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ABSTRACT

Aim Bioclimatic envelope models are widely used to describe changes in climati-
cally suitable areas for species under future climate scenarios. Climate change
metrics are applied independently of species data to characterize the spatio-
temporal dynamics of climate, and have also been used as indicators of the
exposure of species to climate change. Here, we investigate whether these two
approaches provide qualitatively similar indications about where biodiversity is
potentially most exposed to climate change.

Location Sub-Saharan Africa.

Methods We compared a range of climate change metrics for sub-Saharan Africa
with ensembles of bioclimatic envelope models for 2723 species of amphibians,
snakes, mammals and birds. For each taxonomic group, we performed three com-
parisons between the two approaches: (1) is projected change in local climatic
suitability (models) greater in grid cells with larger temporal differences in local
climate (metrics); (2) are projected losses or gains of climatically suitable areas
(models) greater for species in grid cells with climates that are projected to be less
or more available in the future, respectively (metrics); and (3) are projected shifts in
the position of climatically suitable areas (models) greater for species in grid cells
with climates projected to move farther in space (metrics)?

Results The changes in climatic suitability projected by the bioclimatic envelope
models covaried with the climatic changes measured with the metrics. Agreement
between the two approaches was found for all taxonomic groups, although it was
stronger for species with a narrower climatic envelope breadth.

Main conclusions For sub-Saharan African vertebrates, projected patterns of
exposure to climate change given by climate change metrics alone were qualitatively
comparable to bioclimatic model projections of changes in areas of suitable climate
for species. Assessments based on climate change metrics can thus be useful for
making first-cut inferences about the potential effects of climate change on regions
with poorly known biodiversity.

Keywords
Africa, bioclimatic envelope model, climate anomalies, climate change,
ecological niche model, exposure, vertebrate.

INTRODUCTION

Earth’s climate is known to have varied over millennia, with
recent decades witnessing rapid changes (Mann et al., 1998) that
are set to continue (IPCC, 2013). As temperature and precipita-
tion regimes change, not only is the climate at any given locality
altered, but climatic conditions are also redistributed at broader
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spatial scales. Such spatio-temporal dynamics of climate have
been suggested to influence biodiversity by causing local popu-
lation declines (Foden et al., 2007; Allen et al., 2010) and, even-
tually, translating into changes in the area or position of species’
ranges (Nogués-Bravo et al., 2010; Chen et al., 2011). Although
applied independently of species data, measured changes in
climate parameters over time (hereafter ‘climate change
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metrics’; Garcia et al., 2014b) have helped to explain the role of
past climatic changes in shaping biodiversity patterns (e.g.
Araujo et al., 2008; Hortal et al., 2011). If close correspondence
exists between climate and biodiversity, it follows that climate
change metrics might help to forecast the extent to which species
inhabiting particular areas are likely to become exposed to
future climatic changes (exposure sensu Dawson et al., 2011).
Indeed, climate change metrics have been used to assess the
potential threats and opportunities that species might face
under future climates (e.g. Ohlemiiller et al., 2006; Williams
et al., 2007; Loarie et al.,, 2009; Ackerly et al., 2010) as well
as the conservation measures that might be required (e.g.
Watson et al., 2013). By measuring multiple climatic changes
that represent different challenges for species (Garcia et al.,
2014), such metrics could be seen as an alternative to the
commonly used bioclimatic envelope models (Guisan &
Zimmermann, 2000; Peterson et al., 2011) in situations where
data on species distributions are absent or incomplete. However,
it remains unclear whether the two approaches provide qualita-
tively similar assessments of the exposure of biodiversity to
climate change.

The impacts of climate change on species depend on the
degree to which individuals and populations across species
ranges are exposed to changes in relevant aspects of climate,
their intrinsic sensitivity to these changes (Williams et al., 2008)
and, ultimately, also on biotic interactions (Post, 2013) and
synergies with other extrinsic threats (Brook etal., 2008).
Bioclimatic envelope models and climate change metrics can
support spatial analyses of the exposure of species and regions,
respectively, to climate change (for review see Garcia et al,
2014b). Bioclimatic envelope modelling has been extensively
used in climate change risk assessments for biodiversity at global
(e.g. Thomas ef al., 2004; Hof et al., 2011) and regional (e.g.
Thuiller et al., 2006; Aratjo et al., 2011) scales. Assuming that
species are at equilibrium with climate (a working assumption
rather than a theoretical or empirical expectation; see for dis-
cussion Aradjo & Peterson, 2012), these models use statistical
associations between observed species occurrences and climate
parameters to define the envelope of climatically suitable areas
for species across a given region. Based on the assumption that
such envelopes are conserved across time, future climate suit-
ability for species is then assessed across space depending on
how similar the projected climates are to those that define the
envelope. The bioclimatic envelope modelling approach can
thus provide statistical assessments of the exposure of individual
species to climate change by quantifying expected losses, gains
or fragmentation of climatically suitable areas, as well as shifts
required to track suitable climates (Midgley et al., 2003; Garcia
et al., 2014a; Heikkinen et al., 2009).

In turn, climate change metrics quantify the level of exposure
of geographical areas to climatic changes, allowing for inferences
to be drawn about the potential implications of these changes
for the biodiversity inhabiting such areas. Changes at any given
locality and changes in the distribution of climates across
broader regions can both be measured (Fig. 1; for a review of
existing metrics see Garcia et al., 2014b).

Different metrics depict distinct dimensions of climate
change, from local changes in average or extreme climates
(Katz et al., 2005; Williams et al., 2007) to regional changes in
the availability or position of particular climate conditions
(Ohlemiiller et al., 2006; Ackerly et al., 2010). Each of these
dimensions of change is expected to impose distinct threats and
opportunities for species (Garcia et al., 2014b). At the local level
(e.g. the grid cell), changes in average or extreme climatic condi-
tions can be used as a proxy for the threat of local demographic
changes. At the regional level (e.g. a set of grid cells), decreases or
increases in the available area of analogous climatic conditions
provide indications of the degree of threat of loss or opportunity
for gains of areas that are climatically suitable for species across a
given region, whereas shifts in the location of climatic conditions
can indicate the need for geographical shifts of species ranges.

Climate change metrics have the potential to add useful infor-
mation to traditional bioclimatic envelope models (Ohlemiiller,
2011), and may be the only alternative when species identities or
their locations are poorly known or not known at all (Garcia
et al.,2014b). Yet to ensure the appropriate use of climate change
metrics as an alternative tool for drawing inferences about the
exposure of species to climate change, it is crucial to critically
examine their outputs. The results provided by metrics can be
compared with species spatio-temporal turnover data (mostly
unavailable, but see, e.g., Aratjo et al., 2005; Tingley et al., 2009)
or, in their absence, with the results of other modelling
approaches (as done for bioclimatic envelope models and
mechanistic models; e.g., Kearney et al., 2010).

Here, we provide the first comparison between the projections
provided by climate change metrics and by bioclimatic envelope
models, for over 2000 species of sub-Saharan African amphib-
ians, snakes, mammals and birds. If both approaches highlight
the geographical areas of greatest threat or opportunity for
species, we predict that: (1) projected changes in climatic suit-
ability from bioclimatic envelope models, at the grid cell level,
will be greater where differences in local climate as projected by
the metrics are also greater; (2) projected losses or gains of areas
that are climatically suitable for species across the region, accord-
ing to bioclimatic envelope models, are larger where climate
change metrics project shrinking or expanding climates, respec-
tively; and (3) projected shifts in the position of areas that are
climatically suitable for species across regions, according to
bioclimatic envelope models, are greater where climates are proj-
ected by the metrics to move farther. We test these predictions
individually for each taxonomic group. As climate change metrics
are applied independently of species data, we assess the influence
of the breadth of species bioclimatic envelopes on the level of
agreement between the two approaches.

MATERIALS AND METHODS

Bioclimatic envelope models

We used published baseline (1961-90) and late-century (2081—
2100) projections of climatically suitable areas for sub-Saharan
African species of birds (1506), mammals (623), amphibians
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Figure 1 Bioclimatic envelope models versus climate change metrics. The different temporal changes in climatically suitable areas for
species, derived from bioclimatic envelope models for sub-Saharan African amphibians, snakes, mammals and birds (b, d, f), were each
compared with relevant metrics projecting future climate change in sub-Saharan Africa (a, ¢, ). For a given locality (cell with thick outline
in the schematic representation), local climate change metrics refer to changes occurring over time at that locality, and regional metrics
refer to changes in the distribution of the climate conditions of that locality across broader regions. For example, the climate conditions in
the selected cell in t1 change to a darker shade in t2 (local change, a), whereas the total area available across the region with the cell’s
climate condition in t1 decreases from nine cells in t1 to eight cells in t2, and moves farther in space (regional changes, parts ¢ and e
respectively). Based on bioclimatic envelope models for a given species in t1 (dashed line) and projections for 2 (solid line), local changes
in suitability at any given cell refer to the absolute difference in suitability for the species in that cell over time; the median differences for
all species occurring in that cell were then computed (b). In turn, regional changes in suitability for a given species refer to the proportion
of the t1 area of climatic suitability that is lost or gained in t2 (d), or the distance between the centroids of the climatically suitable areas at
tl and t2 (f); the median area proportions or distances across all species present at a given cell were then computed (d and f, respectively).
The arrows in the middle of each panel indicate whether the two approaches are expected to be positively or negatively related (arrows
pointing in similar or opposite directions).

(284) and snakes (310), at 1° resolution (c. 111 km x 111 km at sus among seven modelling techniques (the median projection;
the equator) (Garcia et al., 2012). The models were built with see a list of all techniques in Fig. S1), and assumed unlimited
three climatic variables: mean temperatures of both the warmest dispersal of species.

and coldest months, and annual precipitation. Baseline data for Based on the areas of climatic suitability for species projected
these variables were from the Climatic Research Unit (New for the baseline and future periods, we computed four types of
et al., 2002) and future projections were from a multi-model changes: local changes in climatic suitability, and losses, gains
ensemble of nine general circulation models (GCMs; Meehl and shifts of areas of climatic suitability for species. For each
et al., 2007; Tabor & Williams, 2010) under the A1B emissions species, local (cell-based) change in suitability was computed as
scenario (see Table S1 in Supporting Information for the list of the absolute value of the difference between the baseline and
GCMs and Garcia etal. (2012) for detailed methods). The future probabilities of climatic suitability of any given cell, to
models were calibrated using 75% of the species occurrence account for both potential improvement and deterioration in
data, and evaluated on the remaining 25% using true skill sta- suitability. Calculation of the remaining types of changes was
tistics (TSS; Allouche et al., 2006; see model evaluation in based on the model projections in binary form, converted from
Fig. S1). The projections used in our study reflected the consen- probabilities based on a threshold maximizing TSS. Losses or
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gains of climatically suitable areas were quantified for each
species as the proportion of the baseline areas projected to be
lost or gained in the future across sub-Saharan Africa. Shifts in
the position of climatically suitable areas were measured for
each species by the great-circle distance between the centroids of
baseline and future areas.

Climate change metrics

We used the selected climate variables to compute three climate
change metrics: local anomalies, regional changes in area of
baseline-analogous climates and regional changes in distance to
baseline-analogous climates. These three metrics were selected
because they are the ones most closely associated with the con-
cepts underpinning bioclimatic envelope models. Firstly,
whether a given locality is projected by the models to remain
suitable or to become unsuitable for a species depends on the
degree of local change in climate relative to the bioclimatic
envelope breadth and position for that species. Local anomalies
provide a measure of change in local climate, which is, however,
independent of species climate envelopes. Secondly, model pro-
jections of changes in the size or position of areas that are
climatically suitable for a given species are contingent on the
regional availability and location of the climatic conditions
characterizing the envelope. Changes in area of, and distance to,
analogous climates provide a measure of regional climate avail-
ability, albeit independently of the range of different suitable
climates for a given species.

Differences in local climate, or local anomalies, were esti-
mated by first scaling the variables from zero to one, and then
computing, for each cell, the multivariate Euclidean distance
between baseline and future climates. Metrics of regional
change relied on the definition of analogous climates: when can
two cells be considered to have similar climates? Following
Ohlemiiller et al. (2006), we considered climatic conditions to
be analogous across space and time if they differed by less than
pre-defined thresholds. To define the optimal thresholds for
each climate variable, we tested a sequence of 20 thresholds
spanning from half of the mean historical inter-annual variabil-
ity (1961-90) across sub-Saharan Africa to 10 times that value
(Ackerly et al., 2010). For each threshold, we derived a classifi-
cation of all cells across the study area, whereby cells that
differed by less than the set thresholds for all variables were
assigned the same class. To select the threshold yielding the
optimal classification, we compared the 20 Cclassifications
obtained with the Koppen—Geiger climatic classification (Peel
et al., 2007) using two approaches. With the ANOSIM test
(Clarke & Warwick, 1994), we assessed with 999 permutations
whether our classes of cells differed more between Koppen—
Geiger classes than within the same Koppen—Geiger class. With
the TSS test (Allouche et al., 2006) we assessed the accuracy of
our classification to discriminate between Koppen—Geiger
classes. For each Koéppen—Geiger class, we computed the prob-
ability that the climatic differences between cells in that class and
cells in different classes were greater than the set thresholds (true
negative fraction) and the probability that the differences

between cells within the same Koéppen—Geiger class were smaller
than the set thresholds (true positive fraction). We then com-
puted the median TSS across all Képpen—Geiger classes. For
regional metric calculations, we used the threshold maximizing
the ANOSIM and TSS statistics simultaneously.

Using the optimal threshold, we identified, for a given cell, all
other cells across sub-Saharan Africa with climates analogous to
that cell’s climate in the baseline period. We repeated this pro-
cedure for the future period (searching throughout the study
area for future climates that are analogous to that cell’s baseline
climate), and calculated the temporal change in area with analo-
gous climates. Positive values indicated expanding climates,
negative values indicated shrinking climates and zero reflected
no change. We also calculated the change in distance to baseline-
analogous climatic conditions. For each cell, we computed the
median of the great-circle distances to all cells with analogous
climates, in both baseline and future periods, and retained the
change over time. Negative values indicated that similar climates
were projected to move closer, whereas positive values indicated
they were projected to move farther.

Comparison of bioclimatic envelope models and
climate change metrics

For each taxonomic group, we assessed whether the changes in
climatic suitability projected by the bioclimatic envelope models
covaried with the dimensions of climate change measured with
the metrics (Fig. 1). First, local (cell) changes in climatic suit-
ability for species were compared with local climate anomalies.
Using the median absolute changes in climatic suitability across
species in each cell, we asked whether this median was greater in
grid cells exposed to large climate anomalies than in grid cells
exposed to small anomalies. The median value of anomalies
across sub-Saharan Africa was used to differentiate large from
small anomalies.

Second, changes in climatically suitable areas for species in
each taxonomic group were compared with regional changes in
climate. For each cell, we computed the median projected loss of
climatically suitable areas across species occurring in that cell.
We then asked whether the median projected losses in cells with
shrinking climates was greater than the same median loss in
expanding climates. We repeated the analysis for projected
median gains of climate space, with the expectation that gains
would be greater in cells with expanding climates. Finally, we
asked whether the median projected shift in position of climati-
cally suitable areas was greater in cells with climates projected by
the metrics to move farther apart than in cells with climates
projected to move closer.

For each comparative analysis, we used Wilcoxon signed-rank
tests to assess the statistical difference between the two groups of
grid cells exposed to different degrees of climate change. To
assess the magnitude and direction of the differences, we also
measured effect size. We used Cliff’s delta (Cliff, 1993), a
nonparametric alternative measure of effect size that is robust to
violations of the normality assumption. Cliff’s delta estimates
the probability that a value selected from one of the groups
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being compared is greater than a value selected from the other
group, minus the reverse probability. It varies from —1 to +1,
with zero indicating complete overlap between the distributions
of the two groups and values farther from zero reflecting smaller
overlap. The sign of the delta estimate reflects which group
dominates. In our tests, positive values indicated dominance
according to expectations (see Fig. 1), whereas negative values
indicated dominance contrary to expectations.

Sensitivity analysis to differences in species
envelope properties

As climate change metrics are applied independently of species
data, we investigated whether the comparisons performed were
affected by the properties of species bioclimatic envelopes. We
first assessed species envelope breadth using the outlying mean
index analysis (OMI; Dolédec et al., 2000). The OMI analysis
identifies the ordination axes that optimize the separation
between species occurrences, and quantifies the envelope posi-
tion and breadth for each species along those axes. Envelope
breadth is quantified as the dispersion of environmental condi-
tions occupied by species, with larger dispersion values indicat-
ing wider breadth. We then defined two groups of species across
the four taxonomic groups with bioclimatic envelope breadth
above and below the median breadth, and repeated the com-
parative tests between models and metrics for each group indi-
vidually. We expected the correspondence between the two
approaches to be greater, i.e., larger, positive, effect sizes meas-
ured with Cliff’s delta, for species with narrower climatic
breadth. Species endemic to more restricted ranges of climatic
conditions are likely to depend more strongly on tracking cli-
mates (Williams et al., 2007; Ohlemiiller et al., 2008) than
species with more generalist climate preferences.

RESULTS

Climate change metrics revealed that tropical areas of Africa were
the most exposed to large local (cell) anomalies in mean tempera-
tures of the coldest and warmest months and in annual precipi-
tation (Fig. 2a). In turn, bioclimatic envelope models forecast
larger absolute changes in local climatic suitability for species in
tropical areas extending into West Africa as well as the Ethiopian
Highlands (Fig. S2). For all four taxonomic groups, projections
by bioclimatic envelope models and climate change metrics were
consistent with our expectations that changes in local (cell)
climatic suitability for species were greater where climate anoma-
lies were also greater [Fig. 2b; Wilcoxon signed rank-test, P-val-
ues < 0.05; Cliff’s delta (confidence interval), 0.45 (0.40-0.49) for
birds, 0.49 (0.44—0.53) for mammals, 0.44 (0.39-0.48) for snakes
and 0.45 (0.41-0.50) for amphibians]. The same qualitative con-
clusion held when the comparison was done separately for posi-
tive and negative changes in local suitability (Fig. S3).

For regional metric calculations we used the values of three
times the inter-annual variability of each climatic parameter
across sub-Saharan Africa as thresholds to define analogous cli-
mates (Fig. S4). Regional metrics showed a decrease in area

Bioclimatic models versus climate change metrics

available for most conditions across the study region, with the
exception of a narrow strip from West Africa to the Ethiopian
Highlands where the prevailing climatic conditions were proj-
ected to expand in an area over sub-Saharan Africa (Fig. 2¢).
These expanding climatic conditions were characterized by high
temperatures of the coldest and warmest months across the
study area (Fig. S5a, b). The projections from the bioclimatic
envelope models built for the four taxonomic groups showed
greater losses than gains of climatic suitability between the base-
line and future periods (Fig. S2). Median losses of climatically
suitable areas across species were greater in southern Africa and
the eastern African mountains. By contrast, species in West
Africa and the Sahel were projected, on average, to gain higher
percentages of their baseline climatically suitable areas and
undergo larger displacements of such areas.

For all taxonomic groups, the median percentages of climati-
cally suitable area lost were higher for species occurring in
shrinking climates than for species occurring in expanding cli-
mates [Fig. 2d; Wilcoxon signed rank-test, P-values < 0.05;
Cliff’s delta (confidence interval), 0.49 (0.41-0.57) for birds,
0.45 (0.37-0.53) for mammals, 0.41 (0.33—0.48) for snakes and
0.45 (0.38-0.51) for amphibians]. By contrast, median percent-
ages of suitable climate area gained, according to the bioclimatic
envelope models, were higher for species in areas of expanding
climates [Fig. 2e; Wilcoxon signed rank-test, P-values < 0.05;
Cliff’s delta (confidence interval), 0.27 (0.21-0.33) for birds,
0.39 (0.32-0.45) for mammals, 0.47 (0.41-0.53) for snakes and
0.55 (0.48-0.62) for amphibians].

Regional metrics of change in the position of climates gener-
ally revealed a tendency for increased distances between similar
climatic conditions (Fig. 2f). By contrast, for the montane areas
of Ethiopia, eastern African and South Africa the distances to
similarly colder conditions were projected to decrease (Fig. S5c,
d), which could be a consequence of the disappearance of such
conditions in distant cells. In these montane areas, the median
distances that the models projected the climatically suitable
areas to shift were significantly smaller than the median dis-
tances in the remaining areas [Fig. 2g; Wilcoxon signed rank-
test, P-values < 0.05; Cliff’s delta (confidence interval), 0.26
(0.19-0.33) for birds, 0.26 (0.18-0.33) for mammals, 0.35 (0.28—
0.42) for snakes and 0.35 (0.28-0.41) for amphibians].

The correspondence between the two approaches investigated
here for assessing exposure to climate change was stronger for
the species across the four taxa with more specialized climatic
envelopes (Fig. 3). For all comparative tests involving local and
regional metrics, Cliff’s delta values were higher (positive) for
the group of species with wider climatic breadth.

DISCUSSION

A critical first step towards understanding the potential conse-
quences of 21st-century climates for biodiversity is to assess the
exposure of species or areas to future climatic changes.
Bioclimatic envelope models are well suited for assessing the
potential exposure of species to climatic changes (Dawson et al.,
2011; Moritz & Agudo, 2013), whereas climate change metrics
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Figure 2 Comparison of projected changes in climatic suitability for species between areas exposed to different levels of climate change.
Temporal changes in climatic suitability for sub-Saharan African amphibians (n = 284), snakes (7 = 310), mammals (1 = 623) and birds
(n=1506), from bioclimatic envelope models, were compared between groups of 1° grid cells with different levels of climate change as
measured with climate change metrics (see Fig. 1 for details on the comparisons performed). For metric-based local climatic changes, or
local anomalies, occurring at each locality over time (grid cell level, a), grid cells were grouped into small changes (below the median across
all cells) and large changes (above the median). The model-based median absolute changes in local (cell) climatic suitability across all
species present in each cell were then compared between areas of small (for each taxonomic group, bottom bars) and large (top bars)
metric-based local climatic changes (b). Metric-based projected changes over time in the available area of climates analogous to a given
cell’s climate (c) were grouped into shrinking (area decreases) or expanding (area increases) climates. The proportion of areas climatically
suitable for each species that was projected by the bioclimatic envelope models to be lost (d) or gained (e) was then averaged across all
species present in each cell, and compared between areas of expanding (bottom bars) and shrinking (top bars) climates. Metric-based
projected changes in distance to climates analogous to a given cell’s climate (f) were grouped into areas where analogous climates were
projected to move farther away and closer in the future. The distance shifted by each species’ climatically suitable areas over time, according
to the models, was then averaged across all species present in each cell and compared between areas with climates moving farther away (top
bars) and closer (bottom bars) (g). The maps were drawn using quantile classification.

can help to quantify the potential exposure of geographical areas
and assess the implications for species occurring in those
areas (Ohlemiiller, 2011; Garcia et al., 2014b). In our study,
bioclimatic envelope models for sub-Saharan African verte-
brates qualitatively matched climate change metrics (Fig. 2).
That is, grid cells with greater climate anomalies, as described by
the metrics, had greater changes in climate suitability for species,

as projected by the models. In turn, larger changes in the area or
position of analogous climates were indicative of larger changes
in the size or position, respectively, of climatically suitable areas
for species as projected by the models.

Congruence between projections of bioclimatic envelope
models and climate change metrics is consistent with the view
that metrics are useful for assessing the exposure of biodiversity

70 Global Ecology and Biogeography, 25, 65-74, © 2015 John Wiley & Sons Ltd



species' envelope breadth:

O wider ® narrower
o E
s 5 —a—
8
22 ——
c
23 o
o
g
a0 —
©
r=jte]
S
39 ———
? T
95
Q
5 +

[ I T T I I T 1

-01 00 01 02 03 04 05 086
Cliff's delta

Figure 3 Comparison between bioclimatic envelope models and
climate change metrics for groups of species with different
climatic breadth. For sub-Saharan African vertebrates (n = 2723),
changes in areas of climatic suitability for species, projected by
bioclimatic models, were compared between areas exposed to
different levels of climate change, as measured by climate change
metrics. The effect size estimations using Cliff’s delta are shown
here for the comparative tests performed for two groups of
species individually: species with wider and narrower climatic
breadth (open and closed circles, respectively). For each species
group, median absolute changes in local (cell) climatic suitability
for species were compared between areas of large and small local
anomalies; median projected losses and gains of climatically
suitable areas across species were compared between areas of
shrinking and expanding climates; and median projected shifts of
climatically suitable areas were compared between areas with
climates moving farther versus closer. Lines to the left and right of
the circles indicate the lower and upper confidence intervals of the
calculated Cliff’s delta.

to climatic changes. Interpreting metric outputs as indicators of
climatic threats and opportunities for species requires some of
the same working assumptions that underpin bioclimatic
envelope models. It needs to be assumed that the selected
climate variables and their spatial and temporal scales are rel-
evant for species, and that the region of study contains the full
range of suitable conditions for species (Peterson et al., 2011;
Anderson, 2013). Here, the same spatial resolution, climate vari-
ables and dispersal assumptions used in the bioclimatic models
(Garcia et al., 2012) were applied in our calculation of the
metrics to ensure comparability of results. The ecological inter-
pretation of the outputs of each approach, and the results of our
comparison between the two approaches, might, however, be
sensitive to these choices. Firstly, our 1° grid overlooks the
microclimatic drivers of species distributions. Only finer-scale
resolutions would ensure that the models capture the

Bioclimatic models versus climate change metrics

microclimatic drivers of species distributions and that the
metrics account for the spatial heterogeneity of climate.

Secondly, the choice of climatic variables can affect the com-
parison of the two approaches, particularly when there is diver-
gence between the variables with highest importance in the
models and those showing the greatest relative change over time
in the (multivariate) metrics. Although the variables used have
previously been shown to explain the distributions of verte-
brates in sub-Saharan Africa (e.g. Thuiller et al., 2006; Botts
et al., 2013; Beale et al., 2013), small sets of variables might only
explain coarse differences in climate and in climatic suitability
for species across space, whereas larger sets can capture finer
differences across space. A larger set could include variables
deemed biologically relevant for African vertebrates, such as
precipitation seasonality and the ratio of actual to potential
evapotranspiration (e.g. Huntley et al., 2006; Botts et al., 2012),
but potentially at the expense of increased risk of over-fitting for
species with insufficient records (Fielding & Bell, 1997) and thus
a reduced ability of models to transfer to future climates (Peter-
son et al., 2011). The choice of variables would also be likely to
differ across the four taxonomic groups.

Thirdly, the four taxonomic groups are differently sensitive to
our full dispersal assumption considered in both the models and
the metrics. Dispersal limits for different species or groups of
species could be accounted for in the models by restricting proj-
ected gains of climatically suitable areas within such limits, and
in the metrics by restricting the search of analogous climates to
a radius around each cell defined by the same limits.

At the same time, the reliance of climate change metrics
on climate data alone, independently of information on the
biogeography of species ranges, limits their interpretation in two
ways. First, climate change metrics disregard any information
about the bioclimatic envelopes of individual species. In a given
cell, the same changes in climate can result in lost (or gained)
climatic suitability for a species with a narrow climatic envelope,
while they may enable another species with more generalist
climatic preferences to remain within (or outside) its
bioclimatic envelope. Likewise, reduced availability of given cli-
matic conditions across a region poses a greater threat to species
that depend exclusively on such conditions than to species that
inhabit a broader variety of climatic conditions. These differ-
ences may explain why we found a better match between models
and metrics for species with narrower bioclimatic envelopes
(Fig. 3), although alternative explanations may rest on the
poorer model performance that is typical for species with wide
geographical (and likely climatic) ranges (Stockwell & Peterson,
2002; Segurado & Aratjo, 2004; see Fig. S6). By the same token,
lower levels of agreement might exist for species that are highly
dependent on non-climatic factors, or whose modelled distri-
butions are determined primarily by a subset of the variables
used. Our results show that models and metrics match for
assemblages of species at coarse resolutions, but the level of
agreement between the two approaches may differ for individual
species depending on their characteristics.

Second, in disregarding information about the geographical
ranges of species, climate change metrics are blind to associated
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measures of species richness or complementarity. That is, they
identify areas where climate-induced threats are expected to be
greatest, irrespective of the conservation importance of those
areas (e.g. Watson et al., 2013). One possible way of including
such information is to overlay climate change metric outputs
with layers of species richness (e.g. Ohlemiiller et al., 2008) or
protected areas (e.g. Loarie et al., 2009; Gillson et al., 2013), or to
restrict the computation of metrics to areas of conservation
importance (e.g. Beaumont et al., 2010; Wiens et al., 2010). By
contrast, bioclimatic envelope models add precision to priority
setting in that they also consider the numbers or the irreplace-
ability of affected species (e.g. Williams et al., 2005; Kujala et al.,
2013; Alagador et al., 2014).

Importantly, climate change metrics can be applied when and
where limited knowledge of biodiversity exists, thereby broad-
ening the scope of exposure assessments to species that are
known, poorly known or even unknown. Familiar applications
of bioclimatic envelope models exclude species with small
sample sizes due to the statistical limitations of the models (e.g.
Stockwell & Peterson, 2002). Most assessments of the effects of
climate change relying on such models are thus biased against
narrow-ranging species. Such bias is particularly acute in the
tropics (Feeley & Silman, 2011), and has potential consequences
for conservation priority setting under climate change (Platts
et al., 2014). Climate change metrics can be applied by examin-
ing the patterns of change according to multiple metrics, and
identifying the most important dimensions of change. The
potential implications for biodiversity can then be assessed by
relying on the association between different metrics and differ-
ent threats and opportunities for species, based on both empiri-
cal evidence and ecological theory (Garcia et al., 2014b).

Appreciating the full array of dimensions of climate change
captured by available metrics can also help to make assessments
of the impact of climate change more complete. In this study, we
considered the three climate change metrics that are most
closely associated with the bioclimatic envelope models used,
capturing local changes in average climates and regional changes
in the area and position of analogous climates. However, other
metrics such as local changes in climate extremes or variability,
the timing of specific climate events and the velocity at which
climates are displaced over the local topography could be equally
important (for a critical review see Garcia et al., 2014b). Another
example is that of local anomalies standardized by inter-annual
variability, highlighting the importance of local changes in areas
of low historical variability such as the tropics (Williams et al.,
2007). These and other dimensions of change can be integrated
into bioclimatic envelope models (e.g. Zimmermann et al,
2009; Altwegg et al., 2012) or complement model-based assess-
ments. Undoubtedly, the field of climate change ecology can
only advance with the integration of multiple approaches and
tools.
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