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M Check for updates

As the climate warms, species are shifting their ranges to match their climatic
niches, leading to the warming of ecological communities (thermophilisation).
We currently have little understanding of the population-level processes
driving this community-level warming, particularly at rapidly warming high
latitudes. Using 30 years of high-resolution moth monitoring data across a
1200 km latitudinal gradient in Finland, we find that higher latitude commu-
nities are experiencing more rapid thermophilisation. We attribute this spatial
variation to colonisation-extinction dynamics, both for the full community and
for thermal affinity groups. Our findings reveal that latitudinal variation in the
pathways underpinning thermophilisation is the net outcome of opposite
forces: in the north, community warming is driven by the extinction of cold-
affiliated species, while in the south it is driven by high colonisation rates of

warme-affiliated species. Thus, we show how species’ thermal affinities influ-
ence community reorganisation and highlight the elevated extinction risk
among cold-affiliated species.

Global warming is causing widespread climate-induced shifts in biotic
and abiotic conditions'. Such changes are simultaneously rendering
habitats within a species’ current range intolerable and expanding the
availability of suitable conditions to new areas. Species display a diversity
of non-random responses to these changes, with variation among spe-
cies driven by their traits®’. In this context, metrics of species’ thermal
niches have proven a powerful predictor of responses to global
warming* . At the community level, there is strong evidence of a shift
towards warm-affiliated species, which is reflected in a higher community
mean of species-level thermal niches, referred to as thermophilisation’.

A species’ thermal niche is often summarised as the average tem-
perature within its range (the Species Temperature Index, STI)® and the

community-level response as the abundance-weighted mean of the STIs
(Community Temperature Index, CTI°). Broadly, thermophilisation can
occur through three pathways based on species colonisation and
extinction patterns. These pathways are also linked to changes in the
number of individuals and can be further influenced by the available
species pool (Fig. 1)°. Community warming may stem from local
extinctions of cold-affiliated species, as suitable climatic conditions
become unavailable, leading to reductions in species richness®. Con-
versely, increases in species richness may result from the colonisation of
warm-affiliated species, which have shifted their distributions to align
with their optimal temperature range”. Lastly, species richness may
remain stable even as community composition changes due to high
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The pathways to community thermophilisation
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Fig. 1| Conceptual Figure showing the simplified pathways in which commu-
nities may experience community warming in response to increasing abiotic
temperature through time (i.e. thermophilisation as measured by increases
in CTI). In pathway 1, species richness decreases as cold-affiliated species selec-
tively go locally extinct. In pathway 2, species richness increases through
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colonisation by warm-affiliated species. In pathway 3, species richness remains
stable, while the identity of species changes via the substitution of cold-affiliated
species by warm-affiliated species. Species' thermal affinities (measured as a spe-
cies' temperature index, STI) are indicated by their colouring (red for warm, blue
for cold) and species local extinctions are shown by semi-transparency.

species turnover*", In this case, communities undergo transformation
through the displacement of cold-affiliated species by warm-affiliated
ones. Hence, a community’s response to warming can be attributed to
the ability of species to track their climatic niches through colonisation,
as well as their ability to persist in a particular environment.

Given the widespread effects of temperature change on species and
communities*”™* and the increasing availability of large-scale distribu-
tional and abundance time series data (e.g. Global Biodiversity Informa-
tion Facility (GBIF, https://www.gbif.org/) and BioTIME;"?), there is a
growing effort to estimate STIs (e.g. Moore et al. ®) to assess patterns of
thermophilisation across terrestrial, marine and freshwater
communities®”®. However, given the overall focus on the emergent
patterns at the community level, a thorough understanding of the
underlying mechanisms of thermophilisation is lacking®”. Importantly,
the drivers of community warming are likely to vary in space. Such
context-dependence may emerge from the following: first, climate
warming is occurring at different rates in different regions'®. Second,
local species richness is constrained by the regional pool of species®. Due
to dispersal and niche limitation, the species reaching a local community
will mainly consist of species present in the wider region. Thus, the
availability of species with higher thermal affinities to replace species
with cooler thermal affinities will vary in space. Here, latitude offers a key
gradient to capture these impacts (Fig. 1). Along the latitudinal gradient
towards the Arctic, mean annual temperatures decline®, climate warm-
ing intensifies”, species richness declines? and thermal trait distributions
shift towards colder temperatures®. How this combination of environ-
mental and ecological factors shapes the pace at which communities are
changing is largely unexplored. Furthermore, previous attempts to
examine population-driven changes in community warming have largely
focused on marine', bird* and plant® communities.

Here, we present a comprehensive assessment of the processes
driving changes in community thermal composition and the spatial

variation in these patterns. Our analysis is based on high-resolution
spatiotemporal data collected over 30 years through a systematic
monitoring programme of moths (Insecta: Lepidoptera) across 62 sites
in Finland, spanning latitudes from 59° to 70° North. We calculate STI
and CTI using range maps (cf.*>*°), and implement an incidence-based
approach to estimate colonisation and extinction rates”*® to address
three research questions:
1. Are northern moth communities experiencing accelerated
thermophilisation?
2. How do colonisation-extinction dynamics vary with latitude?
3. How does the thermal affinity of species influence community
thermophilisation patterns?

Since climate change and its ecological consequences tend to be
more severe at higher latitudes'**°, we hypothesise that community
warming will be accentuated towards the north (Supplementary Fig. 1).
As Finland represents the northern edge of the European landmass, we
also predict that local extinction rates will be higher in the north—and
particularly high for cold-affiliated species, as they cannot track their
climate further north’®*. Conversely, we predict that the inflow of
species from large species pools in mainland Europe will result in higher
colonisation rates of warm-affiliated species in the south of Finland. As
the net outcome of latitudinal variation in species turnover, we expect a
declining gradient in the relative contribution of colonisation by warm-
affiliated species vs. extinction of cold-affiliated species to community
thermophilisation from southern to northern Finland.

Results

Are northern communities experiencing faster
thermophilisation?

Linear mixed models revealed an increase in the Community Tem-
perature Index (CTI) of moth communities through time, with a
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Fig. 2 | Patterns in the biotic and abiotic factors influencing colonisation rates
and persistence of moth communities. The left-hand panels show spatial patterns
across Finland in A changes in CTI through time, B the abundance (i.e. total number
of individuals observed at a site averaged across years) on a logarithmic scale, and
C the available species pool (i.e. the total number of species in the pool averaged
across years). The middle panels show the relationships between persistence and

Available species pool (log)

D latitude, E abundance F available species pool, while the right-hand panels show
the relationships between colonisation rates and G latitude, H abundance, and

I available species pools. Each point is a site-specific observation (n = 62). The lines
in panels D-I show the model fits using a maximum-likelihood modelling approach
(see Supplementary Table 2 for full model outputs).

steeper slope in the north (y*=38.23, df=2, p < 0.001, Fig. 2A, Sup-
plementary Table 1, Fig. 2).

How do colonisation-extinction dynamics vary with latitude?

We used stochastic demographic colonisation-extinction models to
quantify community dynamics”. These models are rooted in the
Theory of Island Biogeography, which states that the species richness
of an island’s community is determined by the rate at which species
colonise and go extinct™. For each site, we estimated a colonisation
rate (c: 1/cis the average time (years) to colonisation) and an extinction
rate (e: 1/e is the average time to extinction). Overall, our colonisation-
extinction models showed that colonisation rates were lower and
less variable than extinction rates (c range=0.20-0.40, e
range = 0.17-0.65). Across our dataset, the average time it took for a

moth species to colonise a site was 3.3 years compared to 2.7 years for
an extinction within a site, and these rates varied with both abiotic and
biotic factors. Latitude, abundance (i.e. the total number of individuals
per site averaged across years) and the size of the available species
pool (i.e. the total number of species that could colonise a site based
on their distribution averaged across years) at each site were impor-
tant predictors of persistence (I/e) and colonisation rates (Fig. 2 and
Supplementary Table 2). Moth abundance and available species pools
both decreased with increasing latitude (Fig. 2B, C). At the same time,
latitude was strongly negatively correlated with both persistence
(Fig. 2D, slope estimate =-0.85, p < 0.0001) and colonisation rates
(Fig. 2G, slope estimate =—-0.37, p < 0.0001). Persistence increased
with local moth abundance (Fig. 2E, slope estimate=0.32,
p < 0.00001). However, the effect of abundance on colonisation rates
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was much shallower and slightly positive (Fig. 2H, slope estimate =
0.03, p < 0.0001). With a larger available species pool, both persis-
tence (Fig. 2F, slope estimate = 0.30, p < 0.0001) and colonisation rates
(Fig. 2I, slope estimate =0.14, p < 0.0001) increased.

We then conducted the same modelling as described above,
but partitioning the Finland-wide moth community into four
quartiles based on the species’ STIs. This resulted in species being
split into four groups according to their thermal affinities: cold-
adapted, cold-tolerant, warm-tolerant, and warm-adapted (Sup-
plementary Fig. 4). Using these groupings, we generated
colonisation-extinction rate pairs for each thermal group at each
site”. The four thermal affinity groups exhibited distinct latitu-
dinal ranges (Fig. 3 and Supplementary Table 3), and at their
northern latitudinal limits, each thermal group showed reduced
abundance and smaller available species pools (Fig. 3A, B), with
correspondingly lower persistence and colonisation rates at their
latitudinal edges (Fig. 3C, F).

Each thermal group’s colonisation rates and persistence respon-
ded differently to the latitudinal gradient (c slope range = -0.05 to -1.1
and 1/e slope range=-0.63 to -2.52, Fig. 3C, F). Nonetheless, the
relationship between abundance and persistence was similar across
thermal groups, as indicated by the smaller range in the slope esti-
mates across groups (slope range =0.24 to 0.35, Fig. 3D). This con-
sistency suggests that community persistence is primarily driven by
abundance, regardless of thermal affinity. There was only a weak
relationship between abundance and colonisation rates, indicated by
shallow slopes (slope range = -0.05 to 0.02, Fig. 3G). Additionally, both
colonisation rates and persistence increased with the available species
pool, with similar slopes across groups (c slope range =0.2 to 0.3, I/e
slope range =0.3 to 0.4, Supplementary Table 3). This implies that
larger species pools enhance both persistence and colonisation, irre-
spective of thermal affinity.

What are the pathways to thermophilisation?

To resolve the different pathways leading to community warming
(Fig. 1), we tested how variation in colonisation-extinction dynamics
across thermal affinity groups and space contributes to community
thermophilisation. To do this, we explored several components
with a potential impact on extinction and colonisation dynamics,
namely evaluating extinction rates, colonisation rates, species richness
(as a descriptor of species observed at the site), species saturation (as a
metric of potential colonists), and resulting net rates of colonisation
and extinctions (i.e., the average number of species leaving or joining
a community per year) for each thermal group and across three bio-
climatic zones (South-, Middle- and North Boreal). Extinction rates (e),
as previously observed (Figs. 2 and 3), were up to three times higher in
the northern boreal sites (Fig. 4A). We found lower species richness (S)
in the north and at the latitudinal edges of the thermal groups
within bioclimatic zones (Fig. 4B, concurrent with patterns previously
observed in the available species pools; Fig. 3A). Next, we used S to
estimate net extinction rates (e(S): average number of species lost
per year). We found that net extinctions were 2-fold higher in the south
compared to the north (Fig. 4C). However, it should be noted that
the fraction of species lost per year is higher in the north (Fig. 4A).
Colonisation rates declined from cold- to warm- thermal affinity
groups within bioclimatic zones, with warmer affiliated species
having lower colonisation rates (Fig. 4D). Potential colonists (Sp-S:
available species pool minus mean species richness) varied widely in
space. In the south, there were a higher number of potential colonists
compared to the north. We found that there were no potential colo-
nists available from either the warm-adapted or warm-tolerant thermal
affinity groups in the north boreal bioclimatic zone (Fig. 4E). Patterns
of net colonisations (c(Sp-S)) were similar to the net extinctions.
Nonetheless, net colonisation rates were generally lower than the net
extinctions, especially in the north (Fig. 4C, F).

To examine how the observed variation in net colonisations and
net extinctions contributed to thermophilisation (Fig. 1), we estimated
the species richness at equilibrium, which is the balance between e(5)
and c¢(Sp-S)’**. We multiplied the predicted species richness at equi-
librium by the mean STI of each group (see ‘Methods”: Model Fitting
and Inference) to predict the CTI values at each site (CTl,eq). When
CTlpreq is regressed on the observed CTI (CTlops), communities at
equilibrium will fall along a line with a slope of 1. Communities above
the line are cooler than expected, while communities below the line are
warmer than expected. Here, we found that relationships between
CTlprea and CTlyps vary depending on the warmth of a community, as
indicated by the deviation from the line with the theoretical equili-
brium slope of 1 (Fig. 5A). Specifically, we found a close relationship
between the CTlyps and CTlpreq (Fa, 60)=1366.3, p < 0.001, Fig. 5A), but
the slope was significantly higher than 1 (F, ¢0)=35.85, p <0.0001)),
with cooler communities being consistently warmer than predicted.
Finally, we found that communities at higher latitudes had a higher
CTlyps compared to the CTlyreq (latitude x CTI type = F(;, 120)=24.36,
p < 0.001). Thus, communities dominated by cold-affiliated species
alone (Fig. 5A) and communities at higher latitudes (Fig. 5B) were
further from equilibrium compared to those with warm-affiliated
species at lower latitudes.

Overall, the combination of patterns in CTlpreq and CTlops (Fig. 5)
coupled with patterns in net colonisations and net extinctions in the
different thermal affinity groups across bioclimate zones (Fig. 4)
attests to variation in the thermophilisation pathways across latitudes.
Specifically, we infer that in the south, communities are experiencing
thermophilisation through diversification. The evidence is two-fold.
First, there are higher net rates of colonisation in the south compared
to the north. Second, warm-affiliated species and their potential
colonists only occur in the south of Finland. By contrast, northern
communities are undergoing thermophilisation through homo-
genisation, as evidenced by higher net extinctions compared to net
colonisations, by a consistent deficit of potential colonist species and
by the lack of any warm-affiliated species (Fig. 4). Overall, turnover
emerges also as an underlying process driving thermophilisation
throughout the system, as species are both leaving and joining the
communities at similar net rates in each bioclimatic zone.

Discussion

Our results revealed strong context-dependence in the pathways to
thermophilisation for moth communities, where community warming
is driven by the extinction of cold-affiliated species in the north, but by
high colonisation rates across all thermal groups in the south. At the
community level, latitudinal differences in the balance between colo-
nisation and extinction is reflected in overall community temperature.
Cold-adapted communities are currently further away from the com-
munity temperature expected at equilibrium. These deviations sug-
gest that northern communities are currently experiencing the highest
imbalance between extinctions and colonisations and that some of
their species may currently be living outside of their preferred tem-
perature range—thus creating an extinction debt***. Our approach
pinpoints the mechanisms driving thermophilisation and provides
empirical evidence for heightened extinction risk among cold-adapted
species. Below, we discuss each finding in turn.

Overall, we found that northern communities are experiencing
thermophilisation at almost double the rate of those in the south.
Indeed, northern communities face higher risks under anthropogenic
climate change, since they experience more rapid environmental
change compared to lower latitudes'*°. Consistent with this expec-
tation, we found that the rate of community warming varies with lati-
tude, which is also consistent with previous observations of faster
warming of northern communities of birds in Sweden'® and butterflies
in Canada’®. Although the absolute rate of change in CTI was relatively
small (+0.015 °C per year to +0.029 °C per year for southern and

Nature Communications | (2025)16:7063


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62216-9

Spatial patterns

cold adapted

cold tolerant

warm tolerant

warm adapted

70°N A ‘,
68°N Available
o) species pool
o 66°N
2 4N R S l 100
S 50
62°N
60°N @
B
cold adapted
70°N
68°N Abundance
(log)
S 66°N I 8
3 !
E 64°N 5 .
° 4
62°N 3
60°N © §g®

@)

cold adapted
cold tolerant

warm tolerant
- = warm adapted
© o
(O]
()
C
9
K2
o
[0)]
o
600 625 650 67.5 4 6 8
Latitude Abundance (log) Available species pool (log)
F .. .
— G . o:.‘. H . "’:-‘-
S 0.4 ctieme® 041 RRYYT
o AN NN
g ___—ﬂw:"
S 0.31 = ;./‘:‘?ﬁ. 0.3 1
= o Y. Lae
8 ° go ‘. >
—— 02" °® ... ° o 0.2 4
LC) o~. ’ . B 3
O 600 625 650 675 4 6 8 3.0 35 40 45 50

Latitude

Fig. 3 | Spatial patterns and community dynamics for the four moth thermal
affinity groups. Top panels: Maps of Finland showing the spatial distribution of
each thermal affinity group, with the maximum latitude of their occurrence
denoted by a dashed line and site-specific data points coloured by: A the size of the
available species pool (i.e., the number of species which could colonise a site based
on their distribution, averaged across years) and B the abundance of moths
observed in a site, averaged across years and on a logarithmic scale. Middle panels:

Abundance (log)

Available species pool (log)

relationships between persistence and C latitude, D abundance, and E available
species pool. Bottom panels: relationships between colonisation rates and

F latitude, G abundance, and H available species pool. Each point is a site-specific
observation (n=62). The lines in panels C-H are coloured according to thermal
groups (cold-adapted (dark blue), cold-tolerant (light blue), warm-tolerant (yel-
low), warm-adapted (red)) and represent the model fits using a maximum-
likelihood modelling approach (see Supplementary Table 3 for full model outputs).
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region); F Net colonisation rates (i.e., average number of species gained per year).
Each panel shows violin plots (depicting the kernel density of site-level values)
overlaid with boxplots (summarising the central tendency and spread of the site-
level values). The unit of analysis is the site, and sample sizes (n) per group are as
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Thermal affinity groups are defined as: CA = cold-adapted (dark blue); CT = cold-
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Boxplots show the median (central line), interquartile range (IQR; bounds of the
box represent the 25th and 75th percentiles), and whiskers extending to the most
extreme data points within 1.5x IQR. Data points beyond this range are plotted as
outliers. Violin plots display the estimated probability density of the data at dif-
ferent values, with wider sections indicating higher densities.

northern Finland, equalling 1.5-3 °C per century), it is lagging behind
the +1 to +2 °C increase in ambient temperatures in Finland over the
same period®>**. The resulting mismatch in biotic and abiotic
warming is reflected in a substantial climatic debt in Finnish moth
communities, whereby the mean annual change in temperature out-
paces the community thermal mean (aligning with Mikinen et al. *°).
While the ecological consequences are yet to be understood, the rift
between biotic and abiotic temperatures is a clear warning sign that

the many species are drifting outside of their thermal optima with
consequences for species performance and the maintenance of key
species interactions®.

We revealed the key process underpinning differential rates of
community warming along the latitudinal gradient by quantifying the
spatial variation in colonisation-extinction dynamics. In line
with”?>**2 we found that the species occurring at a given site were
reflected by a dynamic balance between extinctions and colonisation.
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Variation in thermophilisation pathways
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Fig. 5| Comparison of estimated and observed CTI values of moth communities
along latitude. A Relationship between the estimated community temperature
index based on species richness at equilibrium (see ‘Methods": Species richness at
equilibrium), and the observed CTI values. The dashed line represents a 1:1 rela-
tionship, indicating equilibrium. The yellow line shows the linear model fit (mean
predicted values). B Relationship between estimated CTI (purple) and observed CTI
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(yellow) of moth communities along latitude, illustrating the hypothesised ther-
mophilisation pathways shown in Fig. 1: diversification in the south and homo-
genisation in the north. Each point is a site-specific observation (n = 62), and lines
represent model predictions (mean fitted values). Shaded ribbons represent 95%
confidence intervals around the fitted predictions.

We show that the size of the available species pool and the overall
abundance of moths were strong predictors of colonisation-extinction
dynamics”®. As hypothesised, we found that species abundance
and species pools declined with latitude*, and these spatial patterns in
species pools and abundance were matched by a similar decline
in colonisation rates and persistence along the latitudinal gra-
dient (Fig. 2).

At the community level, colonisation rates were, on average, 50%
lower than extinction rates (Fig. 2), showing the main driver of ther-
mophilisation for Finnish moth communities is through the displace-
ment of species already present in the region compared to
colonisation by new ones. This finding aligns with studies such as>?.
However, it contradicts the general observation that the poleward
expansion of species (and thus colonisation by new species) is the
main driver of thermophilisation™**. As a consequence of the rela-
tionship between species pools, abundance and colonisation-
extinction rates, northern communities may be at particular risk with
progressing climate change, as their low persistence and low coloni-
sation rates may limit community stability and ability to survive in the
face of further climate change”*’. The higher local extinction rates
observed in moth communities may also have broader ecological
implications for higher trophic levels. Moths are vital food sources for
birds, bats and other insects as both larvae and adults**¢. Therefore,
the loss of species from local communities could result in trophic
cascades through a reduction in food sources (e.g. Hochrein et al. ).
Nonetheless, we stress that our current focus is on changes in com-
munity composition and thermal trait distributions. For example, a
recent study*® found no consistent trends in Finnish moth biomass.
This shows that the extent to which the patterns uncovered here
reflect changes in food availability will depend on the relative selec-
tivity of consumers*",

Importantly, our estimates of species extinctions and colonisa-
tions are a product of two features: the true disappearance of species
from the local community, as well as the decline of species below a
detectability threshold. Clearly, rare species will be harder to observe
compared to common ones. However, two considerations attest
against any major impact of detectability on our conclusions. First, our
samples had high coverage®, consistently exceeding 99% (Supple-
mentary Table 4). Second, our results are robust to the inclusion vs.
exclusion of the rarest species—we found no qualitative changes when

comparing the results with singletons included vs. removed from the
data (Supplementary Tables S5 and S6)”. Logically, even the exclusion
of singletons still leaves some level of pseudo-turnover in the com-
munity time series. Nonetheless, from a functional perspective, there
will be little difference between a species hitting a true density of
zero and a species going functionally extinct, by becoming rare
enough to contribute little to community composition and inter-
specific interactions®.

The latitudinal variation in community dynamics here observed
emerges from latitudinal gradients in the baseline distribution of
species with different thermal niches. Clearly, more heat-preferring
species tend to be concentrated in the south of the country and more
cold-preferring in the north. This was seen in different northern range
limits of the different thermal affinity groups (Fig. 3). While partly a
truism, this demonstrates a key impact of abiotic conditions in general
—and temperatures in particular—on species membership and persis-
tence in local communities. It also shows the importance of taking the
regional and local species pools into account when evaluating patterns
of colonisations and the local abundance of species when evaluating
patterns of extinctions. A species can only colonise and successfully
remain in a target community if it has already reached the surrounding
region and reaches an abundance in which it can persist. These con-
siderations reflect the importance of accounting for community
saturation.

Temperature, however, is not the only factor limiting species
occurrence. Individual species are often absent from substantial areas
within their thermal niche range®, pointing to other factors limiting
their distribution, such as dispersal abilities®, phenological
mismatches™, species interactions™, habitat availability®®, precipita-
tion and soil properties”. From this perspective, our current results are
squarely focused on what part of community dynamics can be attrib-
uted to temperature, against the backdrop of all other factors. What
emerges is a clear signal of temperature as such (as also reflected in
abundance patterns). At the northern edges of their distribution, cold-
tolerant, warm-tolerant and warm-adapted moths show low abun-
dances and small species pools as a consequence of low persistence
and low colonisation rates. Indicating that, at their range limits, species
are characterised by low persistence and frequent turnover”. Inter-
estingly, the cold-adapted species group showed a shallow relation-
ship between colonisation rates and latitude (Fig. 3F). At the relatively
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high latitudes of Finland, cold-adapted species are essentially facing
the warm edge of their range towards the south, whereas warm-
adapted species are facing their cold edge towards the north. The
difference in latitudinal trends in persistence is consistent with the
observation that cold range edges can track their climate change
better than warm edges”.

Finally, as a critical insight, our analytical framework allowed us to
attribute the spatial variation in the rates of change in CTI to variation
in colonisation-extinction dynamics, both at the level of the full com-
munity and for different thermal affinity groups. Our findings reveal
that thermophilisation occurs via different pathways (Fig. 1) depending
on latitude, which emerges as the net outcome of opposite forces: in
the south, thermophilisation occurs through diversification (pathway 2
Fig. 1), as new species become established via high net colonisations,
large species pools and higher persistence due to high abundances. In
the north, thermophilisation results from the disappearance of cold-
adapted species (pathway 1 Fig. 1) due to their high net extinction, low
persistence and low abundances. Throughout Finland, we can see that
thermophilisation is occurring through major community turnover
(pathway 3 Fig. 1), with selected thermal affinity groups decreasing
across bioclimatic zones (Fig. 4).

While offering a general match with the idealised thermophilisa-
tion pathways outlined in Fig. 1, our results have revealed some
important nuances. In the south, colonisation occurred more fre-
quently than in the north as expected. Yet, contrary to expectations,
warm-adapted species exhibited the lowest net colonisation rates
(Fig. 4F). This suggests that thermophilisation in the south is driven
primarily by the persistence of cold-affiliated species and colonisation
of warm-tolerant species whereas colonisation by warm-adapted spe-
cies appears to be a secondary driver. Nonetheless, in the south, the
warm-adapted group had the highest fraction of potential colonists in
relation to their local species richness; these pools were nearly one-
third greater than locally observed species richness. The relatively
large pools of potential colonists indicate that colonisations are likely
to play a significant role in future community thermophilisation under
continuing climate warming.

In the north, net extinctions exceeded net colonisations, as we
expected. This indicates that thermophilisation via homogenisation is
due to the extinction of the coldest-adapted species within the cold-
adapted group; however, our thermal grouping approach limits our
inference. Although using thermal groupings is necessary for broad-
scale analysis, such grouping results in a loss of resolution regarding
which species in particular are being lost or persist. For example,
within the cold-adapted thermal group, there is considerable variation
in the STIs (see Fig. 4), with some species being highly specialised to
cold extremes and others being more generalist. Such heterogeneity
within our thermal affinity groups may be driving some deviations
from our hypothesised patterns.

Overall, we had expected cold-adapted species to experience
extinction in the south and persistence in the north, with warm-
adapted species persisting in the south and colonising the north.
However, our results suggest a more complex interplay of colonisation
and extinction dynamics, shaped by local species pools, community
abundances and regional thermal constraints, as shown in marine
systems by Moore et al. *. Here, our focus on a single country—as
forming a subset of most species’ ranges—will hide some of the
ongoing processes. Once data become available, future research
should extend beyond country-level analyses to incorporate global or
continent-wide assessments of thermal groupings. A pan-European
perspective may reveal species movements across latitudinal gradients
and better resolve the drivers of thermophilisation.

To conclude, our paper outlines a community-level approach to
understanding how colonisation-extinction dynamics drive thermo-
philisation, and shows how this varies in geographic and environ-
mental space. We showed that rapid thermophilisation of moth

communities was associated with the loss of cold species in particular.
Compounding the plight of northern communities are lower coloni-
sation rates with smaller species pools and higher local extinction rates
with decreasing abundances. Beyond resolving the population-level
mechanisms behind community warming, our findings highlight the
vulnerability of species and communities at their range limits, while
also showing an increasing rift between community composition and
the surrounding climate, resulting in accumulating debts as climate
warming progresses.

Methods

We used a dataset of systematically sampled moth communities in a
country-wide monitoring scheme in Finland. Our data covers 30 years
between 1993-2022 and consists of 658 species of macro moths
sampled across 62 sites spanning a latitudinal gradient of 1200 km
(Supplementary Fig. 1). To understand whether communities are
warming in response to climate change, we characterised the species
in our observed communities by their thermal affinity i.e. the species
temperature index, STI®, which is measured as the average tempera-
ture recorded in their European range. We then calculated the com-
munity temperature index CTI, which is the average STI weighted by
species abundances at each site. We first analysed changes in CTI over
time and across latitudes. Then, applying a dynamic stochastic mod-
elling approach, we characterised community colonisation-extinction
dynamics and revealed their impacts on community thermophilisation
along this latitudinal gradient. All data manipulation and analysis were
done using R version 4.4.3 unless otherwise stated®. Please see Sup-
plementary Table 7 for all R packages used.

Study system and dataset

Finland spans from 59° to 70° degrees North, thus encompassing
diverse climatic zones (Supplementary Fig. 2A), from temperate mar-
itime (hemi-boreal) to Arctic (northern boreal). This renders the
country ideal for investigating latitudinal variations in species dis-
tributions and community dynamics (Supplementary Fig. 1
and Fig. 2A).

Moth data were obtained from the Finnish National Moth Mon-
itoring Scheme (Nocturna)®*°, and were extracted from the moth
monitoring database (Yopeti) on 18 December, 2023. Moth commu-
nities were sampled using light traps (model ‘Jalas’, with 160W mixed
light or 125W Hg vapour bulbs). Light traps were emptied weekly
between early spring and late autumn yearly between 1993-2022 and
individuals were identified to the species level by volunteer experts. In
the current study, we focused on macro moths (Supplementary
Table 8), since micro moths had been inconsistently scored from the
samples. To ensure a robust and unbiased dataset for our analysis, we
filtered the data for obvious sources of error. Specifically, (i) to confine
our data to sites for which temporal change can be reliably established,
we chose sites with at least 10 years of data; and (ii) to derive a com-
parable baseline between sites, we excluded any sites that started data
collection later than 2005. These filtering steps resulted in 728 species
in 62 sites. We then used the "iNEXT" package (version 3.0.1,°*%)
iNEXT: :iNEXT to evaluate whether our sites exhibited sufficient
coverage of the focal communities. Based on sample completeness
using rarefaction®>®, all sites showed a sample-based coverage of
>99% (Supplementary Table 4).

Since rare species are likely to be associated with low detection
probabilities (and thus with high rates of pseudo-turnover”, we
explored whether our analysis was affected by the inclusion vs.
exclusion of rare species. To this aim, we ran the analysis (see section
Model fitting and inference below) with singletons (i.e. species
observed as single individuals) included vs. removed from the dataset.
We found that estimates of both colonisation rates and extinction rates
were highly correlated between the two data sets (r=0.82-0.88,
respectively). As there were no qualitative differences in results
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between the two sets, we report the results with singletons included in
the main text, and results with singletons removed in Supplementary
Tables S5 and Sé.

Calculating species (STI) and community temperature

index (CTI)

Species climatic niche metrics were calculated following®®. The work-
flow was as follows: first, species distributions were extracted from
European Atlases®”®'. The atlas maps were then digitised and geo-
referenced with the CGRS grid (Common European Chorological Grid
Reference System from the European Environment Agency®?). We
obtained distribution maps for 658 species from the 728 species in the
filtered dataset. Climate data for the corresponding grid was
interpolated using methods developed in the ALARM project
(following®**). Based on species occupancy of grid cells across Eur-
ope, climatic niche metrics were calculated by overlaying range maps
with climatic variables over the period between 1961 and 1990, which is
the period just before our sampling started. Since this is also the period
before accelerating climate change sets in, it represents relevant
baseline conditions®.

To characterise the climatic niche of a species, we used the stan-
dard definition of STI—i.e. the average mean temperature across its
range®. While a similar metric could be derived for other climatic
descriptors, we found mean temperature offered a good proxy for a
range of metrics (as shown in Schweiger et al. ¥). Across Europe, mean
temperature shows high correlation (r> 88%) with a range of other
temperature measures (Supplementary Fig. 3).

For the community-level climatic niche, we calculated the com-
munity temperature index (CTI) for each site in each year by weighting
each species' STI value by its abundance before calculating the
weighted mean.

Community temperature index change

To test for changes in the CTI through time and across latitude, we
used linear mixed models (Ime4:Imer,®) with the site as a random
effect. The following model structure was fitted:

CTI('C) ~ Year*Latitude + (1/Site) )

To capture site-specific changes in CTI through time, we fitted a
linear model (car:lm,¥”) with site as a fixed effect instead of lati-
tude and used the site-specific slopes for visualising the spatial chan-
ges of CTI (Fig. 2A).

All model fits and terms were statistically tested using analysis of
deviance type Il Wald chi-square tests.

Measuring community dynamics using colonisation-
extinction rates
Our approach to understanding community dynamics is based in
MacArthur and Wilson’s Theory of Island Biogeography®, as imple-
mented in a basic stochastic colonisation-extinction model developed
by Alonso et al. 7. Although this is a relatively simple approach, these
models can achieve good predictive power when examining how
communities reassemble under disturbance”***®, The approach
assumes that the state of a site’s community can be described by the
presence or absence of each species each year. We can then measure
how the state of the site changes over time due to random colonisation
and extinction processes. Each species is assumed to randomly colo-
nise unoccupied sites at a rate ¢ and to go extinct in occupied sites at a
rate e. Under MacArthur and Wilson's®®> assumption of species
equivalence and independence, all species have a common c and e.
As occupied sites undergo extinctions at a rate of e, the average
time to go extinct is 1/e. Here, we focused on this quantity (I/e), which
we henceforth refer to as “persistence”. Focusing on persistence
avoids any undesired connotations of extinction rate, which may be

read as referring to regional extinction rather than transitions from
presence to absence at a single site.

Biotic community measurements

It has been shown that colonisation is largely driven by regional rich-
ness (species pools) and non-specific local extinctions can be attrib-
uted to community assembly features, such as the initial state of the
community, abundance and diversity,”>*. Therefore, we related colo-
nisation and extinction rates to the overall community abundance of
each site and to the size of the available species pools’. We calculated
overall community abundance as the total number of individuals at
each site, which was averaged across years. The regional species pool
of a site was defined as the total set of species that could potentially
occur at the site, averaged across years. We used occurrence data for
all Finnish moths as derived from our dataset to define the maximum
and minimum latitudes of occurrence. We included species in the
regional pool if their distribution overlapped with the site’s location
(Supplementary Fig. 5).

Model fitting and inference
Following the reasoning above (see Measuring community dynamics
using colonisation-extinction rates), we used R package ‘island” (ver-
sion 0.2.10,%%) to estimate the extinction and the colonisation para-
meters. The analysis was performed in two steps: first, we estimated
colonisation and extinction rates for each site or each thermal group at
each site for visualisation purposes (function island::irregu-
lar sampling_scheme), which are the cs and es plotted as points in
Figs. 2 and 3.

Secondly, to test how abiotic and biotic variables influence com-
munity dynamics, we assumed that colonisation rates are a simple
exponential function of some explanatory variable:

c= exp(By +B,"X) @

where X is the explanatory variable and the f’s are the estimated
parameters. The same function was assumed for extinction rates (e). As
the ¢’s and e’s were positive, we used exponential functions to ensure
the fitted values were also positive. We used the function
island::NLL_isd, which returns the negative log-likelihood of a pair
of colonisation and extinction rates for each of our 62 sites and wrote a
function that sums these across all sites. We then used the ‘bbmle’
package (version 1.0.25.1) bbmle: :mle2 to estimate the parameters
using maximum likelihood”’. As explanatory variables X we used
latitude, mean abundance, and available species pool. As these
variables were somewhat co-linear (between 57-97%; Supplementary
Fig. 7), we fitted separate models for each.

Thermal affinity groups. To address how thermal niches influence
patterns of community warming, we relaxed the original assumption
of species equivalence (see Measuring community dynamics using
colonisation-extinction rates) and grouped species into thermal affinity
groups. We split species into four groups based on their thermal affi-
nities and estimated the colonisation-extinction parameters for each
group. We divided the STI values into quartiles, thereby defining four
groups: (1) cold-adapted species, (2) cold-tolerant species, (3) warm-
tolerant species, and (4) warm-adapted species (Supplementary Fig. 4).
Colonisation and extinction rates were then generated for each ther-
mal group at each site. Colonisation and extinction rates were fitted to
the explanatory variables using the maximum-likelihood approach as
above, generating parameters for each group (i.e. each with a unique
intercept and slope).

Species richness at equilibrium. Quantifying extinction and coloni-
sation rates enables us to understand how communities diverge from
their equilibrium species richness®. A community at equilibrium can
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be defined when c(Sp-S) = e(5)”’, where c is the colonisation rate, e is the
extinction rate, Sp is the available species pool, and S is the average
species richness observed in the site.

Based on this balance between extinction rates and colonisation
rates, we derived the expected species richness of each group i at each
site j, which is given by

. . c.' .
EStImat(:"(:lspecies richness, i,j = SpeCIeS pOOIi,j ( - > (3)

€jtCij
Here, Speciespool; jis the species pool of thermal affinity group i at
sitej, and c;; and e;; are the estimated colonisation and extinction rate
of thermal group i at site /.
Then, using the estimated species richness of each thermal group,
we calculated the expected CTI (CTlyeq) Of sitej as

“@)

CcTl 4= i EStimat.edspecies richness,i,j*STli,j
precJ i-1 EiEStlmatEdspeciesrichness,i,j
where Estimatedspeciesrichnessij S the estimated species richness for
thermal group i at site j. ST/, ; is the average STJ of thermal group i at
site j. We then compared CTl,q with our observed CTI (CTl,ps), which
was calculated in the same equation as above (3) but replaced
Estimatedpeciesrichnessij With Observedspeciesrichness,ij Which are the
recorded species richness of each thermal group i at each site j.
Using linear models (1m: : car), we fitted CTl,ps as a function of
CTlpreq, and statistically tested their relationship (car::Anova). If
communities are at equilibrium, then the CTlops ~ CTlpreq relationship
should have a slope of 1. We thus tested if the model fit was sig-
nificantly different from a slope of 1 by incorporating an offset to test
the deviation from the hypothesised slope. Finally, we examined how
CTlprea and CTlop,s varied along latitude by fitting a linear model

CTI('C) ~ Latitude*Prediction type 5)
where CTl is either CTl,.q Or CTlops (prediction type). If the interaction
p < 0.05 it indicates that the thermophilisation pathways vary with
latitude.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw moth data used in this study are openly available from the
Finnish Environment Institute, Finnish National Moth Monitoring,
Biodiversity Information Facility at https:/laji.fi/en/observation/list?
collectionld=HR.4511. All other data, including raw species tempera-
ture niche data and cleaned moth data used in this study, are available
in the Dryad database: https://doi.org/10.5061/dryad.qbzkh18s7.

Code availability
All code used in this manuscript is deposited in Dryad: https://doi.org/
10.5061/dryad.qbzkh18s7.
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