Appendix 3: A cross-taxa appraisal of the impact of climate change on species’ population size.
Abstract
Climate change has had well-documented impacts on the distribution, phenology and physiology of
species across most taxa. However, the direct impact of climate change on population abundance,
and therefore extinction risk, has been harder to assess. As a consequence research has often
focussed on a single species or taxon; here we carry out the most comprehensive multi-taxon
comparison to date that shows that climate change is likely to have influenced population trends in
64% of species. We summarised the key axes of British weather variation over the last 50 years and
then modelled population growth of over 500 animal species against these axes. National population
indices of mammal, bird, aphid, butterfly and moth species were obtained from taxon-specific time
series that began between 1966 and 1998 and continued to 2010 or 2011. Moths were particularly
negatively impacted by climate change with 9% undergoing severe climate-driven declines in
abundance (>3% decline per year). Conversely, the mean impact of climate change on aphid
populations was positive. Population trends in mammals, birds and butterflies showed inconsistent
or largely insubstantial responses to climate change. Severe population declines in species of
conservation concern were a function of both weather (responsible for 0.6% annual decline) and
other factors (responsible for 1.5% annual decline), while differential impacts of climate change
between trophic levels (0.4% annual climate-driven decline in primary consumers compared to 0.1%
in secondary consumers) signal the potential for future ecosystem disruptions as a result of climate
change. Population increases in invasive non-native species were consistent with them being driven
by climate change. Our results quantify the conservation implications of climate change that have
occurred over recent decades, and highlight the potential for future change to increase the
abundance of some invasive and aphid pest species, with likely economic consequences, but
contribute to the extinction risk of others.

Introduction
Global biodiversity is under threat from a range of different drivers (Butchart et al., 2010). During
the course of this century, climate change is projected to have an increasingly detrimental impact on
the long-term persistence of many species (Thomas et al., 2004; Bellard et al., 2012). Whilst impacts
of climate change on the distribution, phenology and physiology of many species are already well
documented (e.g. Walther et al., 2002; Parmesan & Yohe, 2003; Menzel et al., 2006; Thackeray et
al., 2010), ultimately it will be changes in the abundance of species which directly indicate extinction
risk. Such processes are therefore fundamental to understanding the consequences of climate
change for species, communities and ecosystems. However, many fewer examples of climate-related
changes in population abundance have been documented, and have yet to be widely examined and
generalised.. With increasing recognition of the importance of species interactions in influencing
species’ responses to climate change (Tylianakis et al., 2008; Van der Putten et al., 2010, Cahill et
al., 2013), there is an urgent need to quantify the extent to which climate change may already be
driving population trends, and how those responses may differ between taxa. If such differences
exist, they may represent an early warning sign of potentially disruptive impacts of climate change
on ecosystem functioning. It is not only important to understand these responses for the purposes
of ecological science and biodiversity conservation, but also because they may have significant

implications for the delivery of ecosystem services, or impact on species of economic importance. In
order to examine these issues, we carry out what we believe to be the most comprehensive multitaxon comparison to date of the effect of climate change on species’ population sizes.
There are a number of analytical challenges to examining the effect of climate change on abundance
across multiple taxa because of complex biotic and abiotic interactions (Walther et al., 2002; Araújo
& Luoto, 2007); populations may therefore be impacted by multiple weather variables that would
require extensive species-specific ecological knowledge to predict. Potential mechanisms of climatedriven changes in abundances include increased access to food in warmer winters (Robinson et al.,
2007), reduced food availability caused by phenological mismatch between predators and prey (Both
et al., 2006; Thackeray et al., 2010), changes in predator or prey populations (Frederiksen et al.,
2006; Pearce-Higgins et al., 2010) and increased competition between species as a result of
differential shifts in distributions (Devictor et al., 2012; Hof et al., 2012). What few data exist suggest
that disrupted interactions between species may be more important than direct physiological
limitations (Cahill et al., 2013, Ockendon et al., 2014). As a result species will respond to a wide
variety of climate variables with potential time lags between the weather events and population
response.
The weather and, through time, climate change, can be described by multiple inter-related and
correlated variables. Developed in response to the problems of analysing such multivariate datasets,
ordination techniques can be used to identify and simplify the main trends hidden within a complex
and correlated dataset into a few variables that describe much of the variation (Peres-Neto et al.,
2003). As a result, they have wide potential applicability for describing the impacts of climate change
on species populations (e.g. Voigt et al., 2003). Additionally, where there is substantial annual
weather variation this method does not rely on spatial coverage across each species’ climatic range,
something that is required for many previous multi-species assessments of climate change impacts
(Gregory et al., 2009; Devictor et al., 2012). This has enabled us to extend the assessment of climate
change impacts to taxa such as moths and aphids.
This paper describes a standardized assessment of the effect of climate change on over 500 British
species across five contrasting taxonomic groups (butterflies, moths, aphids, birds and mammals).
We used ordination techniques to summarise the main patterns of weather variation that have
occurred in Britain over forty six years, and general linear modelling to examine the component of
species’ national population growth due to climate change. Importantly, we identified the extent to
which climate change impacts differed between taxonomic groups, and the extent to which variation
between species may signal the potential for future ecological disruption in response to climate
change. Specifically we tested the following key hypotheses.
1. Climate change has affected national population abundance of a large number of species in
Britain.
2. The impact of climate change will vary between species according to the following species
attributes:
a. Trophic level, signalling potential future disruption of ecological networks (Tylianakis
et al., 2008).
b. Conservation status, with specialist species that are already rare or declining more
likely to be affected detrimentally by climate change due to synergistic impacts of

non-climate related threats and climate change (Heller & Zavaleta, 2009; Green &
Pearce-Higgins, 2010; Davey et al., 2012).
c. Native status, as the expansion of non-native species may be facilitated by climate
change (Dukes & Mooney, 1999).
d. Pest status, as populations of pest species of economic importance may be more
adaptable to climate change (Cannon, 1998).

Materials and methods
Population indices
Robust long-term monitoring data on populations of aphids, butterflies, moths, birds and mammals
were collated from existing schemes (Table 1), covering an initial total of 1,396 species. Given the
difficulties of modelling change from zero counts, species not recorded at least once in every
surveyed year (625 moths and 270 aphids) were excluded from further analysis, leaving a total of
501 species across five taxa (Table 1).
The geographical and spatial distribution of survey locations varied between taxonomic groups,
creating the need for bespoke models for each dataset to minimise the impact of potential
geographical bias or inter-annual variation in the location of sites monitored upon our results. Data
for birds, butterflies and mammals were based on large numbers (>1000) of locations concentrated
in England. As spatial variation in population trends could result in biased indices of change at the
British level (Freeman et al., 2007), for these groups, population indices were produced only for
England. The only exception to this was Scotch argus (Erebia aethiops) for which we produced a
British index because of its rarity in England. Conversely, data for aphids and moths were from fewer
but more widely dispersed sites across Wales, England and Scotland (12 and 13 trap sites
respectively). In order to maximise our sample size, we used all of these data. In practice, the likely
magnitude of geographical bias is small, as shown by the similarity of these results for birds and
those derived by repeating the analysis using data from across Britain (SI Table 1 & 2). The timing of
surveys also differed between taxa, necessitating taxon-specific weather variables as described
below.
For each species uner consideration, national (English or British) population indices (nO,Y in year Y)
were calculated using standard log-linear generalised linear models (GLM) fitting site and year
effects for each species (ter Braak et al., 1994; Freeman & Newson, 2008; Willis et al., 2009), taking
the index value on the (natural) log scale of the first year as 0. Following existing protocols for bats
(Barlow et al., in prep), additional methodological covariates known to strongly influence their
abundance (survey weather, type of bat detector, timing of survey) were included in these models.
For clarity here and elsewhere, we do not include a subscript for species, although modelling of
indices always takes place at a species level.

Weather variables
We focussed on modelling inter-annual variation in species’ national population abundance as a
function of national temperature and precipitation, the two most extensively measured climatic

variables in the UK, and did not consider other aspects of climate, such as snow cover in our
analyses. We used monthly averages in mean temperature and precipitation (Met Office UKCP09
gridded datasets; Perry & Hollis, 2005) from across England for birds, butterflies and mammals, and
across Britain for aphids and moths. For aphid and moth species not recorded in Scotland, climate
data were averaged across England and Wales only. We refer to temperature and precipitation on
an annual or shorter time-scale as “weather” and the sustained changes in weather, i.e. weather
over the entire time-series, as “climate”.
Due to the complexities of summarising multiple correlated climatic changes through time, we used
Principal Components Analyses (PCA) to summarise annual variation in monthly mean temperatures
and precipitation from 1967 to 2011. This and all other analyses were implemented using R software
(R Version 2.15.2 ©2012). In order to allow for potential lagged impacts of these variables upon
populations (e.g. Pearce-Higgins et al., 2010) and potential linkage in the weather between
consecutive years, we examined annual index change (year Y-1 to year Y) in response to mean
monthly weather variables from windows spanning the 24 months up to the time of the survey in
year Y.
Since the timing of surveys was species-specific, the most appropriate time-window for summarising
weather variables was defined separately for each species. For bird and mammal species we used
the timing of the surveys to determine which months of weather data to use. Birds and mammals
(excluding bats) were surveyed between April and June (inclusive). For these species, the two-year
time windows of climate data corresponding to the population index in year y ran from July in year
Y-2 to June in year Y, the latter being the end of the relevant survey period (Fig. 1a). The timings of
bat surveys were less consistent. Five species were surveyed during a single period (either spring
field surveys or winter roost surveys), but population indices for five others were composite values
derived from two surveys (Bat Conservation Trust, 2013). In each case, the termination of the last
survey period was used to determine the final month of the time-window (Fig. 1b). Moths and
aphids were monitored continuously throughout the year, and we used species-specific flight
periods to define the appropriate final month of the window for weather data (Waring & Townsend,
2003) (Fig. 1c). The same approach of selecting species-specific flight periods was also used for
butterflies, which were monitored between April and September, with the exception of late-flying
butterflies active after September, in which case September was taken to be the final month of the
time window from which weather data were used. The weather during adult Lepidoptera activity
periods may spuriously appear to influence population abundance because of impacts on activity;
the inclusion of two years of weather into the models is likely to minimise the impact of this on the
results. However, we demonstrate that the inclusion of weather during Lepidoptera adult activity
periods does not influence the outcomes by repeating analyses described below but with the
Lepidoptera weather windows shifted backwards by two months to exclude adult activity periods (SI
Table 1).
Weather variables were scaled to the mean standard deviation of temperature or precipitation
variables as appropriate. For the purposes of further analysis, we focussed on the first four PCA axes
of climate. Importantly, due to the differences in the time-windows applied, PCAs calculated for one
particular species are not directly comparable to those calculated for all other species. Instead, they
are used to provide the most appropriate predictor variables for each species in turn.

Modelling population growth against weather variables
We examined the impact of weather, encapsulated by the climatic PCA axes, on annual change in
species’ annual population indices, an evaluation of population growth. Thus, the observed relative
population growth (hereafter simply population growth) of each species was calculated as ΔnO,Y = log
(nO,Y/ nO,Y-1), where nO,Y is the observed annual national population index in year Y of the species in
question. Population growth was modelled as a function of the first four PCAs of the weather
variables using General Least Squares (GLS) estimation approach. We modelled each species
independently, the number of observations in each model being one less than the length of the
national index time series for that species. Population index (log transformed) for the previous year
was included as an explanatory variable to account for potential density dependence in the rate of
growth (Freckleton et al., 2006). However, in nine cases positive correlations between the previous
population index and population growth were found: in these cases the previous population was not
included as the positive correlations were considered biologically implausible. To account further for
the fact that potential responses in consecutive years may be more similar to each other than
expected by chance we included a first order autoregressive correlation structure in the models.
Thus the fitted values from the full model were calculated:
ΔnF,Y = α + b0 ln(nO,Y-1) + b1PCA1Y + b2PCA2Y + b3PCA3Y + b4PCA4Y
We tested the predictive ability of this modelling approach by estimating the models using available
data from 1966 – 2000 and examining the size of residuals from predicted growth from 2002 – 2003
to 2009 – 2010 using observed previous population. The residuals were scaled to species’ population
growth variability by dividing the sum of residuals by the sum of squared growth anomaly. These
were compared (using paired t-tests) with predictions made from (a) null models containing only nY-1
and (b) simple climate models containing nSy-1 and mean annual temperature (T):
(a) Δnnull,,Y = αnull + b0null ln(nO,Y-1)
(b) Δnsimple,Y = αsimple + b0simple ln(nO,Y-1) + b1simpleT
The parameter estimates from the full model (ΔnF,Y) were the basis for all the estimates described
below of population change under a stable and changing climate.

Using model coefficients to examine the impact of climate change on population abundance
Following Eglington & Pearce-Higgins (2012), models of the effects of weather variables on
population growth were used to predict annual population index. Modelled population growth in
the first year was applied to the initial index value (nM,Y=1 = ΔnF,Y=1.nO,Y=0), but thereafter applied to
subsequent predictions of the index in the previous year (nM,Y = ΔnM,Y.nM,Y-1), rather than observed
index. The effect of density dependence was also calculated from the predicted index in the previous
year, rather than from the observed index.
Three separate modelled time series of annual population growth were produced for each species,
using the parameter estimates from the species-specific models of population growth, weather and
previous population. The first time-series (ΔnM) was the predicted values from the full model and

included all parameter estimates from this model (the intercept α; the density dependence
coefficient b0; and all coefficients associated with the four PCA axes b1 – b4), differing from ΔnF in the
use of nM,Y-1 to account for density dependence rather than nO,Y-1. A second (ΔnN) also used
parameter estimates from the full model but excluded the parameter estimates associated with the
four PCA axes (i.e. estimating population growth when all monthly temperature and precipitation
values are at their mean, hence PCA values = 0) and indicated population growth in the absence of
climate change, and a third (ΔnC) described the contribution that could be attributed to climate
change from the difference between the first and second time series. This estimation of ΔnC (instead
of estimating ΔnC directly from the four weather coefficients) allowed us to identify the component
of population growth driven by climate, taking density dependent growth into account.
ΔnM.Y = α + b0 ln(nM,Y-1) + b1PCA1Y + b2PCA2 Y + b3PCA3Y + b4PCA4Y
ΔnN,Y = α + b0 ln(nN,Y-1)
ΔnC,Y = ΔnM,Y – ΔnN,Y
We used the observed population growth and the latter two of these time-series of population
growth (ΔnO, ΔnC and ΔnN) to calculate an annual population abundance index for each species (nO,
nC & nN respectively). Thus for each species nM is the population index predicted by our model, nN is
the population index predicted by our model under a stable climate and nC is the climate-driven
component of the population index.

Trends in observed and modelled population abundance
In order to test our hypotheses outlined in the introduction we first used linear mixed models
(LMMs) to examine whether observed and predicted population indices (log-transformed nO, nC and
nN) across all species within taxonomic groups changed significantly over time. We modelled each
taxon separately and tested for significant changes in indices over time with species included as a
random factor and a first order autoregressive correlation structure to account for the correlation
between successive years within species.
We also examined the fit of the full models (ΔnF) created with all available data using a standard
calculation of adjusted r2 where n is the number of observation and p is the number of parameters in
the model:
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We repeated these analyses of variation in nO, nC and nN in relation to different ecological traits in
order to test our key hypotheses. The four ecological factors we considered were primary and
secondary or higher consumers to test for differences with trophic level; species of conservation
concern, identified from the Biodiversity Action Plan (BAP) list (JNCC, 2007) compared to other
species to test for differences with conservation status; native compared to non-native invasive
species to test whether climate change may be facilitating the expansion of non-native species; and
pests compared to non-pest species, to test whether climate change may promote increases in the
abundance of agricultural or silvicultural pests (Table 2). It should be noted that there were only 11
non-native species numerous enough to be included in this analysis and that this category may be
biased towards successfully expanding species. Species traits were collated from Carter (1984),
Robinson (2005), (JNCC, 2007), van Emden & Harrington (2007), Chinery (2010), NNSS (2011), RIS
(2013), Natural England (2013), Fera (2013) and Harrop et al. (2013). Four different fixed effect
models were fitted to each of log(nO), log(nC) and log(nN), each with an intercept and a single twolevel fixed effect for one of the three ecological grouping factors considered. Where before each
taxonomic groups was modelled independently so no interaction between year and taxonomic
groups was required, here we included an interaction between year and ecological factor so as to
examine the difference in population trends between the factor levels. Taxonomic group, family,
genera and species were included as nested random factors and again a first order autoregressive
correlation structure was used. All dependent variables conformed to assumptions of normality and
therefore models were conducted using a normal error distribution.
We also repeated the analysis of variation in model fit (log-transformed to normalise distribution) in
relation to trophic level, conservation status, native and pest status, as outlined above. Given the
non-random distribution of these species groups across taxa, these models were conducted within a
linear mixed model (LMM) framework, with broad taxonomic group, family and genera as nested
random effects.

Identifying climate-vulnerable species
We used the observed and climate-driven population indices (nO and nC) to separate species into
those which have declined, been stable, or increased in abundance, and identified the species in
which these changes could be attributed to climate change. We calculated the mean annual change
in the population index as the regression coefficient of a linear model of population index against
time. Non-stable trends showed a greater than 30% decline or increase in 10 years, this decline
being equivalent to “vulnerable to extinction” under the IUCN red list criterion A2c (IUCN/SSC,
1999).
Results
Variation in climate variables
The sum of the first four PCA axes explained between 33.4% and 36.6% of variation in weather
variables depending on taxonomic group. In all taxa, PCA1 varied significantly with time and
described warming (the mean distance of monthly temperature along PCA1 was 0.15 ± 0.005

compared to 0.02 ± 0.017 for monthly precipitation; Fig. 2). The remaining PCA axes were not
consistent between taxonomic groups and rarely showed long-term trends.
Impact of climate change on population trends of different taxa
As there were multiple tests carried out for this section, we consider results where P > 0.01 as
insignificant. Our model framework had significant predictive ability across species: sums of squared
residuals from our models were significantly smaller than those from null models (mean difference
between residuals = -0.100 ± 0.054, t = -3.68, P < 0.001) and simple climate models: residuals = 0.153 ± 0.051 t = -6.05, P < 0.001). Overall species’ populations declined over time (mean slope of nO
over time ± standard error = -5.86x10-3 ± 7.01x10-4, t = -8.37, P < 0.001), largely driven by climate
change (mean slope of nC over time = -3.39x10-3 ± 3.14 x10-3, t = -10.79, P < 0.001), while there was
an inconsistent impact of non-climatic changes (mean slope of nN over time= 8.50x10-4 ± 8.99x10-4, t
= 0.95, P = 0.344) (Fig 3a).
A mean decline of 1.2% annually were seen in moths (Table 3, nO, t = -10.19, P < 0.001; Fig. 3f) for
which about 75% of the decline was driven by climate change (nC, t = -17.86, P < 0.001) rather than
other factors (nN, t= -1.03, P = 0.302; Fig. 3f). Moths were also the taxa with the most variation
explained by weather: a median of 6.3% of the annual variation in population growth of moths was
explained by their response to weather (adjusted model fit from weather variables only, Table 3).
Conversely, aphid populations increased by 0.69% annually (nO, t = 4.43, P < 0.001; Fig. 3d) of which
60% of aphid increases could be accounted for by climate change (nC, t = 5.40, P < 0.001) and 30% by
other factors (nN, t= 4.13, P < 0.001). Although aphids showed an increasing trend over time, they
also showed large non-weather driven annual fluctuations, hence only 0.5% of annual variation
could be attributable to weather (adjusted model fit from weather variables only, Table 3). When
the impact of density dependent growth was included in the assessment of model fit (adjusted r2),
44.1% of annual variation in growth could be explained, more than for any other taxa (Table 3).
Mammal populations increased by 1.0% annually (nO, t = 4.11, P < 0.001; Fig. 3b), largely due to nonclimatic factors (nN, t = 2.78, P = 0.006; Fig. 3b). Their response to climate was inconsistent (nC, t
=0.58, P = 0.563) and weather had no influence on the annual population fluctuations of most
species (adjusted model fit from weather variables only, Table 3). Trends and response to climate
change were less consistent or largely stable for birds and butterflies (Table 3, Fig. 3e). However,
while weather accounted for 2% of annual variation in bird population growth, it accounted a
relatively high proportion of variation for butterflies (4.6%).
Although the median impact of weather on annual population fluctuations was relatively low, the
impact of weather variables was meaningfully high (> 10%) for many species across all taxa. The
proportion of species for which weather variables explained more than 10% of annual population
fluctuation differed between taxa (chi-sq = 21.54, P < 0.001), with 18.75% of mammals, 21.18% of
birds, 16.25% of aphids, 32.73% of butterflies and 39.25% of moths.

Variation in the impact of climate change between different species groups

Population trends of secondary consumers were not significantly different from those of primary
consumers (Table 4, nO, t = -1.54, P = 0.124; Fig. 4a), However, climate change was more detrimental
to primary consumers than secondary consumers (nC, t = 3.79, P < 0.001; Table 4, Fig. 4). 4.5% of
annual fluctuations in population growth in primary consumers could be attributed to weather
variables while only 1.6% could for secondary consumers (Table 4, t = 0.84, P = 0.403). Density
dependence and linear non-weather driven growth accounted respectively for a further 29.2% and
9.9% of inter-annual fluctuations in growth for primary and secondary consumers.
Species of conservation concern declined by 3.25% annually over the period considered compared to
the 0.07% annual decline of other species (nO, t = -18.60, P < 0.001; Fig. 4b). Roughly 45% of the
decline in these species appears related to factors other than climate (nN, t = -7.09, P< 0.001), while
climate change appears to contribute to under 20% of these species’ declines (nC, t = -4.54, P <0.001,
Table 4, Fig. 4). The models of weather, density dependence and linear change could not explain
variation in inter-annual variation in growth for species of conservation concern as well as for other
species (16.8% and 29.8% respectively, t = 4.05, P < 0.001) yet a similar portion was explained by
weather (3.8% and 4.0% respectively, t = 1.35, P = 0.180).
Non-native species showed population increases of 1.5% per year that contrasted with declines seen
in native species (Table 4, nO, t = 4.56, P < 0.001; Fig. 4c). 40% of this increase was driven by a
positive effect of climate change on non-native population trends (nC, t = 5.56, P < 0.001), while the
average impact of non-climatic factors was high but not consistently higher than for native species
(nN, t = 1.85, P = 0.065; Fig. 4). Despite the effect of climate change on non-native species the
weather variables had little power to explain inter-annual variation in non-native species’ population
growth. However, this was not significantly lower that the percentage explained by weather
variables in native species (-0.2% and 4.1% respectively, t = -1.95, P = 0.052), reflecting the small
sample of non-native species. There was also no significant difference in the percentage of interannual variation in growth between non-native and native species explained by all variables (29.8%
and 16.8% respectively, t = 0.06, P = 0.953).
There was no statistical evidence for a difference in the mean population trend of pest species
relative to other species (nO, t = -0.338, P = 0.734; Fig. 4d), or in their response to climate change (nC,
t = -0.43, P = 0.665) or other factors (Table 4; nN, t = 0.20, P = 0.843). Similar percentages of
interannual fluctuations were explained by weather variables for pest species and others (3.6% and
7.0% respectively; t = 0.59, P = 0.553) and by all variables (28.4% and 41.7% respectively, t = 1.48, P =
0.140).

Identifying climate-vulnerable species
A total of 63.5% of species showed evidence for changes in climatic suitability through time, as
measured by a significant trend in nC. This did not differ significantly between taxa: significant
changes in climatic suitability were seen in 62.5% of mammals, 75.3% of birds, 57.5% of aphids,
60.0% of butterflies and 62.3% of moths (chi-sq = 6.81, P = 0.146). In 32.3% of species observed rates
of population change were greater than the 30% change in ten years threshold; 16.8% with
population growth and 15.6% with population decline. A total of eight species (one mammal
population consisting of two difficult to distinguish bat species, one bird, three aphids and two

moths) showed evidence for large increases that could be attributed to climate change, whilst large
declines in 18 moth species matched the expectation from the climate models (nC) (Table 5).
Discussion
In this study we have carried out what is currently the most wide-ranging assessment of climate
change impacts on British terrestrial animals. We divide population trends into the climate-driven
component and the component that would have been seen under a stable climate. These
assessments are clearly influenced by our definition of a stable climate; here we defined it as the
mean monthly weather from 1966 to 2011. Our models suggest that long-term population trends of
63.5% of species from a wide range of taxa were significantly influenced by climate change, driven
largely by rising temperatures. Our results indicated both high-level population changes across
individual taxa, reflecting policy concerns associated with large-scale biodiversity declines within the
UK and globally (Butchart et al., 2010; Burns et al., 2013); and species-level population changes in
response to climate change which could cause significant changes in species composition within
taxa, and potentially drive some species towards extinction. Our results provide clear evidence that
climate change is differentially impacting taxa and species within taxa, altering community
composition (Davey et al., 2011; Devictor et al., 2012). Further research into the impact of these
community changes on ecosystem function and vulnerability is of high importance (Bellard et al.,
2012). However, the impacts of climate change, although significant and important, should not be
overstated. Other drivers of change appear to have also been important (compare nC with nN) and of
the 78 species undergoing large population declines (>30% population decline in 10 years), for only
18 were projected climate change impacts of a similar magnitude (Table 5).
We modelled population growth against four variables summarising weather variation. This broad
summarization meant that for many of the 501 species weather variables had little power to explain
inter-annual population fluctuations. However, they accounted for more than 10% of variation in
population growth for 31% of species. This varied between 16%, 19% and 21% in aphids, mammals
and birds to 33% and 39% in butterflies and moths. These small impacts on annual population
fluctuations lead to significant long-term trends: we found climate-driven population declines in
moths and increases in aphids. Eglington & Pearce-Higgins (2012) similarly found that land-use
models accounting for similar portions of variation in population growth closely described observed
population trends of farmland birds through time.
Declining moth populations are of significant conservation concern, particularly in southern Britain
(Conrad et al., 2006). Our results attribute approximately 75% of their annual 1.2% annual decline to
climate change (Table 3, Fig. 3f). They appear more impacted by climate than any other taxa,
particularly as their annual population fluctuations were also better modelled by weather than other
taxa (6.3% of variation explained by weather variables). Although climate change has been
previously proposed as causing declines in one UK moth species, particularly in the south of England
(Conrad et al., 2002, 2006), this is the first time that the vulnerability of this group to climate change
has been demonstrated more broadly. A number of potential mechanisms for this have been
proposed, and include decreases in survival and egg production, increased rates of larval parasitism
and increased asynchrony between moth hatching and bud burst of host plants (Virtanen &
Neuvonen, 1999; Visser & Holleman, 2001). However, more research is required for a wide range of
species to investigate this fully.

Over half of the 0.7% annual aphid population increase could be attributed to climate change
despite linear non-weather terms and density dependence accounting for all but 1% of the model fit
(Table 3, Fig. 3d). This is because the climate models fail to account for strong inter-annual
fluctuations in abundance (Fig. 3d) but do contribute significantly to the long-term trend. One
possible mechanism underpinning these changes is rising temperatures allowing more generations
per year (Yamamura & Kiritani, 1998). Newman (2005) and Harrington et al. (2007) found that
climate change had a far greater impact on aphid abundance and phenology than other variables
such as fertilization and land-use. However, as with moths, there is little literature on the response
of individual aphid populations to climate change and most literature thus far has focussed only on
advancing phenology (Zhou et al., 1995; Harrington et al., 2007). There could be large-scale
economic consequences due to potential future aphid population increases as aphids are significant
crop pests and vectors of crop diseases (van Emden & Harrington, 2007).
Bird populations did not change consistently between species and there was little evidence that
climate change or linearly changing non-climate factors had a consistent (Table 3). Previous work has
demonstrated significant bird community changes driven by recent warming in the UK (Davey et al.
2012, Johnston et al. 2013) and across Europe (Gregory et al., 2009, Devictor et al., 2012), with
increases in southern, warm-associated species relative to northern species (Jiguet et al., 2010).
Many migrant bird species have declined in the south of Britain but remained stable further north
(Morrison et al., 2013) while winter warming benefits resident species (Robinson et al., 2007)
potentially creating conflicting climate change impacts. Land-use change has been the main driver of
changes in farmland bird populations during this period (Eglington & Pearce-Higgins, 2012), which is
reflected in the strong decline in the bird population index from the mid-1970s to mid-1990s (Fig.
3c), but may not be well represented by a variable that changes linearly over time. Some caution is
therefore required when using these results to attribute population changes to non-climate factors
as any land-use changes that do not change linearly through time could be underestimated.
We also found mammal populations to be increasing. Our mammal data cover a range of readily
detectable British mammals (Wright et al., 2014) and bats (Bat Conservation Trust, 2013), including
increasing deer (Newson et al., 2012) and bat (Barlow et al., in prep) species. We found little
evidence of climate change impacts and instead the increases in mammal species appeared related
to other factors. The lack of climate impact could reflect the shorter time period covered by
available population indices (Table 3, Fig. 3. Rebelo et al. (2010) found that the projected impact of
climate change on bats was largely insubstantial on a 20-30 year time-scale, but considerable if a
longer time-scale was considered. Using bat population indices created from multiple survey types
may also lower the chance of picking up climate impacts (Barlow et al., in prep).
Butterflies did not show strongly consistent population trends or modelled trends in response to
climate change (Table 3, Fig. 3), despite 60% showing significant climate-driven trends. Annual
butterfly population fluctuations were almost as closely linked to weather as moth populations but
unlike moths, climate change did not lead to a consistent response among butterfly species (Isaac et
al., 2011). No butterfly species were predicted to have had extreme population declines or increases
due to climate change, despite previous research attributing both localised population extinctions
(Franco et al., 2006), increases (Roy et al., 2001) and community change (Devictor et al., 2012) to
climate change (Table 5). Although climate change has differentially affected individual butterfly
species, impacts have not yet had a consistent impact upon overall butterfly abundance and further

research is required into why climate has had a much more consistently detrimental impact on
moths compared to butterflies.
In this paper, we have also examined the community changes across taxa which are most likely to be
of policy-interest from an ecosystem function, ecosystem service or conservation perspective, and
the extent to which they may be related to climate change. Firstly, we considered the potential for
consistent differential effects of climate change between trophic levels (Tylianakis et al., 2008). We
found climate change was associated with more negative population impacts upon primary
consumers than secondary consumers (Table 4, Fig. 4). Previous studies have highlighted slower
rates of phenological change (Thackeray et al., 2010) and range change (Devictor et al., 2012) in
secondary consumers; our study further emphasises the potential for climate change to disrupt
species’ interactions across trophic levels. Species of conservation concern exhibited the expected
decline in abundance through time, which probably largely reflects the classification of species as
being of conservation concern during the early years of the time-series analysed here. However, we
found that a component of these population declines was consistent with an expected deterioration
in climate suitability as modelled by annual variation in population growth as a function of
temperature and precipitation. This highlights the possibility that some of the decline in species of
conservation concern may have been exacerbated by recent climate change, and suggests a
potential synergistic impact of non-climate related threats and climate change (Heller & Zavaleta,
2009; Hodgson et al., 2009; Green & Pearce-Higgins, 2010).
It has been suggested that climate change may facilitate increases in the abundance of non-native
over native species because of their greater adaptability (Dukes & Mooney, 1999; Davidson et al.,
2011), and similarly promote increases in pest species of economic importance (Cock et al., 2013).
We found that climatic conditions were more likely to have benefitted non-natives, particularly
Muntiacus reevesi, Oryctolagus cuniculus and Branta canadensis, over native species. However,
given our limited data of only 11 non-native species (Table 1), which will be biased towards
successful non-natives by data availability, this effect may not be causal, and further research is
required to assess the importance of climate change in driving population increases in non-native
species. Population trends in pest species (i.e. species with a high economic impact) differed with
respect to native status and taxon: for example, both of the pest species showing large climatedriven population increases were non-natives (Oryctolagus cuniculus and Branta canadensis) whilst
all four pest species showing large climate-driven declines were moths. Thus, climate change may
further promote range expansion in non-native pest species, but have little consistent impact on
trends of native species (Cannon, 1998).
Our results are dependent upon our ability to disentangle the impacts of climate change from other
factors. Although there is considerable debate about the potential to attribute ecological changes to
climate change (Parmesan et al., 2011, 2013), we have attempted to do so by using inter-annual
variation in abundance to effectively relate population growth to weather variables. Given that other
ecological changes are likely to have also affected population growth (e.g. Eglington & PearceHiggins, 2012), and may also be correlated with climatic change, it was important to reduce the risk
of Type I error in our models of population growth by accounting for temporal autocorrelation and
including a constant of population growth to account for additional non-climatic trends. The
potential risk of over-fitting is likely to have been offset by the use of multivariate techniques to
simplify the climatic changes into four predictor variables. This may have produced Type II errors,

under-estimating climate change impacts in the case of species which respond to very specific
climatic changes, for example changes in temperature or precipitation during a very narrow window
of sensitivity. This may partly account for the relatively limited explanatory power of our models
when modelling population growth (Table 3), although this is also likely to be a function of strong
inter-annual fluctuations being apparent in many taxa, for example due to strong density-dependent
processes accounted for by the full models which had much greater ability to describe annual
population growth. Despite these limitations, our climate models produced results which, where
available, were supported by other detailed studies. Thus the position of the garden tiger moth
Arctia caja on the PCA axes were indicator of negative effects of December to March temperature,
and January precipitation, supporting previous studies suggesting this species has declined in
response to warm wet winter and spring weather (Conrad et al., 2002). Anticipated positive effects
of climate change upon both Melanargia galathea and Polyommatus icarus (Roy et al., 2001) are
supported by positive modelled trends from the climate models. Four passerines sensitive to severe
winter weather (Troglodytes troglodytes, Erithacus rubecula, Prunella modularis and Turdus
philomelos; Robinson et al., 2007), showed strong positive responses to winter temperature, and a
higher proportion of variation explained by weather variables (r2 = 0.13 - 0.40) than the mean across
all bird species (Table 3).
To conclude, we provide the most comprehensive quantitative assessment of the impacts of climate
change upon cross-taxa biodiversity trends to date. Climate change is likely to have detrimentally
affected many moth species but benefited most aphid species. The magnitude of such impacts was
sufficient to increase vulnerability to extinction, based on IUCN red-list criteria, for a small but
notable proportion of UK moth species. While climate change had significant impacts on many
mammal, bird and butterfly species, there was variation within these taxa as to whether climate
change was beneficial or detrimental. Our results also provide empirical support for the impacts of
climate change being most detrimental for species of conservation concern and were consistent with
the hypothesis that they may benefit invasive non-native species (Dukes & Mooney, 1999; Heller &
Zavaleta, 2009). Our results also signal potential disruption of ecological networks as climate-driven
declines in primary consumers become more apparent. However, our results also suggested that
much of observed biodiversity changes do not appear to have been caused by climate change, and
therefore other factors such as land-use and management changes may have driven these changes
(e.g. Eglington & Pearce-Higgins, 2012; Vaughan & Ormerod, 2014). Climate change has already had
a detectable impact on UK terrestrial biodiversity. More in-depth modelling of the relationship
between abundance indices and weather would be beneficial to elucidate mechanisms, indicate
factors that could mitigate climate change impacts and enhance vulnerability predictions. Continued
large-scale monitoring schemes such as those analysed here are essential to track potential future
changes in response to what are projected to be much greater climatic changes.
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Table 1 Details of surveys used to produce yearly species indices
Taxonomic
group

No. sites

No. species
included

Survey years

Source

Mammals

~1200 for bats;
~3000 for others

16 (10 bats,
6 others)

Bats: 1998 (or 1997) - 2011

http://www.bats.org.uk/pages/nbmp.html

Other mammals: 1995 – 2011

http://www.bto.org/volunteer-surveys/bbs

Terrestrial birds 1966 - 2011;

http://www.bto.org/volunteer-surveys/bbs

Wetland birds: 1980 – 2011

http://www.bto.org/volunteer-surveys/wbbs

Birds

~3000

85

Butterflies

1424

55

1976 - 2011

http://www.ukbms.org

Moths

13

265

1975 – 2010

http://www.rothamsted.ac.uk/insect-survey/

Aphids

12

80

1970 – 2010

http://www.rothamsted.ac.uk/insect-survey/

Table 2 Number of species within species-groupings
Taxa

Total
species

Primary
Consumers

Species of
concern

Nonnative

Pest
species

Mammal

16

5

6

3

1

Birds

85

9

23

6

6

Aphids

80

80

0

1

22

Butterfly

55

59

22

1

3

Moth

265

265

31

0

32

Table 3 Annual change in observed (nO), climate driven (nC) and non-climate driven (nN) abundance indices ± standard error of fixed effects, model fit
(median r2) and model fit from weather variables of taxonomic groups. P-values relate to significance of difference of trends from zero.

Taxon

Mammals
Birds
Aphids
Butterflies
Moths

Mean change in observed
population abundance
(nO)

Mean change in modelled
abundance in response to
climate change (nC)

Mean change in modelled
abundance under stable
mean climate (nN)

Model fit
(median
adjusted
r2)

Model fit from
weather
variables only

1.02x10-3 ± 2.48x10-3 ***

2.54x10-3 ± 4.38x10-3

7.74x10-3 ± 2.78x10-3 **

0.242

-0.056

-2.16x10-3 ± 2.39x10-3

-6.87x10-4 ± 6.00x10-4

-7.22x10-4 ± 7.52x10-4

0.103

0.020

6.91x10-3 ± 1.56x10-3 ***

4.29x10-3 ± 7.94x10-4 ***

2.09x10-3 ± 5.06x10-4 ***

0.441

0.005

1.84x10-4 ± 4.47x10-4

1.28x10-5 ± 2.23x10-4

7.79x10-6 ± 7.71x10-4

0.288

0.046

-1.18x10-2 ± 1.16x10-3 ***

-8.95x10-3 ± 5.01x10-3 ***

-1.18x10-3 ± 1.14x10-3

0.326

0.063

P-values are: ˙< 0.1, *< 0.05, **< 0.01, ***< 0.001.

Table 4 Annual change in abundance in observed, climate driven and non-climate driven abundance indices ± standard error of fixed effects, model fit
(median r2) and model fit from weather variables of groups. P-values relate to significance of difference between groups. Each species was assigned one
value in each pair of groups.
Mean change in modelled
abundance in response to
climate change (nC)

Mean change in modelled
abundance under stable
climate (nN)

Model fit
(median r2)

Model fit from
weather variables
only

Group

Mean change in observed
population abundance (nO)

Primary consumers

-5.43x10-3 ± 8.12x10-4

-4.15x10-3 ± 3.82x10-4

1.41x10-3 ± 1.08x10-3

0.337

0.045

Secondary consumers

-3.78x10-3 ± 2.24x10-3

-1.06x10-3 ± 5.97x10-4 ***

-1.52x10-4 ± 6.82x10-4

0.115

0.016

Species of conservation
concern

-3.25x10-2 ± 1.87x10-3

-6.30x10-3 ± 8.31x10-4

-1.45x10-2 ± 1.56x10-3

0.111

0.038

Other species

-6.72x10-4 ± 7.18x10-4 ***

-2.86x10-4 ± 3.45x10-4 ***

3.61x10-3 ± 1.01x10-3 ***

0.325

0.040

Native

-6.35x10-3 ± 7.12x10-4

-3.67x10-3 ± 3.18x10-4

6.01x10-4 ± 8.99x10-4

0.298

0.041

non-native

1.51x10-2 ± 2.45x10-3 ***

5.76x10-3 ± 1.58x10-3 ***

8.41x10-3 ± 1.26x10-3 ˙

0.168

-0.002

Non-pest species

-5.69x10-3 ± 7.65x10-4

-3.34x10-3 3.30± x10-4

7.88x10-4 ± 9.50x10-4

0.284

0.036

pest species

-6.72x10-3 ± 1.76x10-3

-4.10x10-3 9.81± x10-4

1.19x10-3 ± 2.68x10-3

0.417

0.070

P-values are: ˙< 0.1, *< 0.05, **< 0.01, ***< 0.001.

Table 5 Number of declining, stable and increasing species within taxa from observed trends (nO)
and climate-driven trends (nC) based on a 30% change in 10 years. Species with extreme climatedriven population declines or increases are stated.
declining

stable

increasing

declining

0

0

0

stable

0

11

2

climate
(nC)
observed
(nO)

mammals

(Oryctolagus cuniculus, Myotis
mystacinus / brandtii)
increasing

0

2

1
(Muntiacus reevesi)

birds

declining

0

5

0

stable

1

60

0

18

1

(Gallinago gallinago)
increasing

0

(Branta canadensis)

aphids

declining

0

14

0

stable

0

42

0

increasing

0

21

3
(Forda formicaria,
Acyrthosiphon malvae,
Capitophorus elaeagni)

butterflies

moths

declining

0

0

0

stable

0

54

0

increasing

0

1

0

declining

18*

41

0

stable

6**

162

1

(Cosmia affinis)
increasing

0

35

2
(Gymnoscelis rufifasciata,
Eilema griseola)

* Moth species with extreme climate-driven declines and observed declines: Agrotis exclamationis,
Allophyes oxyacanthae, Apeira syringaria, Apocheima pilosaria, Arctia caja, Brachylomia viminalis,
Caradrina morpheus, Cerastis rubricosa, Diarsia mendica, Erannis defoliaria, Eupithecia
succenturiata, Hylaea fasciaria, Lomographa bimaculata, Operophtera fagata, Perizoma didymata,
Petrophora chlorosata, Polyploca ridens, Trichiura crataegi.
** Moth species with extreme climate-driven declines but observed stable populations: Cidaria
fulvata, Eulithis populata, Habrosyne pyritoides, Hoplodrina blanda, Laspeyria flexula, Melanchra
pisi.

Figure 1 Illustration of how weather windows were selected for species with (a) a single survey
period, (b) two survey periods or (c) species with a flight period within a survey period. ‘F’ indicates a
flight period.
Figure 2 Annual variation in PCA scores along PCA1 (black points), centred by the central point of the
two-year weather window that the point represents. Points represents PCA1 estimates for
combinations of time-window and geographical area from which the climate data are estimated, as
used for different species (Fig. 1). The two-year moving average temperature anomaly for the UK is
also shown (red line), again centred by the central point of the two-year weather window. In all
cases PCA axis 1 increased significantly over time (slopes of all linear models between 0.238 and
0.344, P values all < 0.001).
Figure 3 (a) Geometric means of observed population indices (nO) of mammals (black), birds (blue),
aphids (green), butterflies (magenta) and moths (red). (b - f) Geometric means of observed
population indices (nO; solid black lines), abundance estimated from free-running models assuming a
stable mean climate (nN; dashed black lines) and the climate-driven component of abundance (nC;
red lines) within each of the taxonomic groups. Note the varying scales on y-axes between taxa.
Error bars are not included because of large variation in species’ population trends.
Figure 4 Geometric means of observed population indices (nO; black lines, solid and dashed) and
climate-driven abundance (nC; red lines, solid and dashed). Solid lines show indices of (a) secondary
consumers, (b) species of no conservation concern, (c) invasive species and (d) pest species. Dashed
lines show indices of (a) primary consumers, (b) species of conservation concern, (c) native species
and (d) non-pest species. Only species monitored from 1975 – 2010 (excluding 2001 because of footand-mouth disease) were included in graphs to make values comparable within groups. Error bars
are not included because of large variation in species’ population trends.
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Supporting Information
SI Table 1 Annual change in observed (nO), climate driven (nC) and non-climate driven (nN) abundance indices ± standard error of fixed effects, model fit
(median r2) and model fit from weather variables (as in Table 3) of birds using bird data from all of the UK, and butterflies and moths using shifted weather
windows to exclude adult activity periods. P-values relate to significance of difference of trends from zero.
Mean change in observed
population abundance
(nO)

Mean change in modelled
abundance in response to
climate change (nC)

Mean change in modelled
abundance under stable
climate (nN)

Birds

-2.75x10-3 ± 2.25x10-3

-2.19x10-4 ± 7.86x10-4

Butterflies

1.84x10-4 ± 4.47x10-4
-1.18x10-2 ± 1.16x10-3 ***

Taxon

Moths

Model
fit
(median
r2)

Model fit from
weather
variables only

-1.47x10-3 ± 6.71x10-4 *

0.101

0.015

1.81x10-4 ± 2.29x10-4

-5.28x10-5 ± 7.78x10-4

0.264

0.031

-9.92x10-3 ± 4.87x10-3 ***

-1.17x10-3 ± 1.16x10-3

0.313

0.042

P-values are: ˙< 0.1, *< 0.05, **< 0.01, ***< 0.001.

SI Table 2 Annual change in abundance in observed, climate driven and non-climate driven abundance indices ± standard error of fixed effects, model fit
(median r2) and model fit from weather variables of groups, using bird data from all of the UK. P-values relate to significance of difference between groups.
Each species was assigned one value in each pair of groups.
Model fit
(median
r2)

Model fit from
weather
variables only

1.38x10-3 ± 1.08x10-3

0.339

0.044

-2.21x10-3 ± 6.11x10-4

0.101

0.019

Group

Mean change in observed
population abundance
(nO)

Mean change in modelled
abundance in response to
climate change (nC)

Mean change in modelled
abundance under stable
climate (nN)

Primary consumers

-5.45x10-3 ± 8.11x10-4

-4.16x10-3 ± 3.81x10-4

Secondary consumers

-4.00x10-3 ± 2.13x10-3

-3.36x10-4 ± 5.39x10-4 **

Species of
conservation concern

-3.16x10-2 ± 1.77x10-3

-5.24x10-3 ± 1.67x10-4

-1.49x10-2 ± 1.54x10-3

0.114

0.045

Other species

-7.25x10-4 ± 7.17x10-4 ***

-2.83x10-3 ± 3.44x10-4 ***

3.50x10-3 ± 1.01x10-3 ***

0.323

0.039

Native

-6.18x10-3 ± 7.04x10-4

-3.43x10-3 ± 3.16x10-4

4.79x10-4 ± 8.97x10-4

0.293

0.042

non-native

1.37x10-2 ± 2.45x10-3 ***

5.28x10-3 ± 1.67x10-3 ***

7.50x10-3 ± 1.22x10-3 ˙

0.245

-0.009

Non-pest species

-5.525x10-3 ± 7.56x10-4

-3.09x10-3 3.29± x10-4

6.41x10-4 ± 9.48x10-4

0.281

0.039

pest species

-6.85x10-3 ± 1.75x10-3

-4.12x10-3 9.80± x10-4

1.03x10-3 ± 2.68x10-3

0.417

0.052

P-values are: ˙< 0.1, *< 0.05, **< 0.01, ***< 0.001.

