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Climate changes have profound effects on the distribution of numerous plant and
animal species™. However, whether and how different taxonomic groups are able
to track climate changes at large spatial scale is still unclear. Here, we measure and
compare the climatic debt accumulated by bird and butterfly communities at a
European scale over two decades (1990-2008). We quantified the yearly change in
community composition in response to climate change for 9490 bird and 2130
butterfly communities distributed across Europe*. We show that changes in
community composition are rapid but different between birds and butterflies and
equivalent to a 37 km and 114 km northward shift in bird and butterfly
communities, respectively. We further found that during the same period, the
northward shift in temperature in Europe was even faster so that the climatic debt
of birds and butterflies correspond to a 212 km and 135 km lag behind climate.
Our results indicate both that birds and butterflies do not keep up with
temperature increase, and the accumulation of different climatic debts for these

groups at national and continental scales.

Species are not equally at risk when facing climate change. Several species-specific
attributes have been identified as increasing species’ vulnerability to climate change
including diets, migratory strategy, main habitat types, and ecological specialization®”.
Moreover, while phenotypic plasticity may enable some species to respond rapidly and
effectively to climate change® °, others may suffer from the induced spatial mismatch
and temporal mistiming with their resources'® ™. For instance, species such as great tits
and flycatchers have been shown to become desynchronized with their main food

supply during the nesting season™.



But beyond individual species’ fates, climate change should also affect species
interactions and the structure of species assemblages within and across different
taxonomic groups over large spatial scales®*°. For instance, ectotherms should be more
directly affected by climate warming and taxonomic groups with short generation time
should favor faster evolutionary responses to selective pressures induced by climate
changes™. Yet, whether different taxonomic groups are tracking climate change at the
same rate over large areas is still unclear and methods to routinely assess the mismatch
between temperature increases and biodiversity responses at different spatial scales are

still missing®®.

Here, we used extensive monitoring data of birds and butterflies distributed across
Europe to assess whether, regardless of their species-specific characteristics, organisms
belonging to a given group are responding faster or slower than organisms belonging to
another group over large areas. We characterized bird and butterfly communities in
9490 and 2130 sample sites respectively by their community temperature index (CTI)
for each year from 1990 to 2008 (Supplementary Fig. 1). The CTI is a simple means to
measure the rate of change in community composition in response to temperature
change®. It was recently adopted as an indicator of climate change impact on
biodiversity by the pan-European framework supporting the Convention on Biological

Diversity (Streamlining European 2010 Biodiversity Indicators, SEBI).

The CTI reflects the relative composition of high versus low-temperature dwellers in
local communities. High versus low-temperature dwellers are first differentiated

according to their Species Temperature Index (STI). ST1 of a given species is simply the



average temperature of the species range and is taken as a proxy for species’
dependency on temperature. CTI is then calculated, for a given monitored site, as the
average of species’ STI weighted by species abundances (CTI is thus expressed in
degrees Celsius). A temporal increase in CTI directly reflects that the species
assemblage of the site is increasingly composed of individuals belonging to species

dependent on higher temperature (i.e. with high STI).

This approach allows a comparison of the velocity of changes in communities of a given
taxonomic group and of temperature. Indeed, the temporal slope of the change in CTI
gives the rate of change in community composition in response to climate change
through time (°C.year™). The south-north gradient in CTI (°C.km™) then provides an
estimate of the rate of change in CTI in kilometers. Providing that this gradient is linear,
the temporal change in CTI can be considered as equivalent to a northward shift in CTI
using the ratio between the temporal trend and the spatial gradient in CT1 (°C.year
1/°C.km™= km.year™). The same can be done independently for temperature to estimate
the velocity of its northward shift (km.year™) . The comparison between the velocity
of CTI with the velocity of temperature then provides an estimate of the lag between the

spatial shift in temperature and community response.

Using this approach, we found that from 1990 to 2008, the CTI of European birds (bird
CTI) has increased steadily (+2.6 + 0.19 x 10 per year; F117=92.12 ; r2=0.84;
P<0.0001; Fig. 1a). Moreover, the CTI spatial gradient is equivalent to a loss of 1.26 +
0.01 x 107 °C of bird CTI each km from south to north (Fys000=4776; r2=0.78,

P<0.0001; Fig. 2a). The temporal increase in bird CTI is thus equivalent to a 37 + 3 km



northward shift in the composition of bird communities over the period considered ((2.6

x 10°/1.26 x 10 ) x18 years).

Using the same approach, we also found that European butterfly communities are
increasingly composed of individuals belonging to high-temperature dwelling species
(trend in butterfly CTI: +9.3 £ 0. 5 x 10°° per year; F117=12.6; r2=0.42; P<0.0001;
Fig.1b). The temporal trend in butterfly CTI is much steeper than the trend in bird CTI
(difference between slopes: 6.74 + 0. 5 x 103; P<0.01, ANCOVA). The spatial gradient
in butterfly CT1 of 1.47 + 0.08 x 107 °C loss of CTI per km (F1.767=1748; r2=0.89;
P<0.0001, Fig. 2b) reveals that the composition of butterfly communities has shifted

114 +9 km northward during 1990-2008 ((9.3 x 10/ 1.47 x 10 ) x18 years).

During 1990-2008, the temperature also increased steeply (+5.50 + 0.61 x 107 °C per
year, F117=79.6; r2=0.81; P<0.0001; Fig. 1c). This temporal trend in temperature can be
translated in space using the spatial variation of temperature in Europe®’. This gradient
is equivalent to a loss of 3.98 + 0.01 x 107 °C per km from south to north (F1.30674=1.7 X
10°; r2=0.84; P<0.00001, Fig. 2c). The temperature increase during 1990—2008 thus
corresponds to a northward shift of 249 + 27 km in temperature.

These results indicate that birds and butterflies do not adjust their abundance according
to the northward shift of their suitable climates and have accumulated a climatic debt of
212 km and 135 km respectively (differences between spatial shift in temperature and in

bird CTI and butterfly CTI respectively).



The change in CTI does not tell which and how particular species are affected by
climate change but integrates the actual decline of cold species, increase of warm
species, and the combination of both. Therefore, changes in CTI could mostly result
from variations in the dominance structure of species occurring locally rather than from
real spatial shifts. However, using presence-absence data rather than abundance, we
found similar qualitative results (Supplementary Fig. 2). Therefore, the increase in bird
and butterfly’ CTI also results from changes in the identity of species occurring in local
sites rather than only from abundance variations.

Change in CTI could also reflect the strong positive or negative trend of only few
species rather than mirror profound changes in community composition. To assess
whether our conclusions are robust to the identity of the species considered, we used a
systematic re-sampling approach in which the trends in the bird and butterfly CTI were
estimated after the random removal of 20% of the species monitored in each country.
This analysis further confirms the robustness of the findings to the change in the species

pool considered (Supplementary Fig. 3).

Climatic debt can be defined as an accumulated delay in species’ response to change in
temperatures attributable to its inability to track climate change. Our results suggest that
not only birds and butterflies are not tracking climate change fast enough at large spatial
scale, but also that a lag is expanding between the two groups. Climate change has
become a strong selective pressure, and response to this pressure is species and context-
dependent'®. What are the consequences of these increasing climatic debts for each
group and between groups at large spatial scale remain to be studied. Genetic
variability, population size, generation time, but also dispersal or behavioural plasticity
all contribute to shape species responses to climate change. In this respect, evolutionary

responses to changing climate have already been documented and are particularly



expected for short-time generation groups such as butterflies'®. Therefore, significant
evolutionary response can, at least to some extent, contribute to the observed trends in
CTI.

However, although the data we have do not allow us to disentangle the real lag
accumulated by birds and butterflies from possible local adaptation to temperature
increase we believe that the rapid adaptations of particular species, if any, are unlikely
to produce our results which are based on many species with likely high variability in
their evolutionary response. But a close inspection of how changes in CT1 vary in space
or for particular groups of species (defined according to their localization, dispersal
ability, genetic diversity, or any trait of interest suspected to induce differential climatic
responses between species and/or groups) could possibly help to disentangle

evolutionary from demographic processes in the responses.

The delay in the climatic debt of bird and butterfly communities may disrupt multiple
interactions between species. For example, many bird species depend on caterpillars and
could therefore suffer from possible modifications of this direct interaction 2. It is also
likely that other groups of terrestrial insects on which many insectivorous vertebrates
rely are experiencing important northward shifts and changes in community
composition. Moreover, birds and butterflies are among the most dispersive species so
they should be able to track climate change more easily than other taxonomic groups.
Therefore, other multi-group interactions are also probably facing delayed responses to
climate change at large scale with unknown consequences for biodiversity and
ecosystem functioning® ** ?°. Finally, the negative consequences of such delays are
probably enhanced by interacting and self-reinforcing processes between climate and

land-use changes’ .

More rapid responses in butterflies than in birds on average (i.e. calculated at the

European level) may be due to butterflies having relatively short life cycles and being



ectothermic, allowing them to track changes in temperature regimes very closely. These
differences may induce higher turnover rates in butterfly communities in response to

climate changes® %

which probably contributes to explain the stronger variation in
butterfly CTI (Fig. 1b). Therefore, although birds, as a group, are more dispersive than
butterflies, our results suggest that they may accumulate higher climatic debt on the
long run.

The ability of each taxonomic group to cope with temperature increase (and hence, the
potential mismatch between groups) should also depend on the biogeographic, socio-
economic and conservation context. When calculated at the country-level, we found that
the temporal trend in CTI was positive and highly significant within nearly every
country (Supplementary Table 1). This intra-European analysis also revealed that for a
given taxonomic group, the temporal change in CTI was much faster in some countries
than in others (Fig. 3). For countries with data available simultaneously for birds and
butterflies, we found either a much higher trend in CTI for butterflies or no difference
among groups. Overall, these results confirm that the composition of bird and butterfly
communities are currently strongly affected by climate change but also reveal that the
differences between groups are dependent on the area considered.

Interestingly, although the magnitude of the CT1 is dependent on the number and
identity of the species considered, we showed that the detection of a temporal trend in
CTl is very robust to changes in the species considered (Supplementary Fig. 3). Indeed,
a given change in CTI only reflects the population adjustments of species according to
each species-specific thermal distribution so that, in principle, the trend in CTI should
remain sensitive to temperature increase whatever the species considered. However, to

be meaningful, the CTI must be based on species representing a gradient in STI values.



Moreover, the temporal trend in CTI must be calculated on enough sites (and/or years)
to avoid confounding factors. Indeed, if the trend in CT1 is estimated in a restricted area
in which land-use changes have affected a biased sample of species with respect to
STls, the trend could be erroneously interpreted as a community response to climate
changes®*.

Understanding the major ongoing changes in structure and composition of communities
within and between trophic levels is necessary to prefigure forecasted changes in
ecosystem integrity. Future assessments could quantify whether and how potential
delays in the response of different taxonomic groups to climate change vary in different
habitats and interact with current trends in land-use changes. We therefore suggest that
the approach proposed here can help to improve the traceability of climate change
impacts on biodiversity in mapping whether, how, and where, different taxonomic
groups are affected by climate changes, using either abundance or presence-absence

data, and for national or international-level assessment.

Methods

We used a method already described to estimate the northward shift in composition of a
given taxonomic group* and explained in details in Supplementary information. In brief,
the velocity of bird and butterfly communities and of temperature is obtained in two
steps. First, for each taxonomic group, we calculated the annual change in the
Community Temperature Index reflecting the relative composition of high versus low-
temperature dwellers. The CTI is a simple means to measure the rate of change in
community composition in response to temperature change. It is calculated, for a given
site, as the average of each Species Temperature Index (STI) occurring in this site,

weighted by the species abundances in this site. The STI of a given species is the long-

10



term average temperature over the species range (CT1 is thereofre expressed in Celsius

degree).

A temporal increase in CTI in a given site directly reflects that the relative abundance of
individuals belonging to species dependent on higher temperatures (i.e. with a high STI)
is increasing in this site. We then estimated the overall temporal slope of the change in
the pan-European CTI through time separately for birds and butterflies. This trend was
estimated using the change in yearly CTI from 1990 to 2008, calculated in 9490 and
2130 sample sites (located across Europe from Spain to Finland, Supplementary Fig. 1)
respectively for birds and butterflies. These schemes were shown to provide high
quality data for building pan-European indicators based on trends in population
abundance and the dataset used in this study represents the largest dataset ever collated
documenting temporal changes in the composition of butterfly and bird communities.
The slope of this trend gives an estimate of the rate of change in community

composition in response to climate change through time (°C.year™) for each group®.

Second, we estimated the south-north gradient in bird and butterfly CTI (°C.km™).
Because the CTl is linearly decreasing along a south-north gradient, the temporal
change in CTI can be considered as equivalent to a northward shift in CT1 using the
ratio between the temporal trend and the spatial gradient in CT1 (°C.year/°C.km™=
km.year ™). The same was done independently for temperature to estimate the velocity

of northward shift in temperature (km.year™).
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Figure legends

Fig. 1. Temporal trend of CTI and temperature in Europe from 1990 to 2008 (+ standart
error of the mean in dashed line). (a) for the bird communities monitored in Europe
from 1990 to 2008, (b) of CTI for butterfly communities and (c) for March-September
temperature. Temperature anomalies are calculated as the departure from the average of

the base period 1961-1990.

Fig. 2. Spatial trend of CT1 and temperature in Europe. (a), for the bird communities,
(b) for butterfly communities. Each point represents the CTI for a given sample site
monitored in 2005. (c) Spatial temperature gradient. Temperature is the average of
March-September temperature to match the breeding season of birds and butterflies.

Distance (X axis) is calculated from the southern border of the studied area.

Fig. 3. European variations in the temporal trend of bird and butterfly CTI. The map
shows the temporal trend of bird and butterfly CT1 for each country. The height of a
given arrow is proportional to the temporal trend and its direction corresponds to the
sign of the slope (from south to north for positive slopes). The arrow is opaque if the

trend is significant.
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Fig. 1. Temporal trend of CTI and temperature in Europe from 1990 to 2008
(+ standart error of the mean in dashed line). (a) for the bird communities
monitored in Europe from 1990 to 2008, (b) of CTI for butterfly communities and
(c) for March-September temperature. Temperature anomalies are calculated

as the departure from the average of the base period 1961-1990.
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Fig. 3 European variations in the temporal trend of bird and butterfly CTI. The
map shows the temporal trend of bird and butterfly CTI for each country. The
height of a given arrow is proportional to the temporal trend and its direction
corresponds to the sign of the slope (from south to north for positive slopes).

The arrow is opaque if the trend is significant.
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