). That we found no effect of climatic niche-overlap on synchrony is surprising as butterflies
are strongly influenced by weather (McDermott Long et al. 2017). This suggests that other factors, such
as species traits and local adaptation, may also be needed to predict species responses to weather variation.
Alternatively, the niches constructed here using yearly average weather apply space-for-time substitutions

6
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that might be too coarse to account for the weather events causing changes in population size (White & Kerr
2006). Our results suggest that other factors must generate asynchrony. One factor could be intra-specific
density dependence of population growth rates (Roy et al. 2001) as density varies between species, asynchrony
could occur even between species with similar climatic niches. We also noted additional associations, as niche
overlap decreased and niche mismatch increased with species richness. The relationship with niche-overlap
is perhaps expected as, so long as the niche shapes vary between species, then adding species will reduce
overlap. The result with niche mismatch is harder to interpret, but could be due to sites with higher species
richness include more species near the edges of the niche positions, or that the UK with a moderate climate
and lower species richness may induce a niche-mismatch and species richness association.

Results from our fourth hypothesis were partly as predicted. Average population stability decreasing with
niche mismatch is an extension of the abundant centre hypothesis, and natural populations at range edges
have previously been shown to be more variable (Oliver et al.2012; Mills et al. 2017). However, we expected
mean niche volume to increase average population stability as species with broader niches should tolerate
a wider range of conditions leading to higher stability. It is possible that species with broader niches
tolerate more marginal conditions leading to lower stability at a site while still being able to persist. Species
with broad niches may also be more affected by competition, reducing the stability of the population. By
comparison, specialists with narrower niches may only occupy favourable areas where they are generally more
stable and relatively freer from inter-specific competition. Finally, we found no effect of mean abundance on
average stability which is surprising due to expected mean-variance relationships (Taylor 1961; Kilpatrick &
Ives 2003). However, mean abundances take no account of species weighting, whereas species stability was
abundance weighted so that the evenness of the community might obscuring the effect.

Finally, we hypothesised synchrony and average population stability will explain differences in community
stability (Doak et al. 1998; Tilman et al. 1998; Thibaut & Connolly 2013; Wang & Loreau 2014) was sup-
ported. The standardised effect size (Table 1) and the model fits (Figure 3e,f) suggest that asynchrony was,
overall, having a larger impact on community stability as expected from theoretical considerations (Thibaut
& Connolly 2013; Wang & Loreau 2014). In butterfly communities asynchrony may be particularly impor-
tant as being r-selected – with high reproductive and interannual population growth rates – populations
are characterised by high levels of population variability (Pianka 1970; May 1974), and community stability
may be more influenced by how the dynamics of populations combine than differences in population sta-
bility. Mean abundance also increased community stability. This is expected from mean-variance scaling
relationships, such as Taylor’s power law (Taylor 1961; Kilpatrick & Ives 2003) and we show this affects
the stability of butterfly communities in the aggregate even if it was not detected at the individual level.
In addition to asynchrony, we also noted that species richness increased stability through mechanisms not
directly accounted for. This could be related to how species richness reflects the evenness of species. For
example, if species-poor communities are dominated by one species in terms of absolute abundance, then
even with high levels of asynchrony, the aggregate community abundance will largely reflect the population
variability of the dominant species (Grime 1998).

Our approach demonstrates that consideration of hyper-dimensional niches and the derived metrics are
useful for understanding population and community dynamics (Barros et al. 2016). To date, they have been
applied more in plant communities (Enrique et al. 2018; Papugaet al. 2018), though their uses for predicting
biogeography of populations has been recently demonstrated for birds (Osorio-Olveraet al. 2020). However,
there are some possible weaknesses in our approach. First, several metrics can be generated from niche-
hyper-volumes (Mammola 2019) and for some hypotheses different metrics may have been more effective.
For example, niche mismatch could consider minimum distances from niche volumes to site locations, and
Mahalanobis distances could provide better measures than Euclidean distances from the centroids. Similarly,
niche-overlap could be quantified using a range of metrics. However, we justify our efforts here as applying a
straightforward approach that uses a minimum number of intuitive metrics to test key hypotheses regarding
butterfly community stability. A second limitation of the niche approach is that the strength of any one
event on any single niche dimension is not measured as directly. Consequently, identifying the threats of
any class of extreme event such as drought (Oliver et al. 2013; De Palmaet al. 2017) may still require a

7



P
os

te
d

on
31

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
91

13
.3

38
01

39
0/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

single variable approach. Combining the approaches, for example tolerance to drought would be predicted
to have lower scores on an axis related to precipitation-aridity, could provide a way to test and generate new
hypotheses around the factors affecting the population dynamics of species.

In conclusion, we find support for the mechanisms purported to influence community stability operating in
butterfly communities. We utilised metrics derived by niche hyper-volumes to provide a unique overview
of the environmental drivers behind these mechanisms. Thus, our method provides a novel test of factors
affecting the stability of terrestrial animal communities and demonstrates how considering niches can allow
consideration of mechanisms, operating at a range of scales, that ultimately influence community stability.
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Figure 2
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Figure 3
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Table 1. Estimated regression parameters from the structural equations model as displayed in Figure 2.

Estimate Standardised estimate Standard error Critical value p-value R-squared

Species richness 0.26
Overall niche distance -0.046 -0.468 0.0074 -6.171 <0.001
Mean niche volume 0.016 0.227 0.0068 2.756 0.007
Log mean abundance 0.18
Niche mismatch -0.175 -0.229 0.072 -2.438 0.016
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Estimate Standardised estimate Standard error Critical value p-value R-squared

Mean niche volume 0.0016 0.416 <0.001 3.920 <0.001
Niche overlap 2.562 0.318 0.999 2.564 0.011
Synchrony 0.23
Niche overlap 0.054 0.035 0.161 0.334 0.739
Species richness -0.0047 -0.453 0.001 -4.315 <0.001
Average population stability 0.10
Niche mismatch -0.0605 -0.196 0.026 -2.343 0.021
Mean niche volume -0.0004 -0.232 <0.001 -2.745 0.007
Log mean abundance -0.019 -0.046 0.028 -0.528 0.599
Community stability 0.52
Average population stability 0.715 0.173 0.248 2.890 0.005
Synchrony -4.188 -0.476 0.600 -6.986 <0.001
Log mean abundance 0.358 0.214 0.100 3.590 0.005
Species richness 0.028 0.304 0.006 4.482 <0.001
Correlated errors
Species richness – niche overlap - -0.654 - -10.217 <0.001
Species richness – niche mismatch - 0.226 - 2.745 0.003

Figure 1. Map of the study extent, colours represent average annual temperatures (°C; bioclimatic variable
1) and black circles show butterfly recording sites, shaded to show any overlap of the points used to represent
sites.

Figure 2. Representation of the piecewise structural equation model for testing the five hypotheses along
with results. Blue lines represent significant negative associations and yellow lines represent significant posi-
tive associations. The thickness of the lines represents the standardised effect size. Dashed lines in grey are
non-significant, these were retained as they test elements of the key hypotheses.

Figure 3. Selected relationships tested in the five hypotheses: a) Overall niche distance against species
richness, b) Niche mismatch against log mean abundance, c) Niche mismatch against average population
stability, d) Species richness against synchrony e) Average population stability against community stability,
f) Synchrony against community stability. Lines show models fits and dashed lines 95% confidence intervals.
All plots show model fits relative to partial residuals. Point colour represents the countries of the site.

16


