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Abstract

Conservation planners often wish to predict how species distributions will change in response to environmental changes.
Species distribution models (SDMs) are the primary tool for making such predictions. Many methods are widely used;
however, they all make simplifying assumptions, and predictions can therefore be subject to high uncertainty. With global
change well underway, field records of observed range shifts are increasingly being used for testing SDM transferability. We
used an unprecedented distribution dataset documenting recent range changes of British vascular plants, birds, and
butterflies to test whether correlative SDMs based on climate change provide useful approximations of potential
distribution shifts. We modelled past species distributions from climate using nine single techniques and a consensus
approach, and projected the geographical extent of these models to a more recent time period based on climate change;
we then compared model predictions with recent observed distributions in order to estimate the temporal transferability
and prediction accuracy of our models. We also evaluated the relative effect of methodological and taxonomic variation on
the performance of SDMs. Models showed good transferability in time when assessed using widespread metrics of accuracy.
However, models had low accuracy to predict where occupancy status changed between time periods, especially for
declining species. Model performance varied greatly among species within major taxa, but there was also considerable
variation among modelling frameworks. Past climatic associations of British species distributions retain a high explanatory
power when transferred to recent time — due to their accuracy to predict large areas retained by species — but fail to capture
relevant predictors of change. We strongly emphasize the need for caution when using SDMs to predict shifts in species
distributions: high explanatory power on temporally-independent records — as assessed using widespread metrics — need

not indicate a model’s ability to predict the future.
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Introduction

Many species have responded to recent environmental change
by shifting their distributions [1-3]. Predicting how distributions
will change in the face of future environmental change is key to
developing effective strategies for the conservation of biodiversity,
ecosystems and the services they support [4,5].

Correlative species distribution models (SDMs) are the main
tools for predicting impacts of environmental change on species
distributions [6-8]. SDMs typically correlate currently-observed
species occurrence and environmental explanatory variables that
reflect hypothesised constraints on species persistence, such as
climate and land use [8]. By updating environmental predictors to
match future environmental change scenarios and/or environ-
ments in different regions, these statistical models can be used to
predict shifts in species distributions in time and/or space
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assuming they are transferable to environmental domains that
differ from those used to build the models [9].

SDMs have gained huge popularity owing to their potential for
generating predictions of distribution shifts from any set of species
occurrence records together with readily-available environmental
measurements and future scenarios, as well as their ease of
implementation. As a result, pressing conservation concerns at the
national and continental scale have so far primarily relied on these
data and methods [4,10-14]. However, it is now widely
acknowledged that predictions from SDMs are subject to
uncertainties stemming from several limitations and over-simplistic
assumptions [6-8,15]. For example, these approaches do not
directly model factors such as biotic interactions and dispersal
limitations, which instead may be accounted for indirectly through
spurious correlations with abiotic environmental variables [16,17];
when transferred in time and/or space, the failure to model
changes in species interactions (e.g., release from competitors) and
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evolutionary processes (e.g., local adaptation) can lead to mis-
leading projections of shifts in species distributions [18,19].

Whilst these correlative models overlook several fundamental
ecological and evolutionary processes, they may still generate
useful approximations of potential distribution shifts at the
appropriate spatial scale in the instances where they successfully
capture relevant predictor variables [6]. Unfortunately, assessing
whether they do is notoriously difficult since their main aim is to
predict events that are yet to occur [20]; most studies thus measure
the transferability of their models using a subset or re-sampled set
of the distribution records used to build the models, a limited
approach that can greatly inflate estimates of predictive accuracy
[20]. For this reason, an emerging approach for estimating the
true transferability of SDMs has been to validate model
predictions against independent field records documenting shifts
in species distributions to novel time periods [20-26] and regions
[27-31]. However, published accounts of such independent model
validation have generally lacked methodological or taxonomic
breadth. To obtain an exhaustive picture, transferability must be
assessed along both methodological and taxonomic axes of
variation. First, models built using the same data but different
statistical frameworks generate different predictions [32-34], with
discrepancies being magnified when transferring them in time
[20,24,25]. Second, the accuracy of model predictions has also
been found to vary greatly among taxa [25,35-37], with some
species lending themselves to more accurate prediction than
others.

We test the temporal transferability of climate-based SDMs by
drawing on an exceptionally-detailed dataset including distribution
records for three of the best-studied sets of species in the world —
the vascular plants, non-migratory butterflies and breeding birds of
Great Britain — in two time periods, reflecting observed changes
over a 20-40 year interval. For each species, we model distribution
records as a function of climate in the first time period (calibration
data) using ten of the most commonly-used species distribution
modelling frameworks. We then project the calibrated model to
the second time period, based on observed climate change, and
compare projections with observed records (independent valida-
tion data) to derive reliable estimates of the prediction accuracy of
the models built.

Using this approach, we assess whether simple correlative
SDMs based solely on climate predictors — the environmental
predictors for which we have the best understanding of likely
future changes — can in some cases provide useful approximations
of potential distribution = shifts; and begin to describe the
circumstances under which they may do so. Specifically, we ask
three questions: (1) Are climate-based SDMs transferable in time?
(2) Can they capture drivers of expansion and contraction of
species geographic ranges? (3) What is the relative effect of
methodological and taxonomic variation on prediction accuracy?

Materials and Methods

Species Distribution Data

We used distribution data for all vascular plants [38,39], non-
migratory butterflies [40,41] and breeding birds [42,43] of Great
Britain at a 10 km grid square resolution. All species we modelled
have distributions that extend beyond Great Britain across
Europe; the effect on temporal transferability of calibrating models
using local versus continental species distribution data remains an
open question [44]. However, as well as offering unusually-
detailed and high-quality distribution data, Great Britain is an
island with its own separate history of environmental change;
environmental drivers of distribution size and change in British

@ PLoS ONE | www.plosone.org

Temporal Transferability of SDMs

populations are thus likely to differ somewhat from those of
continental populations of the same species. For this reason, we
only used records at the British extent to predict distribution
change across Great Britain. For each group, we used occurrence
records from two time periods (t; and ty), corresponding to the
periods of intensive recording effort leading to the publication of
national distribution atlases (see Table 1). To avoid problems
related to building models with small sample sizes [45], we ran all
analyses excluding species with fewer than 20, 30, 40, or 50
occurrence records across the study area in either time period;
since there were no qualitative differences in the results among
these filters, we present the most inclusive set of results (i.e.,
excluding only species with fewer than 20 records). This filter led
to the exclusion of most recently-introduced vascular plants
(neophytes), which are known to have been under-recorded in t;
as a rule [38,39] and which therefore do not lend themselves to
reliable modelling. However, 185 neophytes were left in the final
species set for greater statistical power; their removal did not affect
the results qualitatively (0.002 and 0.003 increases in validation
AUC overall and for plants alone, respectively; detailed results not
presented). Although the absence of species from each 10 km grid
square could not be definitively recorded during sampling, most
grid squares surveyed in each period (i.e., 92-100% of Great
Britain’s 10 km grid squares) were meticulously sampled, with
high levels of duplicate recording and under-recorded areas being
targeted by extra recording schemes. Thus, we assumed that each
surveyed grid square in which a species was not recorded (i.e.,
non-detection) represented an absence. We acknowledge that
sampling extent and intensity did vary among surveys and
taxonomic groups; we later discuss the potential implications of
this heterogeneity on results. The final dataset comprised
presence-absence distribution data for 1587 vascular plant, 53
butterfly and 183 bird species in Great Britain (2808 10 km grid
squares).

Environmental Data

Monthly values of temperature, precipitation and cloud cover
for each year between 1930 and 1999 were obtained from the
CRU ts2.1 [46] and the CRU 61-90 [47]; these were used to
calculate mean values for nine climate variables — separately for
each t; and ty period — that reflect hypothesised physiological
constraints on species survival and growth. We conducted
Spearman’s rank correlations between all pairs of climate variables
and dropped three variables that were highly correlated with
others (Spearman’s p>0.85) to reduce the risk of overfitting during
model calibration. The final six climate variables included in the
models were mean temperature of the coldest month (MTCO,
°C), mean temperature of the warmest month (MTWA, °C), ratio
of actual to potential evapotranspiration (APET, standard
moisture index), potential sunshine (PSUN, minutes), total annual
precipitation (ITPRE, mm), and the difference between total winter
precipitation and total summer precipitation (PREvar, mm).

We also considered including additional environmental pre-
dictors of ecological relevance to our models. First, although
changes in land use have been identified as fundamental drivers of
change for many British species [48-52], we were unable to
account for them in our models — like most other published
accounts of temporal transferability of SDMs [20,21,24,25] — due
to the lack of data documenting habitat use in the earlier t; period;
detailed digitised maps of land use for the whole of Britain are not
available until the UK Land Cover Map in 1990 [53].

Second, topography and geology variables can also be
fundamental determinants of current and potential distributions
of species, so their inclusion in SDMs aimed at predicting
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Table 1. Dates and sources of the distribution records used.

Temporal Transferability of SDMs

t; (calibration)

t, (validation)

Group
Dates Source Dates Source
Vascular Plants 1930-1969 Perring and Walters (1962) + 1987-1999 Preston et al. (2002)
later records
Butterflies 1970-1982 Heath et al. (1984) 1995-1999 Asher et al. (2001)
Breeding Birds 1968-1972 Sharrock (1976) 1988-1991 Gibbons et al. (1993)

doi:10.1371/journal.pone.0040212.t001

distribution changes under environmental change should be
considered [54]. However, their use in this context can be
problematic if the species do not respond directly to these variables
but rather to factors that are correlated with them [55]. In those
cases, topography and geology variables themselves have no
predictive power in new environmental domains; their inclusion is
likely to increase the calibration accuracy of models at the expense
of their transferability through time. To test for this effect, we built
all SDMs using two alternative sets of predictors: (a) climate
predictors only; (b) climate predictors plus two topography
(median and standard deviation of elevation, m) and five geology
(percentage cover of five substrate classes in each 10 km grid
square: igneous and metamorphic; peat; sedimentary acid;
sedimentary basic; and superficial) predictors. We then compared
the performance between models built using each set of predictors
(Table S1). Models including geology and topography predictors
as well as climate had a higher accuracy than models with climate
only according to most performance measures calculated, in-
cluding both calibration and validation AUC; however, they had
a lower mean correct classification rate for squares having changed
occupancy status between time periods (CCR panged, Our measure
of the accuracy of models to capture relevant predictors of change;
see Materials and Methods subsection “Can climate-based SDMs
capture drivers of expansion and contraction of species geographic
ranges?”). For this reason, we decided to leave both topography
and geology variables out from our final models.

Species Distribution Models

We modelled distribution data for each species in period t; as
a function of climate for the corresponding period using nine
different modelling frameworks. Seven were presence-absence
modelling techniques implemented in the BIOMOD package for
R [56]. These included one classification method (classification
tree analysis, CTA), three regression methods (generalised linear
models, GLMs; generalised additive models, GAMs; and multi-
variate adaptive regression splines, MARS), and three machine-
learning methods (artificial neural networks, ANNSs; generalised
boosted models, GBMs; and random forests, RFs). In addition, we
also modelled occurrence records using two presence-only
modelling techniques. These were maximum entropy (MaxEnt),
implemented as a stand-alone application [57], and a rectilinear
envelope analogous to BIOCLIM (surface range envelope, SRE),
also implemented in the BIOMOD package for R [56]. Besides
providing a useful comparison, presence-only techniques provide
a test of whether it is reasonable to use non-detections as
hypothesised absences or whether models should be built only
using occurrences when recorded absences are missing. The nine
modelling techniques employed are all commonly used to predict
changes in species distributions [4,12,13] and have been found to
generate contrasting predictions of change when modelling
comparable data [21,32,58]. Although it is common knowledge
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that some of the modelling techniques we used (e.g., CTA, SRE)
generally perform less well than others [32,33], we believe that
their transferability in time is not as well-established; therefore, we
decided to include them in our analysis to test the hypothesis that
simpler statistical models may have higher transferability in time
than more complex ones. We chose different modelling param-
eters to optimise each statistical technique (see Supporting
Information, Appendix S1). We used the nine species-climate
assoclations identified in period t; to generate predictions of each
species’ geographic distribution in (a) period t; (interpolation to the
same climate used to build the models) and (b) period to
(extrapolation to the climate experienced in the more recent
period), based on observed climate for the corresponding periods.
It is important to note that some of the techniques used differ in
their method of projecting identified climatic requirements to
geographical space: all presence-absence techniques generate
predictions of probability of occurrence; MaxEnt generates various
types of output, but for an intuitive comparison with presence-
absence techniques we used its logistic output, an estimation of
probability of occurrence; SRE returns a binary classification
whereby each location falling within the range of climates
identified by the presence locations becomes a presence, otherwise
it becomes an absence. In addition to predictions from these nine
single models, we calculated the mean probability of occurrence
from all seven presence-absence modelling techniques (abbreviat-
ed Mn(PA)) as a simple but efficient consensus method for
combining the output of different single-models [58]; this
approach can reduce model-based uncertainty in predictions from
SDMs [59]. To check that the results were not biased by the
direction of modelling, we also carried out all analyses using the
inverse approach, producing hindcasts in period t; from models
built in period to.

Are Climate-based SDMs Transferable in Time?

To quantify the transferability of SDMs in time, we measured
the agreement between forecasts in period to— as generated by
cach of the nine single-models built in period t; plus the consensus
method — and observed presence-absence for the corresponding
period using three alternative measures of prediction accuracy
[60]: (1) area under curve (AUC) of the receiver operating
characteristic (ROC) function, (ii) sensitivity (i.e., proportion of
correctly-predicted presences), and (iii) specificity (i.e., proportion
of correctly-predicted absences). AUC is one of the most
frequently-used measures of SDM performance as it removes the
need to select a threshold to split continuous probabilities of
occurrence into binary-transformed values, a process that is often
viewed as subjective and misleading [61]. Swets [62] provided the
following guidelines for interpreting AUC scores: 0.5= AUC
<0.6 = fail; 0.6= AUC <0.7= poor; 0.7= AUC <0.8= fair;
0.8= AUC <0.9= good; 0.9= AUC = excellent; despite known
limitations [63,64], these are still widely-used, so we were
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interested in the conclusions reached based on them. To
complement AUC scores, we calculated specificity and sensitivity
for each model. This requires selecting an appropriate probability
threshold to turn continuous probabilities of occurrence into
binary presence-absence predictions. For each model, we calcu-
lated the sum of sensitivity and specificity on calibration data for
100 threshold wvalues (in 0.01 increments), and selected the
threshold that maximized this sum; this threshold has previously
been found to perform well in comparisons with others [63].
Predicted probabilities of occurrence at time t, above the selected
threshold were converted to presences and those below to
absences.

Can Climate-based SDMs Capture Drivers of Expansion

and Contraction of Species Geographic Ranges?

Quantifying the temporal transferability of SDMs by com-
paring the agreement between model predictions and observa-
tions for the predicted period using common metrics is not
a sufficient test of whether models have actually captured
relevant predictors of change. A single range-wide measure of
prediction accuracy conflates accurately predicting species
expansions and contractions to new areas with accurately
predicting large parts of the distribution that have remained
unchanged in time. Thus, to assess how well SDMs capture
drivers of change in species distributions, we measured the
agreement between observations and model predictions of each
species’ (a) geographic range size in period to, (b) overall change
in geographic range size between time periods, and (c) grid
square-level changes in occupancy status between time periods.
By performing direct comparisons of observed records in each
time period to derive measures of observed range change, we
assumed the distribution data could be taken at face value, with
no need to correct for sampling bias. While this is probably
reasonable for British birds — for which similar analyses have
already been carried out [21] — we acknowledge that sampling
biases have been documented for British butterflies and plants,
and various approaches have been applied for minimising those
[49,65]; we later discuss the potential implications of bias on
our results.

We measured the agreement between observed and predicted
range size in to and between observed and predicted overall
change in range size across time periods using Spearman’s p
statistic. To calculate the agreement between observed and
predicted grid square-level changes in occupancy status, we
divided binary forecasts into (a) grid squares that had either
remained occupied or remained unoccupied between time
periods and (b) grid squares that had changed occupancy status
(from occupied to unoccupied or vice versa) between time
periods. We then measured the correct classification rate (CCR;
i.e., the sum of true positives and true negatives divided by the
total number of locations) of grid squares in each of these two
subsets for each modelling technique, to capture how well our
models predict stable versus dynamic portions of each species’
distribution. To visualise model accuracy for expanding versus
contracting species, we fitted generalised additive models (GAMs;
using a cubic spline smoother with 4 degrees of freedom) of CCR
of stable (CCRypie) and changed (CCR panged) grid squares as
a function of observed proportional range change between time
periods (i.e., (overall range change/range size in t;) x 100). These
GAMs were fitted only to species experiencing a proportional
change between —100% and +100% (i.e., 85% of all species),
due to the large influence of the few species whose ranges more
than doubled.
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What is the Relative Effect of Methodological and

Taxonomic Variation on Prediction Accuracy?

We investigated the factors influencing the prediction accuracy
of SDMs through linear mixed-effects (LME) models using the
Ime4 package in R [66]. We used five measures of accuracy
(validation AUC, sensitivity, specificity, CCRgupe, and
CCR panged) In turn as the response and modelled each as
a function of the following random effects: modelling framework
(n=10), major taxonomic group (i.e., plants, butterflies or birds;
n=3) and species (n =1823). For each model, we calculated the
ratio between the variance explained by each random effect and
null variance, in order to quantify the amount of variation in
prediction accuracy attributable to each random effect.

Results

Due to similarities between model forecasts and hindcasts, we
direct our attention to the analysis of forecasts, referring to
hindcasts only when qualitatively different; the results of hindcasts
are reported in full in the Supporting Information. The species
distribution models (SDMs) built using data in t; had an AUC
=0.85%0.12 (mean=¥s.d.), indicating good fit on calibration data
overall according to the Swets criterion [62].

Are Climate-based SDMs Transferable in Time?

The overall transferability of SDMs in time was fair (mean
AUC=s.d. =0.76%0.12; sensitivity =0.63%0.26; specificity
=0.74%0.19), but varied among modelling frameworks. The
consensus method Mn(PA) produced the highest validation AUC
values (Figure 1), generating good to excellent forecasts (AUC
=0.80) for 60% of the 1823 species modelled. Among single-
models, three presence-absence techniques — generalised boosted
models (GBMs), generalised additive models (GAMs), generalised
linear models (GLMs) — and one presence-only technique —
maximum entropy (MaxEnt) — had the highest prediction
accuracies, although their relative rank varied between forecasts
and hindcasts (Figure 1 and Figure S1). When assessed using
sensitivity and specificity (Figure 2), GBMs and GAMs had the
best balance between the correct prediction of presences and
absences; in contrast, random forests (RFs) were highly biased
towards the correct prediction of absences and surface range
envelopes (SREs) were highly biased the other way. These
differences were reflected in the proportion of species for which
each technique was most accurate according to alternative metrics:
SREs generated the most accurate forecasts for 36% of all species
when assessed by sensitivity whilst RIs generated the most
accurate forecasts for 69% of all species when assessed by
specificity (Table 2). Despite these differences, every SDM
framework used performed best for some species modelled
(Table 2 and Table S2), indicating that any one of them might
be the most useful in at least some cases. Temporal transferability
also varied among taxonomic groups (Figure 1 and Figure 2); it
was highest for butterflies, with 66% of butterfly models predicting
recent distributions with good to excellent accuracy against 43%
and 41% for plants and birds, respectively. Hindcasts showed
slightly different results, with bird distributions in t; being
predicted almost as well as those of butterflies and considerably
better than those of plants (Figure S1 and Figure S2).

Can Climate-based SDMs Capture Drivers of Expansion

and Contraction of Species Geographic Ranges?
Predicted and observed range sizes in ty were highly correlated

for each modelling framework and taxonomic group (Table 3);

overall, SDMs tended to overpredict range size, with a median
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Figure 1. Accuracy of model forecasts. The accuracy of forecasts generated by each modelling framework was measured by mean AUC and
reported for each major taxonomic group. Error bars represent +1 standard error of the mean. The dashed line indicates the rule-of-thumb for good
predictions (AUC = 0.8). Abbreviations: ANN = artificial neural networks, CTA = classification tree analysis, GAM = generalised additive models, GBM
= generalised boosted models, GLM = generalised linear models, MARS = Multivariate adaptive regression splines, MaxEnt = maximum entropy
models, Mn(PA) = prediction mean from all presence-absence modelling frameworks, RF = random forests, SRE = surface range envelopes.

doi:10.1371/journal.pone.0040212.g001

percentage overprediction of 7.44%. Among modelling frame-
works, RFs showed the highest correlation; contrary to the overall
trend, RFs tended to systematically under-predict range size
(median percentage underprediction of —5.02%), again highlight-
ing their high specificity but low sensitivity. Among taxonomic
groups, butterflies showed the highest correlation.

Spearman’s p of predicted versus observed total change in range
size between time periods were low overall, although higher for
hindcasts (Table S3) than forecasts (Table 3). Species ranges were
predicted to increase by a median 7.44% more than was observed,;
this difference was greater for species with contracting rather than
expanding ranges (median overprediction 11.62% and 5.67%,
respectively). Differences among taxa and frameworks were
influenced by the direction of modelling (compare Table 3 and
Table S3).

The correct classification rate of grid squares that remained
occupied or remained unoccupied (CCRgppe) was fairly high
(mean*s.d. =0.75%0.15), and did not covary with species’
observed proportional change in range size (Figure 3B). In
contrast, the CCR of grid squares whose occupancy status
changed between time periods (CCRyangea) Was very low overall
(0.51%0.14; guessing randomly would be expected to produce
a mean of 0.5), with range expansions being slightly better
predicted than range contractions (0.55%0.15 and 0.48%+0.12,
respectively; Figure 3C). RFs showed an unusual trend compared
to other frameworks: they had by far the highest CCRy.pe
(0.88£0.10; Figure 3B) and were the only framework to provide
more accurate predictions for contracting than expanding species
(Figure 3C). When hindcasting, the discrepancy between
CCRyuple and CCRyangea Was even larger; however, there was
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no clear difference between the prediction accuracy of expanding
and contracting species (Fig. S3).

What is the Relative Effect of Methodological and
Taxonomic Variation on Prediction Accuracy?

Most variation in the prediction accuracy of SDMs — as
measured by AUC, sensitivity, CCRyuble;, CCRepanged —
among species within a higher taxon, whilst the choice of
modelling framework was as important a factor in explaining
variation in specificity (Table 4 and Table S4). The effect of major
taxonomic group on the accuracy of forecasts was relatively small.

was

Discussion

When assessed using widespread measures of performance such
as the AUC, sensitivity and specificity, climate-based species
distribution models (SDMs) show good transferability in time for
many species and techniques. Our estimates of temporal trans-
ferability across all taxa and methods are comparable with those
reported previously [20,24-26]. However, predictions of changes
in occupancy status between time periods as a function of climate
change were little or no better than random for most species,
regardless of the modelling framework used; models were
particularly poor at predicting species range contractions, a wor-
rying prospect in the context of forecasting environmental change
impacts on species of conservation concern. There are many
widely-acknowledged obstacles to the accurate prediction of shifts
in species distributions in time [6,8]: these include the lack of
species-environment equilibrium [67]; dispersal limitations [68];
the failure to account for biotic interactions, phenotypic plasticity,
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Table 2. Number of species for which each modelling
framework generated the most accurate forecasts.

Number (and proportion) of best-predicted species

AUC Sensitivity Specificity CCRgaple CCRchanged
Mn(PA) 393 (0.216) 79 (0.043) 203 (0.111) 117 (0.064) 84 (0.046)
RF 25 (0.014) 27 (0.015) 1254 (0.688) 1090 (0.600) 234 (0.128)
GBM 234 (0.128) 168 (0.092) 39 (0.021) 77 (0.042) 117 (0.064)
MaxEnt 311 (0.171) 159 (0.087) 92 (0.050) 46 (0.025) 174 (0.095)
GAM 397 (0.218) 131 (0.072) 53 (0.029) 99 (0.054) 98 (0.054)
GLM 138 (0.076) 125 (0.069) 30 (0.016) 46 (0.025) 119 (0.065)
ANN 256 (0.140) 316 (0.173) 102 (0.056) 125 (0.069) 210 (0.115)
MARS 61 (0.033) 113 (0.062) 36 (0.020) 55 (0.030) 103 (0.057)

CTA 6 (0.003)
SRE 3 (0.002)

226 (0.124) 63 (0.035)
654 (0.359) 6 (0.003)

105 (0.058) 179 (0.098)
101 (0.055) 717 (0.393)

Prediction accuracy was measured for each species by AUC, sensitivity, and
specificity of the entire range in t,, as well as the correct classification rate of
grid squares that have remained occupied or unoccupied (CCRyapie) and the
correct classification rate of grid squares that have changed occupancy status
between time periods (CCRchangea)- Values represent the total number (and
proportion of the total sample) of species for which each technique performed
best. Proportions may exceed 100% of the sample as several species were
equally well-predicted by more than one technique.
doi:10.1371/journal.pone.0040212.t002

and evolutionary changes [6,69]; and the incidence of novel
environments outside the range of conditions used to calibrate the
models [9]. Together with these, three key factors appear likely to
underlie the combination of reasonable explanatory power on
independent data — as indicated by widespread metrics — but low
predictive accuracy between time periods — as shown by the failure
to predict changes in occupancy — of our models.

First, the two sets of distribution records we used for each
species cannot be considered to be truly independent from each
other as they were collected over the same geographical area
within relatively short time intervals (i.e., 20 to 40 years). Overall,
species range size was highly correlated between time periods
(Spearman’s p =0.93, p<0.001), with an average 87% of grid
squares maintaining the same occupancy status; similarly, all
climatic variables were also highly correlated between time periods
(p>0.85, p<<0.001 for all variables). As a result, models providing
a good fit to early distribution records can be expected to return
a reasonable fit to more recent records (and vice versa), regardless
of whether relevant predictors of range shift have actually been
captured. Previous studies have warned against taking strong
model performance on calibration data to indicate high predictive
accuracy to a different time period [20,24-26]; our results indicate
that strong model performance in a different time period, as
measured by widespread metrics, may not indicate high predictive
accuracy either.

Second, our models’ lack of power to predict observed changes
in occupancy suggests that they are missing information on
fundamental variables that drove those changes. Whilst climate
change has undoubtedly had a significant effect, another major
driver of change in species distributions in Britain over the second
half of the 20™ century is thought to be habitat change, both
degradation and fragmentation [70]. Lack of suitable habitat has
constrained the ability of some British species to respond to
changes in climate [49,51,52]; thus, models based exclusively on
climate can generate misleading predictions of change [49,51,52].
Although data on land use exist for recent years (corresponding to
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time ty of our distribution datasets [53]), we were unable to include
variables describing habitat change in our models because data
documenting land use in the earlier t; period was not available; an
issue which applies to most tests of temporal transferability of
SDMs (but see [26]). However, climate and habitat variables affect
species distributions at different spatial scales [6,71], and climate is
considered to be the main constraint at the scale of our study
[71,72]. Furthermore, the distribution of many habitat variables,
such as forest and grassland cover, are themselves directly affected
by climate [72]. Thus, the absence of habitat predictors from our
models is unlikely to be solely responsible for their low predictive
accuracy. Despite this, we acknowledge that grid square-level
climatic averages ignore the high degree of environmental
heterogeneity within each grid square; so long as patches of
suitable environment remain within a grid square, species may
persist even if that square’s climatic average says otherwise.
Similarly, if suitable habitat disappears from a grid square, the
species may be lost from it even if the average climate remains
suitable. Consequently, the lack of habitat variables in our models
may underlie their worse prediction of range contractions than of
expansions. Although recent climate warming can be expected to
increase the distributions of many species in Britain [49,51,52],
some have in fact declined as a result of habitat change (e.g., non-
migratory butterflies reaching their northern limits in Britain
[49,52]); predictions of shifts for these species based solely on
climate are thus likely to be random, if not worse.

Finally, by assuming the non-detection of a species to indicate
absence from a given grid cell, we introduced an extra level of
error into our models. This error depends on the probability of
false absence given imperfect detection (i.e., the probability that
a species was present but remained undetected in a given grid cell
[73]): the higher this probability, the higher the risk of incorrectly
quantifying species-climate relationships [73]. The incidence of
false absences is likely to vary among the three groups of species
we modelled. A sustained effort to exhaustively target under-
recorded areas plus a high level of duplicate recording for each
10 km grid square during both British breeding bird surveys imply
a fairly low probability of false absence [43]. On the other hand,
distribution records for British butterflies and plants are known to
be biased — with significant differences in coverage and sampling
effort between time periods [49,65] — and are likely to suffer from
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Table 3. Correlation coefficients of observed versus predicted range size and range change for model forecasts.
Butterflies Plants Birds
Range size Range change Range size Range change Range size Range change
Mn(PA) 0.76™" -0.10 068" —0.01 072" 036"
RF 096" 043" 085" —0.02 095" 038"
GBM 087" -0.23 063" —0.04 075" 045"
MaxEnt 082" -0.23 0.52"" 0.01 0.72"" 0417
GAM 0.84™" —0.11 0.58™" —-0.03 0.80"" 0.38™"
GLM 0.80"" —0.11 060" —-0.02 0.80"" 036"
ANN 065" -0.19 045" —0.03 044" 035"
MARS 072" -039 062" —0.04 081" 043"
CTA 087" 0.02 058" —-0.07" 076" 040"
SRE 0.90"" 0.13 089" 021" 0.90™" 035"
Reported values are the Spearman’s p coefficients of observed versus predicted range size in t, (range size column) and observed versus predicted change in range size
Petween timeﬂperiods (rang*ichange column) for each modelling framework and major taxonomic group modelled. Stars indicate the significance level of correlations:
= p<0.05; = p<0.071; = p<0.001.
doi:10.1371/journal.pone.0040212.t003

a higher incidence of false absences, especially in t;. Although
differences in the precision of distribution records may have
contributed to the variation in prediction accuracy among the
three groups, the low correlation we found between predicted and
observed range changes for birds suggests that the low predictive
power of our models cannot primarily be attributed to data
quality.

The incidence of false absences is also likely to vary among
surveys, with under-recording in t; compared to ty surveys having
been documented for British butterflies and plants [49,65]. Under-
recording in t; leads to overestimation of range expansions [74].
On the other hand, any inferred range contractions are likely to be
robust. We would expect our models to have a high accuracy to
predict false range expansions, given that these do not require
models to predict change in time but simply to interpolate existing
distributions based on detections in t;; conversely, range contrac-
tions can only be predicted by models capturing fundamental
predictors of change. Due to the low accuracy of our models to
predict range expansions and their even lower accuracy to predict
range contractions, we conclude that differences in sampling effort
between time periods cannot alone explain the low predictive
power of our models; however, they may be responsible for some
of the differences between forecasts and hindcasts.

Our analysis generated two key sets of results in the context of
improving SDMs as predictive tools. First, differences among
species were the most important determinant of variability in the
temporal transferability of SDMs, as also reported recently for
vascular plants in California [25]. These findings mirror those of
carlier studies of variation in model performance based on
distribution records from a single time period [75,76], and suggest
that a priority now is to identify the ecological context of species
whose changes in distribution can be predicted accurately using
existing techniques and widely-available environmental data.
Differences in prediction accuracy among species are likely to be
determined by a complex of ecological factors, including their
intrinsic biology [25,35-37], their history of dispersal [23,77] and
the identity and behaviour of their interacting species [69,78,79].
Encouragingly, there is some reason to believe that SDMs may be
particularly useful for species of commercial importance (e.g.,
plantation trees [80]) — for which the above ecological factors are
well-known and/or controlled — and, thus, species for which we
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Figure 3. Accuracy of forecasted changes in species occupancy. Accuracy of predicted changes in occupancy between t; and t, as a function
of species’ observed proportional range change between t; and t,: (A) histogram of the frequency of species’ proportional range change values; (B)
correct classification rate across stable grid squares (i.e., those that have remained either occupied or unoccupied between time periods; CCRyapie) @S
a function of observed proportional range change, overall and for each modelling technique; (C) correct classification rate across changed grid
squares (i.e., those that have changed occupancy status between time periods; CCRchanged) @s @ function of observed proportional range change,
overall and for each modelling technique. Functions were fitted using generalised additive models (GAM; using a cubic spline smoother with 4
degrees of freedom). This analysis was limited to species experiencing a proportional change between —100% and +100% (i.e., 85% of all species),
due to the very high influence of the few species whose range more than doubled. The dashed line in panels (B) and (C) represents the value of CCR

expected from a random guess (i.e., CCR =0.5).
doi:10.1371/journal.pone.0040212.g003

are likely to require predictions of change very soon. In addition to
identifying the sources of variation in prediction accuracy among
models of different species, spatial analyses of per-site prediction
successes and failures — aimed at identifying those locations in
which models have high predictive accuracy across species — will
also be important for a comprehensive understanding of the
context in which SDMs may be useful.

Second, we identified some modelling frameworks to be more
accurate than others overall, although none outperformed all
others across all aspects. Whilst the consensus method we used
provided the best predictions under AUC assessment — seemingly
confirming its potential for reducing model-based uncertainty in
SDM predictions [58,59] — its accuracy to predict changes in
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occupancy was lower than most single models. As a result, we
advocate great care when selecting the ensemble of models from
which to derive consensus predictions; as previously discussed by
Aratjo et al. [21], models should be chosen based on aspects of
their individual performance pertinent to the research question
being addressed, and not on the assumption that more models are
better. Furthermore, our results suggest that the presence-only
modelling framework maximum entropy (MaxEnt) can be used to
generate predictions of change of similar accuracy to those
generated by the best-performing presence-absence frameworks —
generalised boosted models (GBMs), generalised additive models
(GAMs), and generalised linear models (GLMs).

July 2012 | Volume 7 | Issue 7 | e40212



Table 4. Relative effect of taxonomic and methodological
variation on accuracy of forecasts.

AUC  Sensitivity Specificity CCRgable CCRchanged
Species 46.26  36.53 25.90 35.50 33.62
Technique  29.05 1473 3233 19.05 4.24
Group 5.59 4.76 0.15 0.44 17.23
Residual 1911 43.99 41.62 45.01 4491

The values reported are the results of a variance components analysis of the
linear mixed-effects (LME) models investigating the factors affecting the
accuracy of forecasts. AUC, sensitivity, specificity of the entire range, as well as
the correct classification rate of grid squares that have remained occupied or
unoccupied (CCRyapie), and the correct classification rate of grid squares that
have changed occupancy status between time periods (CCRcpanged) Were
modelled as a function of the following random effects: modelling framework
(n=10), major taxonomic group (n=3) and species (n=1823). The ratio
between the variance explained by each random effect and null variance
(expressed as a percentage) is reported for each random effect in each model.
doi:10.1371/journal.pone.0040212.t004

In conclusion, some of the modelling tools already in place seem
able to make use of presence-only or presence-absence distribution
data and climate predictors to generate SDMs that are transfer-
able in time for many species, when assessed using widespread
measures of performance. However, a more in-depth assessment
indicates they are inadequate at predicting changes in occupancy
between time periods for most species, stressing the need to
account for additional drivers and mechanisms of change. Despite
their issues, SDMs still represent the most plausible framework for
generating urgent predictions of the fate of biodiversity during
a period of rapid environmental change. Observed shifts in species
distributions provide invaluable opportunities for testing their
predictions. Nevertheless, we strongly emphasize the need for
caution: assessment of performance should not focus on the ability
of models to predict large areas retained by species through time
but rather on their success to capture relevant drivers of change.

Supporting Information

Figure S1 Accuracy of model hindcasts. The accuracy of
hindcasts generated by each modelling framework was measured
by mean AUC and reported for each major taxonomic group.
Error bars represent 1 standard error of the mean. The dashed
line indicates the rule-of-thumb for good predictions (AUC = 0.8).
Abbreviations: ANN = artificial neural networks, CTA =
classification tree analysis, GAM = generalised additive models,
GBM = generalised boosted models, GLM = generalised linear
models, MARS = Multivariate adaptive regression splines,
MaxEnt = maximum entropy models, Mn(PA) = prediction
mean from all presence-absence modelling frameworks, RF =
random forests, SRE = surface range envelopes.

(EPS)

Figure S2 Mean sensitivity versus mean specificity of
model hindcasts. Mean sensitivity and specificity of hindcasts

References

1. Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421: 37-42. Available: http://www.ncbi.
nlm.nih.gov/pubmed/12511946.

2. Root TL, Price JT, Hall KR, Schneider SH (2003) Fingerprints of global
warming on wild animals and plants. Nature 421: 57-60. doi:10.1038/
nature01309.1.

@ PLoS ONE | www.plosone.org

Temporal Transferability of SDMs

generated by each modelling framework for (A) butterflies, (B)
plants, (C) birds. Error bars represent *1 standard error of the
mean. The dotted line indicates the condition where mean
sensitivity = mean specificity.

(EPS)

Figure 83 Accuracy of hindcasted changes in species
occupancy. Accuracy of predicted changes in occupancy
between ty and t; as a function of species’ observed proportional
range change between ty and t;: (A) histogram of the frequency of
species’ proportional range change values; (B) correct classification
rate across stable grid squares (i.e., those that have remained either
occupied or unoccupied between time periods; CCRgape) as
a function of observed proportional range change, overall and for
cach modelling technique; (C) correct classification rate across
changed grid squares (i.e., those that have changed occupancy
status between time periods; CCR angea) as a function of observed
proportional range change, overall and for each modelling
technique. Functions were fitted using generalised additive models
(GAM; using a cubic spline smoother with 4 degrees of freedom).
This analysis was limited to species experiencing a proportional
change between —100% and +100% (i.e., 85% of all species), due
to the very high influence of the few species whose range more
than doubled. The dashed line in panels (B) and (C) represents the
value of GCR expected from a random guess (i.e., CCR =0.5).
(EPS)

Table S1 Effect of predictor set on the accuracy of
model forecasts and hindcasts.

(DOCX)

Table S2 Number of species for which each modelling
framework generated the most accurate hindcasts.

(DOCX)

Table S3 Correlation coefficients of observed versus
predicted range size and range change for model
hindcasts.

DOCX)

Table S4 Relative effect of taxonomic and methodolog-
ical variation on accuracy of hindcasts.

(DOCX)

Appendix S1 Description and optimisation of the mod-
elling techniques used.

(DOCX)

Acknowledgments

We are indebted to all volunteers contributing the atlas records on which
this study is based. We thank Blake Suttle, David Orme, Joaquin Hortal,
Maria Dickinson, Sarah Whitmee, Will Pearse, Lynsey McInnes and Isabel
Fenton for their help and comments on the manuscript.

Author Contributions

Conceived and designed the experiments: GR DR AP. Analyzed the data:
GR. Wrote the paper: GR. Provided data for analysis: SG RF KW.

3. Hickling R, Roy DB, Hill JK, Fox R, Thomas CD (2006) The distributions of
a wide range of taxonomic groups are expanding polewards. Global Change
Biology 12: 450-455.

4. Hole DG, Willis SG, Pain DJ, Fishpool LD, Butchart SHM, et al. (2009)
Projected impacts of climate change on a continent-wide protected area
network. Ecology Letters 12: 420-431. Available: http://www.ncbi.nlm.nih.
gov/pubmed/19379136.

July 2012 | Volume 7 | Issue 7 | e40212



12.

20.

21.

22.

23.

24.

27.

29.

Sinclair SJ, White MD, Newell GR (2010) How Useful Are Species Distribution
Models for Managing Biodiversity under Future Climates? Ecology And Society
15: 8.

. Pearson RG, Dawson TE (2003) Predicting the impacts of climate change on the

distribution of species: are bioclimate envelope models useful. Global Ecology
and Biogeography 12: 361-371.

. Guisan A, Thuiller W (2005) Predicting species distribution: offering more than

simple habitat models. Ecology Letters 8: 993-1009.

. Elith J, Leathwick JR (2009) Species distribution models: ecological explanation

and prediction across space and time. Annual Review of Ecology, Evolution, and
Systematics 40: 677-697. Available: http://arjournals.annualreviews.org/doi/
abs/10.1146/annurev.ecolsys.110308.120159.

. Fitzpatrick MC, Hargrove WW (2009) The projection of species distribution

models and the problem of non-analog climate. Biodiversity and Conservation
18: 2255-2261. Available: http://www.springerlink.com/index/10.1007/
$10531-009-9584-8.

. Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont L], et al. (2004)

Extinction risk from climate change. Nature 427: 145-148.

. Fitzpatrick MC, Gove AD, Sanders NJ, Dunn RR (2008) Climate change, plant

migration, and range collapse in a global biodiversity hotspot: the Banksia
(Proteaceae) of Western Australia. Global Change Biology 14: 1337-1352.
Available: http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-2486.
2008.01559.x.

Huntley B, Collingham YC, Willis SG, Green RE (2008) Potential impacts of
climatic change on European breeding birds. PloS one 3: ¢1439. Available:
http://www.ncbi.nlm.nih.gov/pubmed/18197250.

. Coctzee BWT, Robertson MP, Erasmus BFN, van Rensburg BJ, Thuiller W

(2009) Ensemble models predict Important Bird Areas in southern Africa will
become less effective for conserving endemic birds under climate change. Global
Ecology and Biogeography 18: 701-710. Available: http://blackwell-synergy.
com/doi/abs/10.1111/§.1466-8238.2009.00485.x.

. Thuiller W, Lavergne S, Roquet C, Boulangeat I, Lafourcade B, et al. (2011)

Clonsequences of climate change on the tree of life in Europe. Nature 470: 531~
534. doi:10.1038/nature09705.

. Heikkinen RK, Luoto M, Virkkala R, Thuiller W (2006) Methods and

uncertainties in bioclimatic envelope modelling under climate change. Progress
in Physical Geography 6: 751-777.

Soberén ], Peterson AT (2005) Interpretation of models of fundamental
ecological niches and species’ distributional areas. Biodiversity Informatics 2: 1—
10.

Soberén J, Nakamura M (2009) Niches and distributional areas: concepts,
methods, and assumptions. Proc Natl Acad Sci U S A 106: 19644-19650.

. Broennimann O, Treier U, Miiller-Schiarer H, Thuiller W, Peterson A, et al.

(2007) Evidence of climatic niche shift during biological invasion. Ecology
Letters 10: 701-709. Available: http://www.ncbi.nlm.nih.gov/pubmed/
17594425. Accessed 18 July 2011.

Soberon JM (2010) Niche and area of distribution modeling: a population
ecology perspective. Ecography 33: 159-167. Available: http://doi.wiley.com/
10.1111/§.1600-0587.2009.06074.x. Accessed 15 July 2011.

Araujo MB, Pearson RG, Thuiller W, Erhard M (2005) Validation of species-
climate impact models under climate change. Global Change Biology 11: 1504—
1513.

Araujo MB, Whittaker RJ, Ladle R]J, Erhard M (2005) Reducing uncertainty in
projections of extinction risk from climate change. Global Ecology and
Biogeography 14: 529-538. doi:10.1111/j.1466-822x.2005.00182.x.

Green RE, Collingham YC, Willis SG, Gregory RD, Smith KW, et al. (2008)
Performance of climate envelope models in retrodicting recent changes in bird
population size from observed climatic change. Biology Letters 4: 599-602.
Pearman PB, Randin CF, Broennimann O, Vittoz P, van der Knaap WO, et al.
(2008) Prediction of plant species distributions across six millennia. Ecology
Letters 11: 357-369. Available: http://www.ncbi.nlm.nih.gov/pubmed/
18279357.

Kharouba HM, Algar AC, Kerr JT (2009) Historically calibrated predictions of
butterfly species’ range shift using global change as a pseudo-experiment.
Ecology 90: 2213-2222. Available: http://www.ncbinlm.nih.gov/pubmed/
19739383.

. Dobrowski S, Thorne J, Greenberg J, Safford H, Mynsberge A, et al. (2011)

Modeling plant ranges over 75 years of climate change in California, USA:
temporal transferability and species traits. Ecological Monographs 81: 241-257.

. Rubidge EM, Monahan WB, Parra JL., Cameron SE, Brashares JS (2011) The

role of climate, habitat, and species co-occurrence as drivers of change in small
mammal distributions over the past century. Global Change Biology 17: 696
708. Available: http://doi.wiley.com/10.1111/j.1365-2486.2010.02297 x. Ac-
cessed 7 October 2010.

Randin CF, Dirnbéck T, Dullinger S, Zimmermann NE, Zappa M, et al. (2006)
Are niche-based species distribution models transferable in space? Journal of
Biogeography 33: 1689-1703. Available: http://www.blackwell-synergy.com/
doi/abs/10.1111/j.1365-2699.2006.01466.x.

. Peterson AT, Papes M, Eaton M (2007) Transferability and model evaluation in

ecological niche modeling: a comparison of GARP and Maxent. Ecography 30:
550-560. Available: http://doi.wiley.com/10.1111/7.2007.0906-7590.05102.x.
Accessed 26 July 2011.

VanReusel W, Maes D, Van Dyck H (2007) Transferability of species
distribution models: a functional habitat approach for two regionally threatened

@ PLoS ONE | www.plosone.org

10

30.

31

32.

33.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Temporal Transferability of SDMs

butterflies. Conservation Biology 21: 201-212. Available: http://www.ncbi.nlm.
nih.gov/pubmed/17298526. Accessed 29 July 2011.

Duncan RP, Cassey P, Blackburn TM (2009) Do climate envelope models
transfer? A manipulative test using dung beetle introductions. Proceedings
Biological sciences/The Royal Society 276: 1449-1457. Available: http://www.
pubmedcentral.nih.gov/articlerender.
fegiPartid = 2677223&tool = pmcentrez&rendertype = abstract. Accessed 9 July
2011.

Barbosa AM, Real R, Mariovargas J (2009) Transferability of environmental
favourability models in geographic space: The case of the Iberian desman
(Galemys pyrenaicus) in Portugal and Spain. Ecological Modelling 220: 747
754. Available: http://linkinghub.elsevier.com/retrieve/pii/
S0304380008005826. Accessed 16 June 2011.

Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, et al. (2006) Novel
methods improve prediction of species’ distributions from occurrence data.
Ecography 29: 129-151.

Pearson R, Thuiller W, Aratijo MB, Martinez-Meyer E, Brotons L, et al. (2006)
Model-based uncertainty in species range prediction. Journal of Biogeography
33: 1704-1711.

. Elith J, Graham CH (2009) Do they? How do they? WHY do they differ? On

finding reasons for differing performances of species distribution models.
Ecography 32: 66-77. Available: http://doi.wiley.com/10.1111/j.1600-0587.
2008.05505.x. Accessed 11 July 2011.

. McPherson JM, Jetz W (2007) Effects of species’ ecology on the accuracy of

distribution models. Ecography 30: 135-151.

. Poyry J, Luoto M, Heikkinen RK, Saarinen K (2008) Species traits are

associated with the quality of bioclimatic models. Global Ecology and
Biogeography 17: 403-414. Available: http://blackwell-synergy.com/doi/abs/
10.1111/j.1466-8238.2007.00373 x.

Hanspach J, Kiihn I, Pompe S, Klotz S (2010) Predictive performance of plant
species distribution models depends on species traits. Perspectives in Plant
Ecology, Evolution and Systematics 12: 219-225. Available: http://linkinghub.
elsevier.com/retrieve/pii/S1433831910000247. Accessed 23 July 2010.
Perring F, Walters S (1962) Atlas of the British Flora. London, UK: T. Nelson &
Sons. p.

Preston C, Pearman D, Dines TD (2002) New Atlas of the British and Irish
Flora. Oxford, UK: Oxford University Press. p.

Heath J, Pollard J, Thomas J (1984) Atlas of butterflies in Britain and Ireland.
Harmondsworth, UK: Viking Books. p.

Asher J, Warren M, Fox R, Harding P, Jeffcoate G, et al. (2001) The millennium
atlas of butterflies in Britain and Ireland. Oxford, UK: Oxford University Press.

p.
Sharrock J (1976) The atlas of breeding birds of Britain and Ireland.
Berkhamsted, UK: Poyser. p.

Gibbons D, Reid J, Chapman R (1993) The New Atlas of Breeding Birds in
Britain and Ireland: 1988-1991. London, UK: Poyser. p.

Vaughan IP, Ormerod SJ (2003) Improving the quality of distribution models for
conservation by addressing shortcomings in the field collection of training data.
Conservation Biology 17: 1601-1611.

. Wisz MS, Hijmans RJ, Li J, Peterson AT, Graham CH, et al. (2008) Effects of

sample size on the performance of species distribution models. Diversity and
Distributions 14: 763-773.

Mitchell TD, Jones PD (2005) An improved method of constructing a database
of monthly climate observations and associated high-resolution grids. In-
ternational Journal of Climatology 25: 693-712. Available: http://doi.wiley.
com/10.1002/joc.1181. Accessed 20 June 2011.

New M, Hulme M, Jones P (1999) Representing Twentieth-Century Space —
Time Climate Variability. Part I?: Development of a 1961-90 Mean Monthly
Terrestrial Climatology. Journal of Climate 12: 829-856.

Thomas CD, Lennon JJ (1999) Birds extend their ranges northwards. Nature
399: 213.

Warren M, Hill J, Thomas J, Asher J, Fox R, et al. (2001) Rapid responses of
British butterflies to opposing forces of climate and habitat change. Nature 414:
65-69.

Hill JK, Thomas CD, Fox R, Telfer MG, Willis SG, et al. (2002) Responses of
butterflies to twentieth century climate warming: implications for future ranges.
Proceedings Biological Sciences/The Royal Society 269: 2163-2171. Available:
http://www.ncbi.nlm.nih.gov/pubmed/12396492.

Thomas JA, Telfer MG, Roy DB, Preston CD, Greenwood JJD, et al. (2004)
Comparative losses of British butterflies, birds, and plants and the global
extinction crisis. Science 303: 1879-1881. Available: http://www.ncbi.nlm.nih.
gov/pubmed/15031508. Accessed 21 January 2011.

Menéndez R, Megias AG, Hill JK, Braschler B, Willis SG, et al. (2006) Species
richness changes lag behind climate change. Proceedings Biological Sciences/
The Royal Society 273: 1465-1470. Available: http://www.ncbi.nlm.nih.gov/
pubmed/16777739.

Fuller R, Smith G, Sanderson J, Hill R, Thomson A (2002) The UK Land Cover
Map 2000: Construction of a parcel-based vector map from satellite images.
Cartographic Journal 39: 15-25.

Austin MP, Van Niel KP (2011) Impact of landscape predictors on climate
change modelling of species distributions: a case study with Eucalyptus fastigata
in southern New South Wales, Australia. Journal of Biogeography 38: 9-19.
Available: http://doi.wiley.com/10.1111/§.1365-2699.2010.02415.x. Accessed
7 December 2010.

July 2012 | Volume 7 | Issue 7 | e40212



58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

Guisan A, Zimmermann NE (2000) Predictive habitat distribution models in
ccology. Ecological Modelling 135: 147-186.

. Thuiller W, Lafourcade B, Engler R, Araujo MB (2009) BIOMOD - a platform

for ensemble forecasting of species distributions. Ecography 32: 369-373.
Available: http://blackwell-synergy.com/doi/abs/10.1111/j.1600-0587.2008.
05742.x.

. Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of

species geographic distributions. Ecological Modelling 190: 231-259.

Marmion M, Parviainen M, Luoto M, Heikkinen RK (2009) Evaluation of
consensus methods in predictive species distribution modelling. Diversity and
Distributions 15: 59-69. doi:10.1111/j.1472-4642.2008.00491 .x.

Araujo MB, New M (2007) Ensemble forecasting of species distributions. Trends
in Ecology and Evolution 22: 42-47.

Fielding AH, Bell JF (1997) A review of methods for the assessment of prediction
errors in conservation presence/absence models. Environmental Conservation:
38-49.

Liu C, Berry PM, Dawson TP, Pearson RG (2005) Selecting thresholds of
occurrence in the prediction of species distributions. Ecography 28: 385-393.
Swets JA (1988) Measuring the accuracy of diagnostic systems. Science 240:
1285-1293.

Jiménez-Valverde A, Lobo J (2007) Threshold criteria for conversion of
probability of species presence to either—or presence—absence. Acta Oecologica
31: 361-369. Available: http://linkinghub.elsevier.com/retrieve/pii/
S1146609X07000288.

Raes N, ter Steege H (2007) A null-model for significance testing of presence-
only species distribution models. Ecography 30: 727-736. Available: http://doi.
wiley.com/10.1111/j.2007.0906-7590.05041.x. Accessed 4 March 2012.

. Telfer MG, Preston CD, Rothery P (2002) A general method for measuring

relative change in range size from biological atlas data. Biological Conservation
107: 99-109.

Bates D, Maechler M, Bolker B (2011) Ime4: Linear Mixed-Effects Models Using
S4 Classes.

Stankowski PA, Parker WH (2011) Future distribution modelling: A stitch in
time is not enough. Ecological Modelling 222: 567-572. Available: http://
linkinghub.elsevier.com/retrieve/pii/S0304380010005788. Accessed 10 Febru-
ary 2011.

Broennimann O, Thuiller W, Hughes G, Midgley GF, Alkemade JMR, et al.
(2006) Do geographic distribution, niche property and life form explain plants’
vulnerability to global change? Global Change Biology 12: 1079-1093.

@ PLoS ONE | www.plosone.org

11

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

Temporal Transferability of SDMs

Auvailable: http://doi.wiley.com/10.1111/j.1365-2486.2006.01157.x. Accessed
18 July 2011.

Araujo MB, Luoto M (2007) The importance of biotic interactions for modelling
species distributions under climate change. Global Ecology and Biogeography
16: 743-753. doi:10.1111/j.1466-8238.2007.00359.x.

UNEPWCMC (2011) The UK National Ecosystem Assessment: Synthesis of the
Key Findings. Cambridge, UK. p.

Pearson RG, Dawson TE, Liu C (2004) Modelling species distributions in
Britain: a hierarchical integration of climate and land-cover data. Ecography 27:
285-298.

Thuiller W, Aratjo MB, Lavorel S (2004) Do we need land-cover data to model
species distributions in Europe. Journal of Biogeography 31: 353-361.

Tyre AJ, Tenhumberg B, Field SA, Niejalke D, Parris K, et al. (2003) Improving
Precision and Reducing Bias in Biological Surveys: Estimating False-Negative
Error Rates. Ecological Applications 13: 1790-1801. Available: http://www.
esajournals.org/doi/abs/10.1890/02-5078.

Tingley MW, Beissinger SR (2009) Detecting range shifts from historical species
occurrences: new perspectives on old data. Trends in Ecology & Evolution 24:
625-633. Available: http://www.ncbinlm.nih.gov/pubmed/19683829.
Segurado P, Aratjo MB (2004) An evaluation of methods for modelling species
distributions. Journal of Biogeography 31: 1555-1568.

Syphard AD, Franklin J (2010) Species traits affect the performance of species
distribution models for plants in southern California. Journal of Vegetation
Science 21: 177-189. Available: http://doi.wiley.com/10.1111/j.1654-1103.
2009.01133.x. Accessed 15 December 2010.

Svenning J-C, Skov F (2004) Limited filling of the potential range in European
tree species. Ecology Letters 7: 565-573. Available: http://blackwell-synergy.
com/doi/abs/10.1111/j.1461-0248.2004.00614.x. Accessed 1 August 2010.
Meier ES, Kienast F, Pearman PB, Svenning J-C, Thuiller W, et al. (2010) Biotic
and abiotic variables show little redundancy in explaining tree species
distributions. Ecography: 1038-1048. Available: http://doi.wiley.com/10.
1111/5.1600-0587.2010.06229.x. Accessed 12 November 2010.

Hof AR, Jansson R, Nilsson C (2012) How biotic interactions may alter future
predictions of species distributions: future threats to the persistence of the arctic
fox in Fennoscandia. Diversity and Distributions (In Press). Available: http://
doi.wiley.com/10.1111/j.1472-4642.2011.00876.x. Accessed 28 January 2012.
Mbogga MS, Wang X, Hamann A (2010) Bioclimate envelope model
predictions for natural resource management: dealing with uncertainty. Journal
of Applied Ecology 47: 731-740. Available: http://blackwell-synergy.com/doi/
abs/10.1111/§.1365-2664.2010.01830.x.

July 2012 | Volume 7 | Issue 7 | e40212



