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ABSTRACT

Aim: The capacity of cool refugia to protect cold-adapted species against climate change may depend on both their initial cli-
matic conditions and how quickly these change. We test how local climatic conditions influence mountain butterfly communities
via their effects on colonisation and local extinction.

Location: Four mountain ranges in Central Spain.

Methods: We used community temperature index (CTI), based on the climatic niches of constituent species (species tempera-
ture index, STI), to estimate thermal affinities for butterfly communities sampled in 1984-2005 to 2017-2022. We related CTI
to local temperature, estimated using the model Microclima, and tested for changes to local temperature and CTI over time. We
used standard deviation in CTI (CTI,) and species richness to detect effects of colonisation and local extinction on community
change. Finally, we tested for differences in thermal affinity and thermal niche breadth (STI;)) between species undergoing local
extinction or colonisation at each site.

Results: CTI was positively related to local temperature in both periods. However, there were regional differences in rates of
change in CTI and local temperature. CTI increased overall, even though temperatures decreased at many sites; and CTI in-
creases were greatest in historically cool sites. Neither CTIg nor species richness changed overall, suggesting that communities
experienced equivalent numbers of colonisations and extinctions. Colonising species had warmer thermal affinities than those
undergoing local extinction, and species with broader thermal niches increased their occupancy most over time.

Main Conclusions: Local climatic conditions influenced changes to community composition based on species thermal toler-
ances, resulting in the loss of communities where cool-affinity species predominated, and a narrower range of community ther-
mal affinities overall. Our results suggest that a regional perspective to identifying climate change refugia is needed to provide a
wide range of local climate conditions and rates of change to help adapt conservation to climate change.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2025 The Author(s). Diversity and Distributions published by John Wiley & Sons Ltd.
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1 | Introduction

Ecosystem resilience in response to climate change is a topic
of broad concern (Parmesan et al. 2022; Trisos, Merow, and
Pigot 2020). As geographic ranges shift polewards and uphill in
response to warming (Chen et al. 2011; Lenoir et al. 2020), com-
munities are increasingly dominated by species with warm ther-
mal affinities (community ‘thermophilisation’) (Lajeunesse and
Fourcade 2023; Sagarin et al. 1999). Thermophilisation results
from colonisation by species with warm affinities (tropicalisation)
and/or local extinction of species with cool affinities (deboreali-
sation) (McLean et al. 2021). However, the relative roles of colo-
nisation and local extinction, and consequences for ecosystem
function, have rarely been assessed (Gaget et al. 2021; Hemberger
and Williams 2024; Khaliq et al. 2024). Landscapes that can ac-
commodate range shifts while supporting cold-adapted species
may be critical for conservation (Fourcade et al. 2021), as exem-
plified by ‘refugia’ that provide localised cool or stable climatic
conditions (Ashcroft et al. 2012; Dobrowski 2011). Extinction risk
at a landscape scale (10km) was reduced for warming-sensitive
insects and plants in the most climatically heterogeneous land-
scapes in England (Suggitt et al. 2018). However, local climatic
heterogeneity could benefit cold-adapted species either by provid-
ing some extremely cool localities that retain suitable conditions
despite regional warming, or because local climatic conditions do
not change uniformly, warming more slowly or even cooling down
in some places (Maclean et al. 2017; Stark and Fridley 2022). Here,
we assess the effects of local climatic conditions on communities,
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(1) Colonisation by warm-affinity species

+ extinction of cool-affinity species

to improve our capacity to anticipate community change, prioritise
microrefugia and adapt conservation to climate change.

The thermal affinity of a species or species temperature index
(STI) can be estimated as the average temperature across its geo-
graphic range (Devictor et al. 2008). Community-level effects of
climate change can then be assessed via changes to the commu-
nity temperature index (CTI), the average STI of species present
(Bowler and Bohning-Gaese 2017). Thermophilisation has been
deduced from CTI increases in many taxa (Khaliq et al. 2024;
Lajeunesse and Fourcade 2023). The respective roles of coloni-
sation and local extinction can also be inferred, from changes
either in the range of thermal affinities (standard deviation in
STI values, or CTIg; Gaget et al. 2021) or in species richness
(Alvarez et al. 2024). Both CTlIg, and species richness should in-
crease if colonisations exceed extinctions, decrease if extinctions
prevail, but not change if there are equivalent rates of colonisa-
tion and extinction (Figure 1). CTI increases driven primarily by
extinctions are concerning since they imply that many species
have already begun to exceed thermal thresholds in parts of their
geographic ranges (Pigot et al. 2023).

Changes to community thermal affinities over latitude or ele-
vation gradients can demonstrate whether communities are
tracking climate change (Devictor et al. 2012; Hemberger and
Williams 2024). In many taxa, including butterflies, rates
of thermophilisation have not tracked warming (Howard
et al. 2023; Lajeunesse and Fourcade 2023; Nieto-Sdnchez,
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FIGURE1 | Expected results for community metrics (CTI, CTIg, and species richness) depending on which process is dominant in community

turnover. T represents historical communities and T, recent communities. Community temperature index (CTT) is the average across all species

thermal affinities present in a community. CTI standard deviation (CTIg,) is the variation across these thermal affinities. Species richness (qD) rep-

resents the number of species in a community. CTIg, is expected to increase where colonisation predominates (because species with warm affinities

extend the range of STIs), to decrease where local extinction is more important (because losing species with cool affinities reduces STI range), but not

to change if there are similar rates of colonisation and extinction. Figure adapted from Gaget et al. (2021).
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Gutiérrez, and Wilson 2015). In the Iberian Peninsula, for exam-
ple, butterfly CTI has not increased at a regional scale (10km)
despite rising temperatures, especially where topography pro-
vides heterogeneous climatic conditions and/or slower local
rates of warming, such as in inland mountain ranges (Mingarro
et al. 2021). Climatic conditions experienced by organisms in
mountains are influenced by elevation, slope, aspect and shad-
ing by topography or habitat (Pincebourde et al. 2016), and
this fine-scale variation affects responses by small ectotherms
(Pincebourde and Woods 2020). However, local climate effects
on colonisation and extinction in mountains have rarely been
assessed because of few sufficiently fine-scale meteorological
data (Kilibarda et al. 2015). This need for reliable estimates of
temperatures can now be overcome using mechanistic models
such as Microclima (Kearney et al. 2020; Maclean, Mosedale,
and Bennie 2019). Temperatures estimated by Microclima have
been validated using in situ temperature data (Baker et al. 2021;
Brusse et al. 2024; Gomez-Vadillo et al. 2022), and have been
used to assess ecological effects of local climate in several taxa
(Ramos et al. 2023; Turner and Maclean 2022).

Here, we test how local climate influences community change
via the processes of colonisation and extinction, by combining
fine-scale field data on mountain butterfly communities with
a mechanistic climatic model. First, we analyse how local cli-
mate and its temporal change influence community thermal
associations using CTI, and whether community change has
resulted predominantly from colonisation or extinction, using
CTIg;, and species richness. Second, we test for differences in
thermal affinities between species experiencing colonisation
and local extinction, and whether temporal change in species
occupancy is explained by their thermal affinity or their ther-
mal niche breadth. Both analyses are based on data across
four mountain ranges in Central Spain to account for regional
differences in prevailing temperatures and rates of change.
Overall, we aim to test at a fine spatial resolution how the ca-
pacity of localised refugia to protect warming-sensitive taxa

5.0°W 4.0°W

41.0°N ¥

40.0°N

5.0°W 4.0°W

from climate change is linked to historically cool conditions
or rates of change.

2 | Methods
2.1 | Study Area and Butterfly Sampling

Many butterflies are restricted to mountain ranges in the
Iberian Peninsula, where they reach their warm range lim-
its and are threatened by climate change (Romo, Munguira,
and Garcia-Barros 2007; Romo et al. 2023). We sampled four
mountain ranges in Central Spain, taking advantage of histor-
ical butterfly data recorded between 1984 and 2005 (Figure 2,
Table S1). Our 75 field sites occur at a similar latitude (40°04’
to 41°00’ N) but differ in longitude (1°00 to 5°50" W): 13 sites
in Sierra de Gredos (395 to 1955 m above sea level), 32 sites in
Sierra de Guadarrama (928-2252 m); 20 sites in Sistema Ibérico
Meridional (1066-1622m) and 10 sites in Sierra de Javalambre
(1114-2010m). Vegetation changes similarly over elevation in
the four regions, with scrub or evergreen woodland (mainly
Quercus rotundifolia, or Juniperus thurifera) at low elevations,
deciduous woodland (mainly Quercus pyrenaica or Q. faginea)
around 1000-1500m, and pine forests (mainly Pinus sylves-
tris) and rocky grassland at higher elevations. The Sierras de
Gredos and Guadarrama are mainly composed by granitoids
and have steep elevation gradients; while the Sistema Ibérico
Meridional and Javalambre have gentler landscapes with more
topographic diversity, formed by limestones. Temperature re-
corded at meteorological stations declines by 5.9°C per 1km
increase in elevation (Wilson et al. 2005), and has risen across
all study regions by an average of 0.056°C/year in the last
four decades (Table S2). Fine-scale rates of climatic change
differ depending on prevailing weather and local topogra-
phy (Gémez-Vadillo et al. 2022). Precipitation increases with
elevation, but trends in precipitation are regionally variable
(Serrano-Notivoli et al. 2018).
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FIGURE 2 | Map of the four study areas: From west to east, study sites in Sierra de Gredos (white circles), Sierra de Guadarrama (black circles),
Sistema Ibérico Meridional (blue triangles) and Javalambre (red triangles). Inset map shows location in central Spain. Digital Elevation Map down-

loaded from Centro Nacional de Informacién Geografica (CNIG). Solid lines show boundaries of Spanish administrative provinces.

30f15

95UB01 7 SUOLUIOD @A) 8[qedl|dde a1y Aq peusenob a1 sejoliie YO ‘9Sh J0 S9|nJ o} ARJq1T 8UIUO /8|1 UO (SUONIPUO-PUE-SWLBIW0D A3 1M A1q 1[BUIUO//SANL) SUONIPUOD PUe SWid 1 8y} 885 *[5202/0/TT] Uo AriqiTauljuo AB|IM ‘S9100Y Sod 8pepsIeAlun Ag Z96ET IPP/TTTT OT/I0P/W00 A8 | ARIq1jpuljuo//Sdny Woiy pepeojumod ‘T ‘SZ0Z ‘Zvavz.iT



In all regions, sample sites were open areas across the eleva-
tions and habitat types available (e.g., meadows, woodland
clearings, openings in scrub). Historical surveys for three re-
gions (Gredos, Sistema Ibérico Meridional and Javalambre)
were conducted by capturing any butterfly encountered
during site visits, in different years between 1984 and 1991
(Supporting Information: Methods 1.1, Table S1). In the fourth
region (Sierra de Guadarrama), 500 m long transects were con-
ducted every 3weeks between May and August either in 2004
(21 sites, four visits) or 2005 (11 sites, five visits) (Gutiérrez-
Il1an, Gutiérrez, and Wilson 2010). Butterflies were sampled by
walking at a constant speed, counting all individuals observed
5m in front and 2.5m to each side, during sunny, not overly
windy conditions between 09:30 and 17:30 CET. Recent data
were collected between 2017 and 2022 in all regions following
the same sampling regime as for 2004 and 2005 in Sierra de
Guadarrama. We established 500 m transects where historical
surveys had been conducted, after consulting authors of the
original studies. During recent surveys, sites in each region
were sampled for at least 2years to reduce possible effects of
interannual variation on inferred changes to communities over
time (Stuble et al. 2021) (Supporting Information: Methods 1.2,
Table S1). All butterflies were identified to species level except
the genera Pyrgus and Carcharodus, because of concern about
reliability of field identification to species level, which were ex-
cluded from analyses.

Analyses use surveys grouped into two time periods by com-
bining visits per site for each period: 1984-2005 (historical)
and 2017-2022 (recent). For analyses, species were considered
present at a site in each period if at least one individual was
recorded. We took this approach to reduce effects on com-
munities of annual stochasticity in climate and population
dynamics.

2.2 | Local Climate Modelling

To characterise fine-scale climatic conditions in each period,
and how these changed over time, we modelled local climate
temperatures at 30m resolution using the packages Microclima
(Maclean, Mosedale, and Bennie 2019) and NicheMapR (Kearney
et al. 2020) in R 4.2.2 (R Core Team 2022). Based on digital el-
evation models and freely available high temporal resolution
climate data, NicheMapR models vertical air flow and soil mi-
croclimate, and Microclima uses the outputs to model hourly
temperatures near the ground. We used the runauto function in
Microclima to model temperature 10cm from the ground for the
habitat type open shrubland (H=7) (see Maclean, Mosedale, and
Bennie 2019) for the geographic centroid of each transect. These
specifications were selected as most transects were located in
open areas with scattered trees, to approximate the conditions
experienced by juvenile stages of butterflies near the ground, or
of nectaring butterflies in open habitats.

We modelled monthly temperature maxima (monthly mean of
daily maxima) for two different 10-year periods covering, re-
spectively, the beginning and end of the period over which his-
torical and recent butterfly surveys took place. To summarise
historical local climate, we used 1980 to 1989, and for recent
conditions we used 2013 to 2022. Despite the differences in

survey years between regions (Gredos: 1985-87 and 2021-22;
Guadarrama: 2004-05, 2017 and 2021; Meridional: 1986 and
2020-22; Javalambre: 1991 and 2020-22), temperatures during
the 10-year periods were representative of survey years tempera-
tures (Figure S1). We used mean monthly maxima (hereafter
T,..,) because in temperate environments daily maximum tem-
perature gives an estimate of conditions for activity by diurnal
ectotherms (Greiser et al. 2022), and is the most closely related
temperature variable to vital rates across all butterfly life stages
(Kiekebusch et al. 2024). Ground-truthing of Microclima versus
temperature loggers suggests that the model gives accurate esti-
mates of temperature maxima (Gomez-Vadillo et al. 2022). We
then computed the change in T_, over time (AT, ) as the dif-
ference between recent and historical T .

2.3 | Community Composition Indices
2.3.1 | Community Temperature Index (CTI)

To quantify community thermal associations, we calculated
community temperature index (Devictor et al. 2008) as the aver-
age species temperature index (STI) for all species present at each
site in each period (historical or recent), using incidence data. STI
for each species was extracted from Mingarro et al. (2021), as the
mean temperature in 10 X 10km squares where it was recorded in
the Iberian Peninsula from 1980 to 2016, based on 1km resolu-
tion CHELSA climate data (Karger et al. 2017). To check the con-
sistency of our results, we also calculated CTI based on STI across
the entire European range of each species in 1981-2000 (Platania
et al. 2020) (Supporting Information: Methods 1.3). Results based
on European CTI were largely consistent with those for Iberian
CTI (Supporting Information: Results 2.1).

Several methodologies were used to collect butterfly data, so we
re-sampled the field data to estimate CTI based on equivalent
sample effort across sites and time periods. We conducted 100
randomisations with four visits to each site in both the histori-
cal and recent periods (four was set as the minimum number of
visits per site in either period in order to keep as many sites as
possible in the analysis). One site from Gredos had only three
historical sampling visits and was therefore removed from all
analyses involving CTI. We summarised historical and recent
CTI for each site as the median from the 100 randomisations. To
quantify changes in thermal affinity for communities over time,
we calculated change in CTI (ACTI) as the median difference
between recent and historical CTI in each site: positive values of
ACTI indicate community thermophilisation.

2.3.2 | Community Range in Thermal Affinities (CTIg)

Changes in time to community composition depend on the bal-
ance between colonisation and local extinction (Figure 1). To
assess the roles of each process we employed two approaches:
first, we analysed change over time in the range of thermal af-
finities of species in each community (CTlg,, following Gaget
et al. 2021). CTIg, is the standard deviation across STI values
of all species present. If CTI rises alongside increases in CTIg,,
it implies that thermophilisation has resulted mainly from col-
onisation by species with warm thermal affinities. In contrast,
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increases in CTI accompanying decreases in CTIg, suggest
greater effects from extinction of species with cool affinities
(Figure 1). We calculated CTI; using incidence data based on
the 100 randomisations of equal sample effort across sites and
periods; and change in CTIg, as the difference between median
recent and historical CTIg, for each study site (ACTIp).

2.3.3 | Species Richness

Our second approach to estimate the relative roles of colonisa-
tion and extinction in community change used species richness.
Species richness will increase if colonisation exceeds local ex-
tinction, but decrease in the opposite case (Figure 1). Because
of the changes in butterfly sampling over time, we used a stan-
dard and robust approach to estimate species richness across
sites and periods based on equivalent sample effort (Roswell,
Dushoff, and Winfree 2021). We quantified sample coverage
(SC) using all data for each site and period using the iNEXT
function in R (Hsieh, Ma, and Chao 2016). In iNEXT, species
richness is computed against abundance (sample size), leading
to rarefacted estimates of species richness (below observed sam-
ple size), observed estimates or extrapolated estimates (above
observed sample size). To estimate sample coverage (SC) we
computed species richness curves based on observed abun-
dance for the Hill number of order q =0 (species richness) (Chao
and Jost 2015). SC is calculated by dividing observed richness
by the asymptotic estimate of richness. We used 300 knots
(equally spaced increments of sample size) to estimate species
richness and sample coverage up to double the total number

of sampled individuals, the maximum recommended to avoid
over-extrapolation (Colwell et al. 2012). Species richness and
sample coverage are estimated at each knot, together with their
95% lower and upper confidence limits.

We used paired tests (t-test for normal, or Wilcoxon test for non-
normal data) to check for changes to observed sample coverage
or species richness between historical and recent periods. As
we detected significant changes in both variables (Table 1), we
followed Roswell, Dushoff, and Winfree's (2021) recommenda-
tion to equalise SC in our comparisons of richness over time.
We used the sample size-based output from iNEXT to extract
estimates for species richness (diversity estimate of order g =0,
hereafter gD to refer to equal-coverage estimates rather than ob-
served richness). We used several filters to equalise SC across
sites and surveys (Supporting Information: Methods 1.4), mini-
mising the number of sites at which species richness was extrap-
olated but maximising the number of sites included. Here, we
report results for qD estimated for the second lowest maximum
SC of sites in the historical survey (SC>0.75). Employing this
filter meant that one site in Sistema Ibérico Meridional had to
be excluded as its maximum historical SC (extrapolated to dou-
ble the observed sample size) was below the threshold. Using
SC>0.75, gD values were rarefacted for 61 sites historically and
all sites in the recent survey (N=74), and extrapolated for 13
sites in the historical survey (see example in Figure S2). All sites
were included in analyses with a filter based on the minimum
historical sampling coverage (SC >0.66): these results, and
those for a more conservative filter (SC>0.93) are detailed in
Supporting Information: Results 2.2.

TABLE 1 | Species number, total species abundance, mean observed sample coverage (SC) and species richness (both from iNEXT) for each

mountain region and period (Historical and Recent).

Total spp. Mean Obs. species
Species number abundance obs. SC? richness®
Region Nites Survey Total Shared Gained Lost
Sierra de Gredos 13 Historical 90 87 13 3 2511 0.931+0.04 35.5+13.3
Recent 100 10,042 0.982+0.01 47.5+£15.5
Sierra de 32 Historical 90 86 8 4 7250 0.942+0.06 28+7.62
Guadarrama Recent 94 17,338 0.978+0.02  38.6+9.64
Sistema Ibérico 20 Historical 84 81 32 3 726 0.700+0.12 19.5+4.61
Meridional Recent 113 15,622 0.982+0.01  55.4+9.07
Javalambre 10 Historical 93 90 20 3 2047 0.931+0.02 41.6+9.57
Recent 110 10,326 0.983+£0.01 62.3£17
Overall 75 Historical 126 121 3 5 12,534¢ 0.874£0.13 28.8+11.1
Recent 124 53,328¢ 0.981+£0.01 47.8+14.6

Note: Standard deviation (SD) is shown for mean observed sample coverage and richness. Total species number is broken down into those shared, gained and lost

comparing historical and recent surveys.

aWilcoxon paired test observed SC: Overall: V=2833.5, p=1.04x 10~'3; Sierra de Guadarrama: V=518.5, p=2.04 x 10~°. Paired t-test observed SC: Sierra de Gredos:
t(12)=4.76, p=4.6x 10~%; Ibérico Meridional: (19)=10.98, p=1.15x 10~%; Javalambre: £(9)=9.46, p=5.67 X 107°.

bWilcoxon paired test observed species richness: Overall: V=2818, p=1.91 x 10713, Paired t-test observed species richness: Sierra de Gredos: £(12)=2.73, p=0.02; Sierra
de Guadarrama: t(31)=10.44, p=1.13x 107; Ibérico Meridional: £(19)=14.74, p=7.5x 107'2; Javalambre: £(9)=6.27, p=1.4Xx 107,

“Total count without including Pyrgus or Carcharodus species which account for 1.04% of total abundance in historical surveys (132 out of 12,666) and 1.12% in recent

surveys (604 out of 53,932).
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2.3.4 | Species Persistence and Occupancy Over Time

To test whether site CTI increased over time because colonising
species had warmer thermal affinities than extinct species, we
determined the thermal affinities of species in three persistence
categories per site (Colonising, Extinct or Persisting). We classi-
fied species as follows: present in both historical and recent sur-
vey periods (persisting); present historically but not in the recent
period (extinct); or present in the recent but not the historical
period (colonising). To quantify thermal affinity for species in
each group, we again used STI, calculating an average CTI value
for each group at each site in each randomisation of equal survey
effort, using the median values of the 100 randomisations for our
analyses.

To understand factors influencing CTI for each persistence cate-
gory, we also calculated the median number of sites where each
species was present in historical and recent surveys (N.), based
on the 100 randomisations of equal survey effort. We then tested
whether the change in occupancy of species over time (AN, )
was explained by two features of species’ thermal tolerance. First,
we used STI as the thermal affinity for each species (hereafter
STI,,...)- Second, we extracted from Mingarro et al. (2021) the
standard deviation of temperature in 10X 10km squares where
each species had been recorded in the Iberian Peninsula from
1980 to 2016 (STIg;,) to estimate thermal niche breadth.

2.4 | Data Analysis

We used R 4.2.2 (R Core Team 2022) for all analyses. To test for
change over time we conducted tests paired by site, comparing
historical and recent local climate (annual T, ) and commu-
nity variables (SC, CTI, CTIy, and qD). We used t-tests for nor-
mally distributed data and Wilcoxon tests for non-normal data.

To examine relationships of response variables (CTI, CTIg,
gD and N ) with the local climate (T, and AT _, ) or spe-
cies traits (STI and STIg,) we conducted general linear mod-
els (GLM) using glm function from package stats (R Core
Team 2022). We used a Gaussian error term because all re-
sponse variables were normally distributed, and standardised
explanatory variables to compare effect sizes based on model
coefficients (Schielzeth 2010). We used multi-model infer-
ence based on an information theoretic approach, ordering all
possible models by their Akaike Information Criterion cor-
rected for small sample size (AIC) via the dredge function in
MuMin (Barton 2023). We selected only models with AAIC_
<2 (Burnham and Anderson 2002) and calculated an aver-
aged model using model.avg (Barton 2023). Collinearity was
analysed beforehand to avoid effects on parameter estimation,
and spatial autocorrelation was analysed for the residuals of
all models conducted (Supporting Information: Methods 1.5,
Table S3). Finally, we used the predict function from package
stats to estimate response variables from the averaged model
over the range of explanatory variables.

To test how site CTI was related to local climate in each pe-
riod and region, we conducted GLMs of historical CTI against

historical T ., and recent CTI against recent T__ , including
region (Gredos, Guadarrama, Sistema Ibérico Meridional and
Javalambre) as a fixed factor, and its interaction with T__ . We
followed the same approach for CTI, and species richness.
For richness we used historical and recent gD based on equal
Sample Coverage against historical and recent T, , respec-
tively, including the fixed effect and interaction with region,
and a quadratic effect of T___ to test for a humped relationship
with temperature.

To test whether CTI change depended on historical local climate
and rates of local climatic change, we tested ACTI for each site
against historical T, and change over time in T, (AT . ),
including possible interactions between historical T, , AT .

and region. We conducted GLMs for change in CTIg and gD in
the same way.

To answer whether colonisers had warmer thermal affinities
than extinct species, and if this was consistent over the climatic
gradient, we conducted a linear mixed effects model using CTI
for each persistence category at each site as the response vari-
able (i.e., three values per site: Colonising, Extinct or Persisting).
We included a random effect of site identity nested in region.
We used explanatory variables of persistence category, historical
T, .x and their interaction to test for differences in thermal af-
finity for each category depending on site local climate. We used
functions Imer from package Ime4 (Bates et al. 2015) and predic-
tSE from AICcmodavg (Mazerolle 2023) to predict values from
the model. To test for differences among persistence categories,
we used the package emmeans (Lenth et al. 2024) for pairwise
comparisons (Tukey test) on estimated marginal means.

We also analysed how the temporal change in occupancy by
species (AN, ) and historical occupancy (historical N ) were
explained by their thermal affinity (STI_, ) and thermal niche
breadth (STIg). Since traits of related taxa may not be statis-
tically independent because of common ancestry, we used the
Phylogenetic Generalised Least Squares (PGLS) analysis from
caper package in R (Orme et al. 2023) based on the ultrametric
phylogenetic tree from Wiemers et al. (2019) (Figure S3). We
used PGLS models with maximum likelihood to estimate the
lambda parameter of the phylogenetic signal, and again selected
models based on AAIC, <2.

See Table S4 for a schematic representation of all analyses
conducted.

3 | Results

We recorded 126 species in historical surveys (1984-2005) and
124 species in recent surveys (2017-2022), with total counts of
12,534 and 53,328 individuals, respectively (Table 1). Of 129
species overall, 121 were shared between surveys, with three
gained and five lost between historical and recent periods
(Table S5). In all four regions, observed sample coverage (SC)
of recent surveys was significantly higher (mean 0.981+SD
0.01) than historical surveys (0.874 £ SD 0.13), especially in the
Sistema Ibérico Meridional (Table 1). Reflecting the increase
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FIGURE3 | Change over time (A) in community temperature index (CTI), standard deviation of community temperature index (CTI), estimat-
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<p» @ measure of the thermal

niche breadth of species in each community). Rows show results overall and per region. Symbols show mean change + standard deviation based

on equal effort sampling. Blue shows significant decrease, red significant increase and grey non-significant change, based on tests paired by site

(Table S6). Grey vertical dashed lines represent no change over time.

in sampling coverage, recent observed species richness was
significantly higher than historical richness in all regions
(Table 1).

3.1 | Temporal Change in Local Climate
and Community Composition

Overall, local temperature near the ground (T, , ) decreased
from 1980-1989 to 2013-2022 by an average of —0.43°C
(V=124, p<0.001) (Table S6, Figure S4). Temperature de-
creased most in Sistema Ibérico Meridional (—0.916°C) and
Javalambre (—0.805°C) (Figure S4). Temperature increased
only at 11 sites (15%), six in Gredos and five in Guadarrama.
There was no relationship between local temperature change
and historical temperature (Spearman correlation: ry=—0.162,
n=74,p=0.167).

CTI increased at 50 sites (68%), by an average of +0.109 overall
(t=3.333, p<0.01). Across sites, there were significant increases
in CTI in Gredos (+0.268) and Guadarrama (+0.148) (Figure 3,
Table S6). CTIg, did not change in any regions except for Sistema
Ibérico Meridional (4+0.141, ¢t=3.951, p<0.001) (Figure 3,
Table S6) suggesting that, overall, sites experienced similar num-
bers of colonisations and extinctions (Figure 1). Species richness
corrected for sample coverage (D) also did not change overall,
but there was a significant decrease in Gredos (—4.638) and an
increase in Guadarrama (+1.721) (Figure 3, Table S6). Average
standard deviation in STI (a measure of the thermal niche
breadth of species) did not change over time in any region except
for Javalambre (+0.041).

3.2 | Relationship Between Community
Composition and Climate

CT1I was positively related to T, in both periods and all regions
(Figure 4A, Table 2, Table S7). However, butterfly communities
at historically cold sites appeared to increase CTI most, with 15
sites out of 74 showing a lower CTI in the historical period than
the overall minimum CTI in recent data (Figure 4A). Estimated
species richness (gD) at equal Sample Coverage (SC>0.75)
showed a positive relationship with T, for the historical pe-
riod, but a humped relationship in the recent data (Figure 4B,
Table 2, Table S7), resulting from a reduction over time in qD
at the hottest sites. Regional differences were maintained, with
gD ranked Javalambre>Sistema Ibérico Meridional>Sierra
de Gredos>Sierra de Guadarrama in both periods (Figure 4B).
These results were consistent using alternative Sample Coverage
filters (SC>0.66 and SC >0.93) (Figure S5, Table S7).

Change over time in Community Temperature Index (ACTI)
was positively correlated with temperature change (AT, )
(r¢=0.364, n="74, p=0.001). However, the best model for ACTI
included historical T, ,,, region and their interaction (Table 2).
Communities occupying sites with colder conditions historically
increased CTI most, although only in Gredos and Javalambre
(Figure 5). We note that the best model for ACTI based on STI
from European distributions included a positive effect of tem-
perature change (Figure S6, Table S8).

Change in CTIg, was negatively correlated with AT, .
(r¢=-0.388, p<0.001), but the best model for ACTI, included
only an effect of region (Table 2). Three GLMs were selected for

70f 15

85U0|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUB-SWB/W00" A3 I Afelq 1 Bul|UO//:SANY) SUORIPUOD pUe SIS 18U} 89S *[5202/.0/TT] Uo A%iqiTauliu 4|1 ‘S9100y SOQ 8peps.RAIUN Aq L96ET IPP/TTTT OT/I0P/W0D A8 | IM Aeiq 1 euluo//Sdny Woi) papeo|umod ‘T ‘G202 ‘Zrarz/yT



A 13.0, 13.04
¢ 3
12.51 : 12.51 -
12.0 12.0 1
=
(&)
1.5 1.5
1.0 11.0
10.5 : ‘ ‘ ‘ : 10.5
175 200 225 250 275 175 200 225 250 275
B 40 40
30
S 0]
10
0 ‘ ‘ ‘ : : 0 ; ‘ ‘ ‘ ‘
175 200 225 250 275 175 200 225 250 275

Historical Tpayx (°C) Recent Thax (°C)

FIGURE 4 | Historical and recent relationships of butterfly communities with local climate temperature. (A) Community temperature index
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minimum median CTI value for the recent period (CTI=11.37) to highlight that CTI increased for communities with historically cold affinities. In

temperature (T

panel B, symbols represent gD and grey bars are the 95% lower and upper confidence limits extracted from iNEXT function in R (Hsieh, Ma, and

Chao 2016).

change over time in gD (Table 2), suggesting that changes to spe-
cies richness mainly differed among regions rather than related
to local climatic conditions (Figure S7, Table S7).

3.3 | Thermal Affinities in Species Persistence
Categories

Thermal affinities of species differed depending on persistence
category (Colonising, Extinct and Persisting) and site histori-
cal T . (Table 2, Table S7). Colonising species had warmer
thermal affinities than species that became extinct at the
same sites (contrast analysis: model estimate =0.334, df=152,
t.ratio=5.423, p<0.001) (Figure 6A, Table S9), through-
out the climatic gradient. A positive relationship between
CTI of persisting species and historical T (Model coeffi-
cient=0.209 +£SD 0.061) shows persistence of warm-affinity
species at historically hot sites and cool-affinity species at cold
sites (Figure 6A, Table S7).

Change over time in occupancy (AN was related both
to species’ thermal affinity and thermal niche breadth
(Table 2). Occupancy for species with a cold thermal affin-
ity (STI,,<10°C) decreased, whereas occupancy increased
for those with an intermediate affinity (STI 10°C-14°C), inde-
pendently of their thermal niche breadth (STIg;) (Figure 6B).
Species with narrow thermal niche breadths but warm thermal

affinities (>14°C) tended to decrease. Species with broad ther-
mal niches showed the greatest increases in occupancy, as long
as their STI was greater than 10°C (Figure 6B).

The number of sites occupied historically by a species was also
related to STI and ST, (Figure S8, Table 2). Species with a
warm thermal affinity (high STI) and broad thermal niche
(high STIg},) occupied the largest number of sites. Species with
a cool thermal affinity (low STI) occupied few sites, irrespective
of their thermal niche breadth. Warm-adapted thermal special-
ists (high STT and low STI;) also occupied few sites.

4 | Discussion

We investigated how butterfly communities responded to local
climate in four mountain landscapes. Changes in temperature
near the ground varied between regions, with cooling observed
at many sites. Both historical and recent community tempera-
ture index (CTI) were positively related to local temperature,
but CTI generally increased (community thermophilisation),
especially in regions experiencing warming in some sites. CTI
also increased more in historically colder sites, leading to a nar-
rower range of community thermal affinities. A lack of change
in species richness and CTIg showed that there were similar
rates of colonisation and local extinction overall. Colonising spe-
cies had warmer thermal affinities than locally extinct species;
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TABLE 2 | (A) General linear models (GLM) selected for historical and recent community temperature index (CTI), estimated species richness
(gD based on equal Sample Coverage of 0.75), CTI among persistence categories and change over time in CTI, CTIg, and gD. (B) Phylogenetic

generalised least squares (PGLS) models to explain historical occupancy (N

sites

) and change over time in occupancy (AN_. ) for each species. In this

sites:

case, lambda is shown instead of model weight, which is a measure of the effect of phylogeny in the model. Only models with AAIC_ <2 are shown

and were used for model averaging (see Table S7 for model coefficients).

A)
Variable Model RZaldj df logLik AIC, AAIC, weight
CTI,;, Historical T, + Region 0.406  0.645 6  -17.452 48157 0 0.492
Historical T 0.346  0.550 3 —20.972 48.288 0.131 0.461
CTI,,, Recent T, +Region 0.521 1.359 6 9.353 —5.451 0 0.479
Recent T, 0472 1232 3 5.757 -5171  0.280  0.416
Dy s Historical T . T Region 0.479 0.479 6 —226.598  466.450 0 0.399
Historical Tmax2 +Region 0.477 0.477 6 —226.749  466.752 0.302 0.343
Historical T, +Region+ Historical T, > 0.482  0.483 7  —226.348 468.394 1.944 0.151
qD,.. Recent T, X Region + Recent Tmax2 0.623 0.624 10 —199.231  421.954 0 0.559
Recent T, +Region + Recent me2 0.578 0.579 7  =203.367  422.432 0.477 0.440
ACTI Historical T, X Region 0.329 1.372 9 4.611 11.591 0 0.482
ACTIg, Region 0.277 -0.179 5 46.654 —82.425 0 0.371
AgD Region 0.141 0.142 5 235271 481.424 0 0.303
Historical T .+ Region 0.160 0.160 6 —234.474  482.202 0.778 0.205
AT, ..+ Region 0.148 0.148 6 —-234.979  483.211 1.787 0.124
CTI Historical T, X Species persistence category  0.289 0.399 9  -105.504  229.858 0 0.982
(B)
Variable Model R? R?, g df logLik AIC, AAIC, Lambda
Historical STI 0 +STIgy +STI, :STIgp 0.099 0.077 4  —514.950 1038.222 0 0.234
Ntes STI o0 +STI 02+ STy +STL_ . :STI ., 0.101  0.072 5 —514.775  1040.038 1.816 0.229
STTean + STT 1 ean: ST 0.069 0.054 3  —516961 1040114  1.892 0.216
STI, 0n:STIgp 0.053 0.046 2  —518.028 1040.151  1.929 0.210
STI . +STL . .2+ ST . :STI, 0.084 0.062 4  —515917 1040.157 1.935 0.214
AN o STI ., +STI .. 2 0.127 0113 3 —429.249  864.690 0 0.056
ST, o+ ST, 02+ STI . :STI 0136 0115 4  —428.652  865.626  0.935 0.060
STI ean+ STy +STIL . :STI ) 0128 0107 4 —428712 865746  1.056 0.022
STI ..., +STI .. 2+STI, +STI _ :STI,, 0148 0120 5 —427.631 865.749 1.059 0.051
STL 0 +STL .2 +STIg 0.133 0112 4  —428.872  866.068 1.377 0.060

and species with warm affinities and broader thermal niches
increased occupancy most over time. These results suggest an
overall shift in the composition of mountain butterfly commu-
nities towards species with warm thermal affinities and broad
thermal tolerance. Historically, cold conditions were not in
themselves sufficient to protect against the community-level ef-
fects of climate change. Instead, a regional perspective to iden-
tifying refugia for conservation may help to spread the risk of
climate change by ensuring a wide range of local conditions and
rates of climatic change.

4.1 | Community Responses to Local Climate
Over Time

Previous studies have demonstrated relationships of CTI with
latitude or elevation as climate proxies. We used a fine-scale
climate model to show positive relationships between CTI and
temperature in two time periods (1984-2005 and 2017-2022)
(Figure 4A, Table 2A). CTI increased over time, but particu-
larly in historically cold locations, causing thermal affinities
to become more similar across communities (Figure 4A). A
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FIGURE 6 | Relationships between thermal affinity and species persistence over time. (A) Community temperature index (CTI) for each per-
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number of sites where each species was found (recent sites vs. historical sites) against thermal affinity (mean species temperature index) and thermal
niche breadth (standard deviation in species temperature index). Plotted surface refers to predicted values from model averaging across selected
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tendency of communities with lower baseline temperatures
to show faster thermophilisation has been observed in a wide
range of terrestrial, freshwater and marine assemblages (Antao
et al. 2020; Bertrand et al. 2016; Khaliq et al. 2024) along with
homogenisation in community thermal affinities (e.g., Savage
and Vellend 2015; Thorn et al. 2022). We also found an indi-
cation that rates of thermophilisation were positively related
to rates of local temperature change, in common with other
studies (Gaiizere, Jiguet, and Devictor 2015; Khaliq et al. 2024;

Zellweger et al. 2020). However, in our case, the community
effects of both baseline temperature and local climate change
were obscured to some extent by differences between regions,
because CTI did not increase in the two regions where local
temperatures cooled at all sample sites (Figures 3 and S4).

One challenge to uncovering the climatic factors driving com-
munity change is that the thermal conditions experienced
by small ectotherms are unlikely to be captured by coarse
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resolution climate data, especially in mountains (Pincebourde
et al. 2016). We incorporated effects of topography on local cli-
mate near the ground using Microclima (Maclean, Mosedale,
and Bennie 2019), which can provide accurate temperature es-
timates in topographically heterogeneous environments (Baker
et al. 2021; Brusse et al. 2024; Gomez-Vadillo et al. 2022).
The modelled declines in temperature we found at many sites
(Figures S1 and S4) could result from the following weather sys-
tem effects: a reduction in snow cover, as recorded in central
Spain (Gonzalez-Flérez, Gonzalez-Cervera, and Duran 2022),
might influence incoming solar radiation and surface maxi-
mum temperatures by increasing evapotranspiration and, in
consequence, cloud cover (Garcia-Valdecasas Ojeda et al. 2020).
Increased cloudiness decreases insolation and hence maximum
surface temperatures on south-facing slopes, also reducing topo-
graphically driven differences among sites (Maclean et al. 2017;
Maclean, Mosedale, and Bennie 2019). Nevertheless, estimating
historical temperatures in remote regions remains challenging,
and sensitive to the data used to drive microclimate models. The
National Centers for Environmental Prediction (NCEP) data
used by Microclima (Kearney et al. 2020) estimate relatively
high temperatures in the mid-1980s and conservative warming
rates compared with other climate data sources, both in Europe
(Krauskopf and Huth 2020) and South America (Balmaceda-
Huarte et al. 2021), so our data may underestimate possible
warming between the historical and recent surveys.

4.2 | Importance of Colonisation and Extinction in
Community Change

We inferred similar rates of colonisation and extinction over-
all, because neither variation in community thermal affinities
(CTIgp) nor species richness changed over time (Figure 3). Both
observations are consistent with community thermophilisation
caused by the substitution of locally extinct species with cool
thermal affinities by colonising warm-affinity species (Figure 1).
The same pattern has been inferred for butterflies both in
mountain sites in Italy (Bonelli et al. 2022), and using Global
Biodiversity Information Facility (GBIF) data more broadly for
North America and Europe (Lajeunesse and Fourcade 2023).
Community thermophilisation despite estimated cooling in
many sites may appear paradoxical. However, we note that the
effects of broad environmental changes on plant communities
(including thermophilisation) can outweigh effects of fine-scale
climate treatments (Govaert et al. 2021; Lorer et al. 2024). In the
same way, it is possible that the mountain butterfly communi-
ties we studied were influenced by responses to climatic or other
environmental variation in the surrounding landscapes (e.g., be-
cause of land cover change, or colonisation by butterflies from
more lowland sites). In addition, estimates of species tempera-
ture index (STI) based on Iberian versus European species dis-
tributions gave slightly different results, with a stronger positive
correlation between change in CTI and local temperature when
using European CTI (Figure S6, Table S7). STI is an estimate of
thermal affinity and is unlikely to represent all components of
the thermal niche that determine population responses to cli-
matic change, and there is a need for greater understanding of
these responses based on more direct measurements of species’

thermal physiology and ability to behaviourally thermoregulate
(Williamson et al. 2025).

The relationship of species richness with temperature was posi-
tive in historical data but humped in recent surveys (Figure 4B).
This change mainly resulted from reductions in species richness
at the hottest sites, as found for mountain bumblebee communi-
ties in Norway between the 1960s and 2012 (Fourcade, Astrom,
and Ockinger 2019). Reductions in species richness suggest that
community changes at the hottest sites arose principally by ex-
tinctions (i.e., biotic attrition at the warm limits of the gradient;
Colwell et al. 2008; Guo, Lenoir, and Bonebrake 2018). CTIg is
also expected to decline if extinctions are the main cause of ther-
mophilisation (Gaget et al. 2021). Whilst CTI;, did not change
overall (Figure 3), its decline in some sites in Sierra de Gredos is
consistent with CTI change driven mainly by local extinctions,
as also suggested by a decline in species richness in this region
(Figure 1).

Species colonising sites had warmer thermal affinities than those
experiencing local extinction, a difference underlying commu-
nity thermophilisation observed in several taxa (Hemberger and
Williams 2024; Khaliq et al. 2024; Lajeunesse and Fourcade 2023;
Tayleur et al. 2016). Compared with persisting species, colonisers
had warmer affinities at cold locations, but cooler affinities at hot
locations (Figure 6A). Consistent with this observation, lower
rates of thermophilisation in historically warm sites could result
partly from a lack of colonising species adapted to warmer condi-
tions (Bertrand et al. 2011; Khaliq et al. 2024). In our system, ther-
mal specialists adapted to the warmest conditions occupied few
sites historically (Figure S8), potentially hampering their ability
to colonise additional sites (see Wilson et al. 2007).

The species that increased occupancy most over time had interme-
diate thermal affinity (STT around 10°C-14°C) and broad thermal
niche (STIg,) (Figure 6B). Tolerance of a wider range of climatic
conditions may confer two advantages in this respect: reduced risk
of local extinction caused by local climate variability; and greater
chances of colonisation if species have wider distributions because
of a broader niche breadth. In the former case, specialists for hot
conditions (high STT and low STIg) may have gone extinct from
sites where conditions cooled. The loss of hot-adapted species may
have contributed to the reduction in species richness and the lower
rate of CTI increase at the hottest sites (Figure 4B, Figure 5). In
terms of regional distribution size, species with both warm affin-
ities and broad thermal niches occupied more sites historically
(Figure S8). The result concurs with evidence that greater geo-
graphic range size and proximity to climatically suitable regions
positively influence rates of colonisation in Canadian butterflies
(Lewthwaite and Mooers 2022) and European birds (Howard
et al. 2023). In Finland, somewhat in agreement with our findings,
butterflies with wider moisture niche breadth have extended their
ranges further north; however, unlike our results, narrow toler-
ance for warmer conditions has favoured northward range shifts
in moths (Hillfors et al. 2023). Community change is therefore
likely to depend not only on species’ climatic niches, but also on
other traits influencing their likelihood of colonisation and extinc-
tion (e.g., mobility), and on the geographic or landscape context
(Engelhardt et al. 2022; Fourcade et al. 2021).
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4.3 | Mountains as Climate Change Refugia

Based on their roles as historical refugia, mountains have been
proposed as important sites to protect cool-adapted taxa against
climate change (Ashcroft et al. 2012; Dobrowski 2011). However,
local ecological responses to climate change are complex to pre-
dict, and are influenced by human effects on land cover, vegeta-
tion structure and biogeochemistry. In mountains, topographic
heterogeneity can reduce rates of community thermophilisation
(Mingarro et al. 2021) by providing a wide range of local climates
that reduce extinction risk for warming-sensitive species (Suggitt
et al. 2018). Localised mountain environments that warm more
slowly might also be vital to protect cool-adapted taxa (Stark and
Fridley 2022). Our results suggest that communities in initially
cool sites experienced greater thermophilisation (Figure 5).
Limitations of sampling in the historical data made it difficult
to assess the effects of extreme climatic conditions at different
times of year, which may be important in butterfly population
dynamics (McDermott Long et al. 2017). However, the effects
of local climatic conditions on CTI were influenced by regional
differences. CTI increased most in regions where some sites
had warmed (Sierras de Gredos and Guadarrama), and did not
change in the region where conditions cooled the most (Sistema
Ibérico Meridional) (Figure 3).

These results suggest the importance of a regional perspective
in conserving mountain biodiversity. Regional differences in
warming resulting from localised weather (Maclean et al. 2017)
or regional topography (Gomez-Vadillo et al. 2022), influence
the rates at which communities change (Becker-Scarpitta,
Vissault, and Vellend 2019). Monitoring and conservation
across several mountain ranges may therefore be important to
spread climatic risk for cool-adapted species. In Mediterranean
mountains the capacity of communities to ‘track’ warming
is constrained because most species reach their warm range
limits (Romo, Munguira, and Garcia-Barros 2007). Therefore,
there needs to be a focus on protecting cool-adapted species
in situ (Jones et al. 2023), rather than on facilitating colonisa-
tions from elsewhere.

We focused on local climatic variation resulting from topogra-
phy, but insect communities also respond to changing land cover
through its effects on both microclimate and other aspects of hab-
itat quality (e.g., host plant cover and growth form). Shading from
forest cover can reduce rates of warming and delay CTI increases
(Borderieux, Gégout, and Serra-Diaz 2023; Richard et al. 2021).
In the Sierra de Guadarrama, greater forest cover and vegeta-
tion heterogeneity have reduced butterfly CTI increase over time
(Alvarez et al. 2024; Nieto-Sanchez, Gutiérrez, and Wilson 2015).
Afforestation in the Iberian Peninsula due to land abandon-
ment (Palmero-Iniesta et al. 2021), rather than favouring species
with cool thermal affinities, appears mainly to benefit species
associated with closed versus open habitats (Caro-Miralles and
Gutiérrez 2023; Mora, Wilby, and Menéndez 2023). Cold-adapted,
alpine species needing open habitats above tree lines may depend
critically on topographic microrefugia that warm slowly (Graae
et al. 2018). The conservation of cool-adapted species requir-
ing open habitats in subalpine areas thus may require sustain-
able land use like traditional grazing by transhumance (Ubach
et al. 2023). Warming-sensitive species need large, high-quality
habitats to persist (Fourcade et al. 2021), so it will be necessary

to manage and monitor their responses over large habitat areas
providing persistent cool conditions.

Applying local climate models to mountain environments that
lack fine-scale meteorological information can be valuable in
understanding changes to ectotherm communities. We show
that mountain butterfly communities in central Spain are be-
coming increasingly dominated by species with warm thermal
affinities and broader thermal niches. Mountains are a vital
focus as climate change refugia because they provide a wide va-
riety of local climates and rates of climatic change. In this con-
text, ongoing monitoring of ecological responses and modelling
of local climate across mountain environments represent a key
focus for adapting conservation to climate change.

Author Contributions

G.U., H.R. and R.J.W. conceptualised the study and designed the meth-
odology. G.U., M.M., S.C.-C., J.P.C. and R.J.W. conducted data collec-
tion and curation. M.M. led the software and validation process for the
climatic data. G.U. performed data analysis and visualisation. Funding
acquisition was provided by R.J.W. G.U., H.R. and R.J.W. wrote the first
draft of the manuscript, with G.U. and R.J.W. leading its revision. All
authors contributed to reviewing and editing the manuscript and ap-
proved the final manuscript.

Acknowledgements

David Gutiérrez, Javier Gutiérrez Illan, Ana Bur6n, Adrian Sanchez,
Xel Ha Martinez Castaneira, Marta Goded, Lee Bassett, Heidi Buck,
Oscar Moreno, David Martinez, Rosa Agudo, Irene Martinez, Miriam
Jiménez and Juan Sanchez Rodriguez conducted fieldwork. Elia
Guariento provided comments on the text. Hugo Alejandro Alvarez
and Ilya Maclean assisted with analysis. Jose Luis Viejo, José Martin,
Arturo Baz, Miguel L. Munguira and Enrique Garcia-Barros provided
guidance regarding historical data. Research permits were provided
by Comunidades Auténomas of Castilla y Leon, Castilla-La Mancha,
Aragén and Madrid. Funding was provided by MCI/AEI/FEDER
EU (projects RTI2018-096739-B-C21, PID2021-1262930B-100 and
PRE2019-091025), Biodiversa+ PCI2022-135061-2 project funded
by MCIN/AEI/10.13039/501100011033 and the European Union
“NextGenerationEU”/PRTR. Open Access funding was provided
thanks to the CRUE-CSIC agreement with Wiley.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings on this study are openly available in
Dryad at http://doi.org/10.5061/dryad.2z34tmptv.

Peer Review

The peer review history for this article is available at https://www:webof
science.com/api/gateway/wos/peer-review/10.1111/ddi.13967.

References

Alvarez, H. A., E. Walker, M. Mingarro, et al. 2024. “Heterogeneity
in Habitat and Microclimate Delay Butterfly Community Tracking of
Climate Change Over an Elevation Gradient.” Biological Conservation
289, no. 110389: 1-10. https://doi.org/10.1016/j.biocon.2023.110389.

12 of 15

Diversity and Distributions, 2025

85U0|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUB-SWB/W00" A3 I Afelq 1 Bul|UO//:SANY) SUORIPUOD pUe SIS 18U} 89S *[5202/.0/TT] Uo A%iqiTauliu 4|1 ‘S9100y SOQ 8peps.RAIUN Aq L96ET IPP/TTTT OT/I0P/W0D A8 | IM Aeiq 1 euluo//Sdny Woi) papeo|umod ‘T ‘G202 ‘Zrarz/yT


http://doi.org/10.5061/dryad.2z34tmptv
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ddi.13967
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ddi.13967
https://doi.org/10.1016/j.biocon.2023.110389

Antao, L. H., A. E. Bates, S. A. Blowes, et al. 2020. “Temperature-
Related Biodiversity Change Across Temperate Marine and Terrestrial
Systems.” Nature Ecology & Evolution 4, no. 7: 927-933. https://doi.org/
10.1038/s41559-020-1185-7.

Ashcroft, M. B, J. R. Gollan, D. I. Warton, and D. Ramp. 2012. “A
Novel Approach to Quantify and Locate Potential Microrefugia Using
Topoclimate, Climate Stability, and Isolation From the Matrix.” Global
Change Biology 18, no. 6: 1866-1879. https://doi.org/10.1111/j.1365-
2486.2012.02661.X.

Baker, D. J., C. R. Dickson, D. M. Bergstrom, J. Whinam, I. M. D.
Maclean, and M. A. McGeoch. 2021. “Evaluating Models for Predicting
Microclimates Across Sparsely Vegetated and Topographically Diverse
Ecosystems.” Diversity and Distributions 27, no. 11: 2093-2103. https://
doi.org/10.1111/ddi.13398.

Balmaceda-Huarte, R., M. E. Olmo, M. L. Bettolli, and M. M. Poggi.
2021. “Evaluation of Multiple Reanalyses in Reproducing the Spatio-
Temporal Variability of Temperature and Precipitation Indices Over
Southern South America.” International Journal of Climatology 41, no.
12: 5572-5595. https://doi.org/10.1002/joc.7142.

Barton, K. 2023. “R Package ‘MuMIn’.” Multi-Model Inference (1.47.5)
[Computer software]. https://cran.r-project.org/web/packages/MuMIn/
index.html.

Bates, D., M. Michler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed-Effects Models Using Ime4.” Journal of Statistical Software 67,
no. 1: 1-48. https://doi.org/10.18637/jss.v067.i01.

Becker-Scarpitta, A., S. Vissault, and M. Vellend. 2019. “Four Decades of
Plant Community Change Along a Continental Gradient of Warming.”
Global Change Biology 25, no. 5: 1629-1641. https://doi.org/10.1111/gcb.
14568.

Bertrand, R., J. Lenoir, C. Piedallu, et al. 2011. “Changes in Plant
Community Composition Lag Behind Climate Warming in Lowland
Forests.” Nature 479, no. 7374: 517-520. https://doi.org/10.1038/natur
€10548.

Bertrand, R., G. Riofrio-Dillon, J. Lenoir, et al. 2016. “Ecological
Constraints Increase the Climatic Debt in Forests.” Nature
Communications 7, no. 1: 12643. https://doi.org/10.1038/ncomms12643.

Bonelli, S., C. Cerrato, F. Barbero, et al. 2022. “Changes in Alpine
Butterfly Communities During the Last 40Years.” Insects 13, no. 43:
1-22. https://doi.org/10.3390/insects13010043.

Borderieux,J.,J.-C. Gégout,and J. M. Serra-Diaz. 2023. “High Landscape-
Scale Forest Cover Favours Cold-Adapted Plant Communities in
Agriculture-Forest Mosaics.” Global Ecology and Biogeography 32, no.
6: 893-903. https://doi.org/10.1111/geb.13676.

Bowler, D., and K. Bhning-Gaese. 2017. “Improving the Community-
Temperature Index as a Climate Change Indicator.” PLoS One 12, no. 9:
€0184275. https://doi.org/10.1371/journal.pone.0184275.

Brusse, T., J. Lenoir, N. Boisset, et al. 2024. “Mechanistically Mapping
Near-Surface Temperature in the Understory of Temperate Forests:
A Validation of the Microclima R Package Against Empirical
Observations.” Agricultural and Forest Meteorology 346: 109894. https://
doi.org/10.1016/j.agrformet.2024.109894.

Burnham, K. P.,and D. R. Anderson. 2002. Model Selection and Multimodel
Inference a Practical Information-Theoretic Approach, 267-351. New York
City: Springer. https://doi.org/10.1007/978-0-387-22456-5_6.

Caro-Miralles, E., and D. Gutiérrez. 2023. “Butterfly Population
Trends Track Vegetation Encroachment but Not Climate Warming in
a Mediterranean Mountain.” Biodiversity and Conservation 32: 2017-
2035. https://doi.org/10.1007/s10531-023-02589-9.

Chao, A., and L. Jost. 2015. “Estimating Diversity and Entropy Profiles
via Discovery Rates of New Species.” Methods in Ecology and Evolution
6, no. 8: 873-882. https://doi.org/10.1111/2041-210X.12349.

Chen, I. C.,J. K. Hill, R. Ohlemiiller, D. B. Roy, and C. D. Thomas. 2011.
“Rapid Range Shifts of Species Associated With High Levels of Climate
Warming.” Science 333, no. 6045: 1024-1026. https://doi.org/10.1126/
science.1206432.

Colwell, R. K., G. Brehm, C. L. Cardelus, A. C. Gilman, and J. T. Longino.
2008. “Global Warming, Elevational Range Shifts, and Lowland Biotic
Attrition in the Wet Tropics.” Science 322, no. 5899: 258-261. https://doi.
org/10.1126/science.1162547.

Colwell, R. K., A. Chao, N. J. Gotelli, et al. 2012. “Models and Estimators
Linking Individual-Based and Sample-Based Rarefaction, Extrapolation
and Comparison of Assemblages.” Journal of Plant Ecology 5, no. 1: 3-
21. https://doi.org/10.1093/jpe/rtr044.

Devictor, V., R. Julliard, D. Couvet, and F. Jiguet. 2008. “Birds Are
Tracking Climate Warming, but Not Fast Enough.” Proceedings of the
Royal Society B: Biological Sciences 275, no. 1652: 2743-2748. https://doi.
0rg/10.1098/rspb.2008.0878.

Devictor, V., C. van Swaay, T. Brereton, et al. 2012. “Differences in the
Climatic Debts of Birds and Butterflies at a Continental Scale.” Nature
Climate Change 2, no. 2: 121-124. https://doi.org/10.1038/nclimate1347.

Dobrowski, S. Z. 2011. “A Climatic Basis for Microrefugia: The Influence
of Terrain on Climate.” Global Change Biology 17, no. 2: 1022-1035.
https://doi.org/10.1111/j.1365-2486.2010.02263.x.

Engelhardt, E. K., M. F. Biber, M. Dolek, et al. 2022. “Consistent Signals
of a Warming Climate in Occupancy Changes of Three Insect Taxa
Over 40Years in Central Europe.” Global Change Biology 28, no. 13:
3998-4012. https://doi.org/10.1111/gcb.16200.

Fourcade, Y., S. Astrom, and E. Ockinger. 2019. “Climate and Land-
Cover Change Alter Bumblebee Species Richness and Community
Composition in Subalpine Areas.” Biodiversity and Conservation 28, no.
3:639-653. https://doi.org/10.1007/s10531-018-1680-1.

Fourcade, Y., M. F. WallisDeVries, M. Kuussaari, C. van Swaay, J.
Heliold, and E. Ockinger. 2021. “Habitat Amount and Distribution
Modify Community Dynamics Under Climate Change.” Ecology Letters
24, no. 5: 950-957. https://doi.org/10.1111/ele.13691.

Gaget, E., D. Pavén-Jorddn, A. Johnston, et al. 2021. “Benefits
of Protected Areas for Nonbreeding Waterbirds Adjusting Their
Distributions Under Climate Warming.” Conservation Biology 35, no. 3:
834-845. https://doi.org/10.1111/cobi.13648.

Garcia-Valdecasas Ojeda, M., P. Yeste, S. R. Gamiz-Fortis, Y. Castro-
Diez, and M. J. Esteban-Parra. 2020. “Future Changes in Land and
Atmospheric Variables: An Analysis of Their Couplings in the Iberian
Peninsula.” Science of the Total Environment 722: 137902. https://doi.
org/10.1016/j.scitotenv.2020.137902.

Gaitizere, P., F. Jiguet, and V. Devictor. 2015. “Rapid Adjustment of
Bird Community Compositions to Local Climatic Variations and Its
Functional Consequences.” Global Change Biology 21, no. 9: 3367-3378.
https://doi.org/10.1111/gcb.12917.

Goémez-Vadillo, M., M. Mingarro, G. Ursul, and R. J. Wilson. 2022.
“Assessing Climate Change Exposure for the Adaptation of Conservation
Management: The Importance of Scale in Mountain Landscapes.”
Landscape 11, no. 11: 1-16. https://doi.org/10.3390/land11112052.

Gonzalez-Florez, C., A. Gonzilez-Cervera, and L. Durdn. 2022.
“Characterising Large-Scale Meteorological Patterns Associated With
Winter Precipitation and Snow Accumulation in a Mountain Range in
the Iberian Peninsula (Sierra de Guadarrama).” Atmosphere 13, no. 10:
1-26. https://doi.org/10.3390/atmos13101600.

Govaert, S., P. Vangansbeke, H. Blondeel, K. Steppe, K. Verheyen, and
P. De Frenne. 2021. “Rapid Thermophilization of Understorey Plant
Communities in a 9 Year-Long Temperate Forest Experiment.” Journal
of Ecology 109, no. 6: 2434-2447. https://doi.org/10.1111/1365-2745.
13653.

13 0of 15

85U0|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUB-SWB/W00" A3 I Afelq 1 Bul|UO//:SANY) SUORIPUOD pUe SIS 18U} 89S *[5202/.0/TT] Uo A%iqiTauliu 4|1 ‘S9100y SOQ 8peps.RAIUN Aq L96ET IPP/TTTT OT/I0P/W0D A8 | IM Aeiq 1 euluo//Sdny Woi) papeo|umod ‘T ‘G202 ‘Zrarz/yT


https://doi.org/10.1038/s41559-020-1185-7
https://doi.org/10.1038/s41559-020-1185-7
https://doi.org/10.1111/j.1365-2486.2012.02661.x
https://doi.org/10.1111/j.1365-2486.2012.02661.x
https://doi.org/10.1111/ddi.13398
https://doi.org/10.1111/ddi.13398
https://doi.org/10.1002/joc.7142
https://cran.r-project.org/web/packages/MuMIn/index.html
https://cran.r-project.org/web/packages/MuMIn/index.html
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/gcb.14568
https://doi.org/10.1111/gcb.14568
https://doi.org/10.1038/nature10548
https://doi.org/10.1038/nature10548
https://doi.org/10.1038/ncomms12643
https://doi.org/10.3390/insects13010043
https://doi.org/10.1111/geb.13676
https://doi.org/10.1371/journal.pone.0184275
https://doi.org/10.1016/j.agrformet.2024.109894
https://doi.org/10.1016/j.agrformet.2024.109894
https://doi.org/10.1007/978-0-387-22456-5_6
https://doi.org/10.1007/s10531-023-02589-9
https://doi.org/10.1111/2041-210X.12349
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1162547
https://doi.org/10.1126/science.1162547
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1098/rspb.2008.0878
https://doi.org/10.1098/rspb.2008.0878
https://doi.org/10.1038/nclimate1347
https://doi.org/10.1111/j.1365-2486.2010.02263.x
https://doi.org/10.1111/gcb.16200
https://doi.org/10.1007/s10531-018-1680-1
https://doi.org/10.1111/ele.13691
https://doi.org/10.1111/cobi.13648
https://doi.org/10.1016/j.scitotenv.2020.137902
https://doi.org/10.1016/j.scitotenv.2020.137902
https://doi.org/10.1111/gcb.12917
https://doi.org/10.3390/land11112052
https://doi.org/10.3390/atmos13101600
https://doi.org/10.1111/1365-2745.13653
https://doi.org/10.1111/1365-2745.13653

Graae, B. J., V. Vandvik, W. S. Armbruster, et al. 2018. “Stay or Go -
How Topographic Complexity Influences Alpine Plant Population
and Community Responses to Climate Change.” Perspectives in Plant
Ecology, Evolution and Systematics 30: 41-50. https://doi.org/10.1016/j.
ppees.2017.09.008.

Greiser, C., L. von Schmalensee, O. Lindestad, K. Gotthard, and P.
Lehmann. 2022. “Microclimatic Variation Affects Developmental
Phenology, Synchrony and Voltinism in an Insect Population.”
Functional Ecology 36, no. 12: 3036-3048. https://doi.org/10.1111/1365-
2435.14195.

Guo, F.,J. Lenoir,and T. C. Bonebrake. 2018. “Land-Use Change Interacts
With Climate to Determine Elevational Species Redistribution.” Nature
Communications 9, no. 1315: 1-7. https://doi.org/10.1038/s41467-018-
03786-9.

Gutiérrez-Illan, J., D. Gutiérrez, and R. J. Wilson. 2010. “The
Contributions of Topoclimate and Land Cover to Species Distributions
and Abundance: Fine-Resolution Tests for a Mountain Butterfly Fauna:
Determinants of Butterfly Distribution and Abundance.” Global
Ecology and Biogeography 19, no. 2: 159-173. https://doi.org/10.1111/j.
1466-8238.2009.00507.X.

Haillfors, M. H., R. K. Heikkinen, M. Kuussaari, et al. 2023. “Recent
Range Shifts of Moths, Butterflies, and Birds Are Driven by the Breadth
of Their Climatic Niche.” Evolution Letters 8, no. 1: 89-100. https://doi.
org/10.1093/evlett/qrad004.

Hemberger, J.,, and N. M. Williams. 2024. “Warming Summer
Temperatures Are Rapidly Restructuring North American Bumble Bee
Communities.” Ecology Letters 27, no. 8: €14492. https://doi.org/10.1111/
ele.14492.

Howard, C., E.-L. Marjakangas, A. Mordn-Ordoénez, et al. 2023. “Local
Colonisations and Extinctions of European Birds Are Poorly Explained
by Changes in Climate Suitability.” Nature Communications 14, no.
4304: 1-12. https://doi.org/10.1038/s41467-023-39093-1.

Hsieh, T. C., K. H. Ma, and A. Chao. 2016. “INEXT: An R Package for
Rarefaction and Extrapolation of Species Diversity (Hill Numbers).”
Methods in Ecology and Evolution 7, no. 12: 1451-1456. https://doi.org/
10.1111/2041-210X.12613.

Jones, R., R. J. Wilson, N. A. D. Bourn, and I. M. D. Maclean. 2023.
“Patchy Range Retractions in Response to Climate Change and
Implications for Terrestrial Species Conservation.” Landscape Ecology
38, no. 12: 3003-3025. https://doi.org/10.1007/s10980-023-01776-x.

Karger, D. N., O. Conrad, J. Bohner, et al. 2017. “Climatologies at High
Resolution for the Earth's Land Surface Areas.” Scientific Data 4, no.
170122: 1-20. https://doi.org/10.1038/sdata.2017.122.

Kearney, M. R., P. K. Gillingham, I. Bramer, J. P. Duffy, and I. M. D.
Maclean. 2020. “A Method for Computing Hourly, Historical, Terrain-
Corrected Microclimate Anywhere on Earth.” Methods in Ecology and
Evolution 11, no. 1: 38-43. https://doi.org/10.1111/2041-210X.13330.

Khaliq, I., C. Rixen, F. Zellweger, et al. 2024. “Warming Underpins
Community Turnover in Temperate Freshwater and Terrestrial
Communities.” Nature Communications 15, no. 1921: 1-9. https://doi.
0rg/10.1038/s41467-024-46282-z.

Kiekebusch, E., A. M. Louthan, W. F. Morris, B. R. Hudgens, and N. M.
Haddad. 2024. “Vital Rate Responses to Temperature Lead to Butterfly
Population Declines Under Future Warming Scenarios.” Journal of
Insect Conservation 28: 1079-1091. https://doi.org/10.1007/s10841-024-
00626-8.

Kilibarda, M., M. P. Tadi¢, T. Hengl, J. Lukovi¢, and B. Bajat. 2015.
“Global Geographic and Feature Space Coverage of Temperature Data
in the Context of Spatio-Temporal Interpolation.” Spatial Statistics 14:
22-38. https://doi.org/10.1016/j.spasta.2015.04.005.

Krauskopf, T., and R. Huth. 2020. “Temperature Trends in Europe:
Comparison of Different Data Sources.” Theoretical and Applied

Climatology 139, no. 3: 1305-1316. https://doi.org/10.1007/s00704-019-
03038-w.

Lajeunesse, A., and Y. Fourcade. 2023. “Temporal Analysis of GBIF
Data Reveals the Restructuring of Communities Following Climate
Change.” Journal of Animal Ecology 92, no. 2: 391-402. https://doi.org/
10.1111/1365-2656.13854.

Lenoir, J., R. Bertrand, L. Comte, et al. 2020. “Species Better Track
Climate Warming in the Oceans Than on Land.” Nature Ecology
& Evolution 4, no. 8: 1044-1059. https://doi.org/10.1038/s4155
9-020-1198-2.

Lenth, R., H. Singmann, J. Love, P. Buerkner, and M. Herve. 2024.
“Emmeans: Estimated Marginal Means, Aka Least-Squares Means (R
Package Version 1.10.0) [Computer Software].”

Lewthwaite, J. M. M., and A. ©@. Mooers. 2022. “Geographical
Homogenization but Little Net Change in the Local Richness of
Canadian Butterflies.” Global Ecology and Biogeography 31, no. 2: 266—
279. https://doi.org/10.1111/geb.13426.

Lorer, E., D. Landuyt, H. Blondeel, P. De Frenne, and K. Verheyen.
2024. “Forest Floor Environment Overrules Global Change Treatment
Effects on Understorey Communities in a Mesocosm Experiment.”
Global Change Biology 30, no. 7: 1-15. https://doi.org/10.1111/gcb.
17443.

Maclean,I. M. D.,J. R. Mosedale, and J. J. Bennie. 2019. “Microclima: Anr
Package for Modelling Meso- and Microclimate.” Methods in Ecology and
Evolution 10, no. 2: 280-290. https://doi.org/10.1111/2041-210X.13093.

Maclean, I. M. D., A. J. Suggitt, R. J. Wilson, J. P. Duffy, and J. J. Bennie.
2017. “Fine-Scale Climate Change: Modelling Spatial Variation in
Biologically Meaningful Rates of Warming.” Global Change Biology 23,
no. 1: 256-268. https://doi.org/10.1111/gcb.13343.

Mazerolle, M. J. 2023. “AICcmodavg: Model Selection and Multimodel
Inference Based on (Q)AIC(c) [Manual].” https://cran.r-project.org/
package=AICcmodavg.

McDermott Long, O., R. Warren, J. Price, T. M. Brereton, M. S. Botham,
and A. M. A. Franco. 2017. “Sensitivity of UK Butterflies to Local Climatic
Extremes: Which Life Stages Are Most at Risk?” Journal of Animal
Ecology 86, no. 1: 108-116. https://doi.org/10.1111/1365-2656.12594.

McLean, M., D. Mouillot, A. A. Maureaud, et al. 2021. “Disentangling
Tropicalization and Deborealization in Marine Ecosystems Under
Climate Change.” Current Biology 31, no. 21: 4817-4823. https://doi.org/
10.1016/j.cub.2021.08.034.

Mingarro, M., J. P. Cancela, A. Burén-Ugarte, et al. 2021. “Butterfly
Communities Track Climatic Variation Over Space but Not Time in the
Iberian Peninsula.” Insect Conservation and Diversity 14, no. 5: 647-660.
https://doi.org/10.1111/icad.12498.

Mora, A., A. Wilby, and R. Menéndez. 2023. “South European Mountain
Butterflies at a High Risk From Land Abandonment and Amplified
Effects of Climate Change.” Insect Conservation and Diversity 16, no. 6:
838-852. https://doi.org/10.1111/icad.12676.

Nieto-Sanchez, S., D. Gutiérrez, and R. J. Wilson. 2015. “Long-Term
Change and Spatial Variation in Butterfly Communities Over an
Elevational Gradient: Driven by Climate, Buffered by Habitat.” Diversity
and Distributions 21, no. 8: 950-961. https://doi.org/10.1111/ddi.12316.

Orme, D., R. Freckleton, G. Thomas, et al. 2023. “caper: Comparative
Analysis of Phylogenetics and Evolution in R” [Computer Software].
https://github.com/davidorme/caper.

Palmero-Iniesta, M., J. M. Espelta, M. Padial-Iglesias, et al. 2021.
“The Role of Recent (1985-2014) Patterns of Land Abandonment and
Environmental Factors in the Establishment and Growth of Secondary
Forests in the Iberian Peninsula.” Landscape 10, no. 8: 817. https://doi.
org/10.3390/1and10080817.

14 of 15

Diversity and Distributions, 2025

85U0|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUB-SWB/W00" A3 I Afelq 1 Bul|UO//:SANY) SUORIPUOD pUe SIS 18U} 89S *[5202/.0/TT] Uo A%iqiTauliu 4|1 ‘S9100y SOQ 8peps.RAIUN Aq L96ET IPP/TTTT OT/I0P/W0D A8 | IM Aeiq 1 euluo//Sdny Woi) papeo|umod ‘T ‘G202 ‘Zrarz/yT


https://doi.org/10.1016/j.ppees.2017.09.008
https://doi.org/10.1016/j.ppees.2017.09.008
https://doi.org/10.1111/1365-2435.14195
https://doi.org/10.1111/1365-2435.14195
https://doi.org/10.1038/s41467-018-03786-9
https://doi.org/10.1038/s41467-018-03786-9
https://doi.org/10.1111/j.1466-8238.2009.00507.x
https://doi.org/10.1111/j.1466-8238.2009.00507.x
https://doi.org/10.1093/evlett/qrad004
https://doi.org/10.1093/evlett/qrad004
https://doi.org/10.1111/ele.14492
https://doi.org/10.1111/ele.14492
https://doi.org/10.1038/s41467-023-39093-1
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1007/s10980-023-01776-x
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1111/2041-210X.13330
https://doi.org/10.1038/s41467-024-46282-z
https://doi.org/10.1038/s41467-024-46282-z
https://doi.org/10.1007/s10841-024-00626-8
https://doi.org/10.1007/s10841-024-00626-8
https://doi.org/10.1016/j.spasta.2015.04.005
https://doi.org/10.1007/s00704-019-03038-w
https://doi.org/10.1007/s00704-019-03038-w
https://doi.org/10.1111/1365-2656.13854
https://doi.org/10.1111/1365-2656.13854
https://doi.org/10.1038/s41559-020-1198-2
https://doi.org/10.1038/s41559-020-1198-2
https://doi.org/10.1111/geb.13426
https://doi.org/10.1111/gcb.17443
https://doi.org/10.1111/gcb.17443
https://doi.org/10.1111/2041-210X.13093
https://doi.org/10.1111/gcb.13343
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://doi.org/10.1111/1365-2656.12594
https://doi.org/10.1016/j.cub.2021.08.034
https://doi.org/10.1016/j.cub.2021.08.034
https://doi.org/10.1111/icad.12498
https://doi.org/10.1111/icad.12676
https://doi.org/10.1111/ddi.12316
https://github.com/davidorme/caper
https://doi.org/10.3390/land10080817
https://doi.org/10.3390/land10080817

Parmesan, C., M. D. Morecroft, Y. Trisurat, et al. 2022. “Terrestrial and
Freshwater Ecosystems and Their Services (Chapter 2).” In Climate
Change 2022: Impacts, Adaptation and Vulnerability. Contribution of
Working Group II to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, edited by H.-O. Portner, D. C. Roberts, M.
Tignor, et al., 197-377. Cambridge: Cambridge University Press. https://
doi.org/10.1017/9781009325844.004.

Pigot, A. L., C. Merow, A. Wilson, and C. H. Trisos. 2023. “Abrupt
Expansion of Climate Change Risks for Species Globally.” Nature
Ecology & Evolution 7, no. 7: 1-12. https://doi.org/10.1038/s41559-023-
02070-4.

Pincebourde, S., C. C. Murdock, M. Vickers, and M. W. Sears. 2016.
“Fine-Scale Microclimatic Variation Can Shape the Responses of
Organisms to Global Change in Both Natural and Urban Environments.”
Integrative and Comparative Biology 56, no. 1: 45-61. https://doi.org/10.
1093/icb/icw016.

Pincebourde, S., and H. A. Woods. 2020. “There Is Plenty of Room at the
Bottom: Microclimates Drive Insect Vulnerability to Climate Change.”
Current Opinion in Insect Science 41: 63-70. https://doi.org/10.1016/j.
€0is.2020.07.001.

Platania, L., M. Menchetti, V. Dincd, et al. 2020. “Assigning Occurrence
Data to Cryptic Taxa Improves Climatic Niche Assessments: Biodecrypt,
a New Tool Tested on European Butterflies.” Global Ecology and
Biogeography 29, no. 10: 1852-1865. https://doi.org/10.1111/geb.13154.

R Core Team. 2022. R: A Language and Environment for Statistical
Computing (4.2.2). Vienna, Austria: [Computer software]. R Foundation
for Statistical Computing. https://www.R-project.org/.

Ramos, R. F., A. M. A. Franco, J. J. Gilroy, and J. P. Silva. 2023.
“Combining Bird Tracking Data With High-Resolution Thermal
Mapping to Identify Microclimate Refugia.” Scientific Reports 13, no. 1:
4726. https://doi.org/10.1038/541598-023-31746-X.

Richard, B.,J. L. Dupouey, E. Corcket, et al. 2021. “The Climatic Debt Is
Growing in the Understorey of Temperate Forests: Stand Characteristics
Matter.” Global Ecology and Biogeography 30, no. 7: 1474-1487. https://
doi.org/10.1111/geb.13312.

Romo, H., E. Garcia-Barros, R. J. Wilson, R. G. Mateo, and M. L.
Munguira. 2023. “Modelling the Scope to Conserve an Endemic-Rich
Mountain Butterfly Taxon in a Changing Climate.” Insect Conservation
and Diversity 16, no. 4: 451-467. https://doi.org/10.1111/icad.12636.

Romo, H., M. L. Munguira, and E. Garcia-Barros. 2007. “Area Selection
for the Conservation of Butterflies in the Iberian Peninsula and Balearic
Islands.” Animal Biodiversity and Conservation 30, no. 1: 7-27. https://
doi.org/10.32800/abc.2007.30.0007.

Roswell, M., J. Dushoff, and R. Winfree. 2021. “A Conceptual Guide to
Measuring Species Diversity.” Oikos 130, no. 3: 321-338. https://doi.org/
10.1111/0ik.07202.

Sagarin, R.D.,J. P. Barry, S. E. Gilman, and C. H. Baxter. 1999. “Climate-
Related Change in an Intertidal Community Over Short and Long Time
Scales.” Ecological Monographs 69, no. 4: 465-490. https://doi.org/10.
1890/0012-9615(1999)069[0465:CRCIAI]2.0.CO;2.

Savage, J., and M. Vellend. 2015. “Elevational Shifts, Biotic
Homogenization and Time Lags in Vegetation Change During 40 Years
of Climate Warming.” Ecography 38, no. 6: 546-555. https://doi.org/10.
1111/ecog.01131.

Schielzeth, H. 2010. “Simple Means to Improve the Interpretability of
Regression Coefficients.” Methods in Ecology and Evolution 1, no. 2:
103-113.

Serrano-Notivoli, R., S. Begueria, M. A. Saz, and M. de Luis. 2018.
“Recent Trends Reveal Decreasing Intensity of Daily Precipitation in
Spain.” International Journal of Climatology 38, no. 11: 4211-4224.
https://doi.org/10.1002/joc.5562.

Stark, J. R., and J. D. Fridley. 2022. “Microclimate-Based Species
Distribution Models in Complex Forested Terrain Indicate Widespread
Cryptic Refugia Under Climate Change.” Global Ecology and
Biogeography 31, no. 3: 562-575. https://doi.org/10.1111/geb.13447.

Stuble, K. L., S. Bewick, M. Fisher, et al. 2021. “The Promise and the
Perils of Resurveying to Understand Global Change Impacts.” Ecological
Monographs 91, no. 2: €01435. https://doi.org/10.1002/ecm.1435.

Suggitt, A. J., R. J. Wilson, N. J. B. Isaac, et al. 2018. “Extinction
Risk From Climate Change Is Reduced by Microclimatic Buffering.”
Nature Climate Change 8, no. 8: 713-717. https://doi.org/10.1038/s4155
8-018-0231-9.

Tayleur, C. M., V. Devictor, P. Gaiizére, N. Jonzén, H. G. Smith, and A.
Lindstrom. 2016. “Regional Variation in Climate Change Winners and
Losers Highlights the Rapid Loss of Cold-Dwelling Species.” Diversity
and Distributions 22, no. 4: 468-480. https://doi.org/10.1111/ddi.12412.

Thorn, S., S. Konig, O. Fischer-Leipold, J. Gombert, J. Griese, and
J. Thein. 2022. “Temperature Preferences Drive Additive Biotic
Homogenization of Orthoptera Assemblages.” Biology Letters 18, no. 5:
1-7. https://doi.org/10.1098/rsbl.2022.0055.

Trisos, C. H., C. Merow, and A. L. Pigot. 2020. “The Projected Timing of
Abrupt Ecological Disruption From Climate Change.” Nature 580, no.
7804: 496-501. https://doi.org/10.1038/s41586-020-2189-9.

Turner, R. K., and I. M. D. Maclean. 2022. “Microclimate-Driven Trends
in Spring-Emergence Phenology in a Temperate Reptile (Vipera berus):
Evidence for a Potential “Climate Trap”?” Ecology and Evolution 12, no.
2:1-12. https://doi.org/10.1002/ece3.8623.

Ubach, A., M. Guardiola, X. Oliver, M. Lockwood, J. Artola, and
C. Stefanescu. 2023. “Spatial Gradients and Grazing Effects of a
Transhumant Herd on Plants and Insect Herbivores in Pyrenean
Subalpine Grasslands.” Journal of Insect Conservation 27, no. 5: 767-779.
https://doi.org/10.1007/s10841-023-00496-6.

Wiemers, M., N. Chazot, C. W. Wheat, O. Schweiger, and N. Wahlberg.
2019. “A Complete Time-Calibrated Multi-Gene Phylogeny of the
European Butterflies—Data [Dataset].” Zenodo. https://doi.org/10.
5281/ZENODO.3531555.

Williamson, J., M. Lu, M. F. Camus, et al. 2025. “Clustered Warming
Tolerances and the Non-Linear Risks of Biodiversity Loss on a Warming
Planet.” Philosophical Transactions of the Royal Society B 1917. https://
doi.org/10.1098/rstb.2023.0321.

Wilson, R. J., D. Gutiérrez, J. Gutiérrez, D. Martinez, R. Agudo, and V.
J. Monserrat. 2005. “Changes to the Elevational Limits and Extent of
Species Ranges Associated With Climate Change.” Ecology Letters 8, no.
11: 1138-1146. https://doi.org/10.1111/j.1461-0248.2005.00824.X.

Wilson, R. J., D. Gutiérrez, J. Gutiérrez, and V. J. Monserrat. 2007.
“An Elevational Shift in Butterfly Species Richness and Composition
Accompanying Recent Climate Change.” Global Change Biology 13, no.
9: 1873-1887. https://doi.org/10.1111/j.1365-2486.2007.01418 .

Zellweger, F., P. De Frenne, J. Lenoir, et al. 2020. “Forest Microclimate
Dynamics Drive Plant Responses to Warming.” Science 368, no. 6492:
772-775. https://doi.org/10.1126/science.aba6880.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

150f 15

85U0|7 SUOWIWOD 3A eI 3|l dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUB-SWB/W00" A3 I Afelq 1 Bul|UO//:SANY) SUORIPUOD pUe SIS 18U} 89S *[5202/.0/TT] Uo A%iqiTauliu 4|1 ‘S9100y SOQ 8peps.RAIUN Aq L96ET IPP/TTTT OT/I0P/W0D A8 | IM Aeiq 1 euluo//Sdny Woi) papeo|umod ‘T ‘G202 ‘Zrarz/yT


https://doi.org/10.1017/9781009325844.004
https://doi.org/10.1017/9781009325844.004
https://doi.org/10.1038/s41559-023-02070-4
https://doi.org/10.1038/s41559-023-02070-4
https://doi.org/10.1093/icb/icw016
https://doi.org/10.1093/icb/icw016
https://doi.org/10.1016/j.cois.2020.07.001
https://doi.org/10.1016/j.cois.2020.07.001
https://doi.org/10.1111/geb.13154
https://www.r-project.org/
https://doi.org/10.1038/s41598-023-31746-x
https://doi.org/10.1111/geb.13312
https://doi.org/10.1111/geb.13312
https://doi.org/10.1111/icad.12636
https://doi.org/10.32800/abc.2007.30.0007
https://doi.org/10.32800/abc.2007.30.0007
https://doi.org/10.1111/oik.07202
https://doi.org/10.1111/oik.07202
https://doi.org/10.1890/0012-9615(1999)069%5B0465:CRCIAI%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069%5B0465:CRCIAI%5D2.0.CO;2
https://doi.org/10.1111/ecog.01131
https://doi.org/10.1111/ecog.01131
https://doi.org/10.1002/joc.5562
https://doi.org/10.1111/geb.13447
https://doi.org/10.1002/ecm.1435
https://doi.org/10.1038/s41558-018-0231-9
https://doi.org/10.1038/s41558-018-0231-9
https://doi.org/10.1111/ddi.12412
https://doi.org/10.1098/rsbl.2022.0055
https://doi.org/10.1038/s41586-020-2189-9
https://doi.org/10.1002/ece3.8623
https://doi.org/10.1007/s10841-023-00496-6
https://doi.org/10.5281/ZENODO.3531555
https://doi.org/10.5281/ZENODO.3531555
https://doi.org/10.1098/rstb.2023.0321
https://doi.org/10.1098/rstb.2023.0321
https://doi.org/10.1111/j.1461-0248.2005.00824.x
https://doi.org/10.1111/j.1365-2486.2007.01418.x
https://doi.org/10.1126/science.aba6880

	Local Climatic Effects on Colonisation and Extinction Drive Changes in Mountain Butterfly Communities
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Area and Butterfly Sampling
	2.2   |   Local Climate Modelling
	2.3   |   Community Composition Indices
	2.3.1   |   Community Temperature Index (CTI)
	2.3.2   |   Community Range in Thermal Affinities (CTISD)
	2.3.3   |   Species Richness
	2.3.4   |   Species Persistence and Occupancy Over Time

	2.4   |   Data Analysis

	3   |   Results
	3.1   |   Temporal Change in Local Climate and Community Composition
	3.2   |   Relationship Between Community Composition and Climate
	3.3   |   Thermal Affinities in Species Persistence Categories

	4   |   Discussion
	4.1   |   Community Responses to Local Climate Over Time
	4.2   |   Importance of Colonisation and Extinction in Community Change
	4.3   |   Mountains as Climate Change Refugia

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


