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Climate change represents a major challenge to the maintenance of global biodiversity. To date, the direction
and magnitude of net changes in the global distribution of plant diversity remain elusive. We use the empiri-
cal multi-variate relationships between contemporary water-energy dynamics and other non-climatic
predictor variables to model the regional capacity for plant species richness (CSR) and its projected
future changes. We find that across all analysed Intergovernmental Panel on Climate Change emission scen-
arios, relative changes in CSR increase with increased projected temperature rise. Between now and 2100,
global average CSR is projected to remain similar to today (4+0.3%) under the optimistic B1/41.8°C scen-
ario, but to decrease significantly (—9.4%) under the ‘business as usual’ A1FI/+4.0°C scenario. Across all
modelled scenarios, the magnitude and direction of CSR change are geographically highly non-uniform.
While in most temperate and arctic regions, a CSR increase is expected, the projections indicate a strong
decline in most tropical and subtropical regions. Countries least responsible for past and present greenhouse
gas emissions are likely to incur disproportionately large future losses in CSR, whereas industrialized
countries have projected moderate increases. Independent of direction, we infer that all changes in regional
CSR will probably induce on-site species turnover and thereby be a threat to native floras.
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1. INTRODUCTION

Global climate has been warming by approximately 0.6°C
during the last three decades (Hansen er al. 2006). The
bulk of warming observed over the last 50 years can be
with high certainty attributed to human-induced green-
house gas emissions (Raupach ez al. 2007). Global
warming is expected to continue at ever growing rates
in the current century, and some scenarios indicate a
global temperature rise by up to 6°C by 2100 (IPCC
2007; Richardson et al. 2009).

There is compelling empirical evidence that climate
change affects life on Earth in many ways. Prominent
examples are phenological characteristics like flowering
time of plants (Walther ez al. 2002; Parmesan 2006;
Hoye et al. 2007), breeding and arrival of migratory
species (Both & Visser 2001; Walther ez al. 2002) and
already, evolutionary adaptations to the changing con-
ditions have been recorded (Bradshaw & Holzapfel
2006). Climate change also influences species distri-
butions and richness as well as the composition of
assemblages (Parmesan & Yohe 2003; Root et al. 2003;
Thuiller ez al. 2008). Species may either keep their cur-
rent range or respond to changing environmental
conditions with range expansions, contractions or shifts.
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Colonization of new suitable areas may result in poleward
or upslope range expansions (Walther et al. 2002;
Parmesan 2006). Retractions from unsuitable sites with
harsher environmental conditions may lead to local and
even global extinction events (Thomas er al. 2004;
Thuiller er al. 2005). As a consequence, the warming
can provoke a lowland biotic attrition in some diverse tro-
pical lowland areas (Colwell ez al. 2008). Altogether, these
processes generate local and regional turnover of species
and net changes in species richness (Peterson ez al. 2002).

Consequences of changing climatic conditions on the
size and location of species ranges can be calculated by
applying niche modelling that takes into account infor-
mation on habitat requirements derived from known
occurrence sites (Guisan & Zimmermann 2000; Scott
et al. 2002; Phillips ez al. 2006). Such models provide
descriptors of species’ habitat and environment space
that can then be applied to future climate scenarios
(Sykes er al. 1996; Midgley et al. 2002; Pearson &
Dawson 2003; Skov & Svenning 2004; McClean ez al.
2005; Thuiller er al. 2005; Araujo & Rahbek 2006;
McKenney er al. 2007). Despite the fact that these
models indicate potential rather than realized distri-
butions, the difference between recent and potential
future distribution provides valuable information on poss-
ible range shifts (Guisan & Thuiller 2005), the risk status
of current ranges and required dispersal rates to reach
new suitable habitats (Jump et al. 2009). Plant
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distribution datasets have been assembled and analysed at
regional to continental extents (e.g. Linder 2001; Crisp
et al. 2001; Thuiller er al. 2005; Kuper et al. 20006;
Jiménez et al. 2009), but comparative analyses of these
datasets at a global scale remain intractable owing to
their uneven taxonomic and geographical representation
(Yesson et al. 2007). As an alternative to species distri-
bution data, information on species richness for
operational geographical units can be used for mapping
of geographical patterns of plant diversity (Barthlott
et al. 2005; Mutke & Barthlott 2005), for establishing
environment-richness relationships (Ricklefs er al. 2004;
Kreft & Jetz 2007) or for modelling future changes
(Algar er al. 2009).

Species richness, the number of species per area, is
strongly affected by climatic constraints, and water-
energy relations are the strongest and most pervasive
predictors of broad-scale gradients of plant species rich-
ness among different environmental variables (O’Brien
1998; Hawkins er al. 2003; Currie et al. 2004; Field
et al. 2005; Kreft & Jetz 2007). The water-energy-richness
hypothesis has received ample empirical support (Field
et al. 2009). It states that at high latitudes, plant species
richness is more strongly controlled by ambient energy,
whereas at low latitudes, the availability of liquid water
becomes more important (Hawkins ez al. 2003). Vascular
plants most probably evolved under wet tropical con-
ditions (Crane & Lidgard 1989) and needed to expand
their niche breadth by developing additional adaptations
of survival under less-favourable climate conditions
(Wiens & Donoghue 2004). Hence, the potential distri-
bution of species is mostly constrained by their
physiological level of tolerance, for example, their ability
to deal with frost and drought (O’Brien 1998; Hawkins
et al. 2003; Currie et al. 2004). Moreover, biotic inter-
actions influence the realized ranges of species (Aragjo &
Pearson 2005; Soberon 2007). In addition to climatic
controls, topography and habitat heterogeneity also
affect the species richness of an area. Especially in
warmer climates, topographically diverse regions have a
generally higher potential to maintain high species num-
bers (e.g. Kerr & Packer 1997; Kreft & Jetz 2007;
Jiménez ez al. 2009).

While climate and other environmental variables are
strong predictors of species richness, recent studies have
shown significant differences in the species richness of
different biogeographical regions after controlling for
these effects (Kreft & Jetz 2007; Qian 2009). For
plants, prime examples are winter rainfall regions that
have higher richness than expected from their current cli-
mate (Cowling er al. 1996; Linder 2001). This suggests
that idiosyncratic regional events as well as long-term cli-
mate fluctuations play an additional role in shaping
species-richness patterns (Dynesius & Jansson 2000).

Different  approaches describing  water-energy
dynamics have been successfully used in mechanistic or
correlative global models of contemporary plant diversity
(Kleidon & Mooney 2000; Francis & Currie 2003; Sitch
et al. 2003; Venevsky & Venevskaia 2003; Kreft & Jetz
2007). It has been demonstrated that these associations
may be used to estimate potential effects of climate
change and atmospheric carbon dioxide concentrations
on broad-scale species-richness patterns (Currie 2001;
Woodward & Kelly 2008; Algar et al. 2009). Such
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correlative approaches ignore obvious long-term evol-
utionary processes (Fine & Ree 2006; Donoghue 2008),
but facilitate basic estimates that would otherwise not
be feasible at a broad scale (within relevant time frames)
in such mega-diverse groups as plants. Here, we seize
on the potential of this methodology and model for pre-
sent and future, at a global scale, the number of species
for which a region can potentially provide habitat space.
As this potential species number is based purely on the
environmental capacity per area and may therefore
differ from the actual species number, it is denominated
‘regional capacity for species richness’ (CSR).

2. MATERIAL AND METHODS

We apply an empirical, correlative approach to relate the
observed global variation in plant species richness to a set
of ecologically meaningful environmental predictors (see
details below) in a generalized linear modelling (GLM) fra-
mework using the software package R (R Development
Core Team 2005). Hawkins ez al. (2003) and Kreft & Jetz
(2007) showed that variables related to ambient energy are
stronger determinants of species richness in high-latitude
regions with low temperatures, whereas in areas with
warmer temperatures (at lower latitudes), availability of
water is more important. Accordingly, our study follows
this ‘water-energy-richness hypothesis’. The different climate
change simulations imply shifts in the water-energy budget of
an area, and the shifts are likely to affect CSR. In all cases, a
consistent relationship is assumed between future climate
predictors and CSR, and the model was likewise applied
for regions holding combinations of future -climate
parameters that have no recent equivalent.

(a) Species-richness data

We selected 1032 globally representative, non-overlapping
natural and political operational geographical units with
defined locality and with known or estimated plant species
numbers from an exhaustive and geographically representa-
tive literature database (for more details and bibliographic
information, compare Kier ez al. 2005). These had been ear-
lier compiled to map and analyse the contemporary
distribution of global plant diversity (Barthlott ez al. 2005;
Kreft & Jetz 2007). Median area size was 22 910 km?, ran-
ging from 13.49 to 575400 km?, and we excluded small
oceanic islands because environment-richness relationships
differ between islands and mainlands (Kreft ez al. 2008).

(b) Climate datasets

As reference for possible future climate change, we used the
different families of twenty-first century greenhouse gas
emission scenarios selected by the Intergovernmental Panel
on Climate Change (IPCC 2000), which are based on cer-
tain assumptions on technological and socio-economic
development pathways and policy options (A1FI, A2, Bl,
B2). For the main comparative analyses, we referred to the
two extreme cases A1FI and B1. The climate dataset com-
prises one contemporary (mean values for reference period
1960-1990, here referred to as ‘today’) and 18 future cli-
mate datasets for 2100 referring to five general circulation
models (GCMs), i.e. CGCM2, CSIRO2, ECHAM4 (only
A2/B2), HadCM3 and PCM in all combinations of the
four major IPCC scenarios, distributed by the Tyndall
Center for Climate Change Research (TYN SC 2.03 dataset;
see Mitchell er al. 2004). The fossil-intensive A1FI scenario



Climate change and plant species richness

J. H. Sommer ez al. 2273

(IPCC 2000) results in a best estimate of an average global
surface temperature rise of +4.0°C by 2100. By contrast,
the technology-oriented B1 scenario results in a respective
temperature rise of +1.8°C. However, there is growing
evidence that the continuation of the current development
of anthropogenic CO, emissions would even result in a poss-
ible temperature rise above the A1FI scenario (Richardson
et al. 2009).

(¢) Predictor variables and modelling

As environmental predictors in the GLM framework, we
derived six variables. The four non-climatic variables were
identical to those used in a similar model of global plant
species diversity (Kreft & Jetz 2007), but two climate-related
variables were slightly different. Potential evapotranspiration
was replaced by mean annual temperature (log;, trans-
formed; K) as energy-related predictor,
because it is the major and most robust variable derived
from future GCMs. Further, wet-day frequency was replaced
by water balance, an alternative proxy for the water avail-
ability, because there were no data on wet-day frequency
available from future climate surfaces. Water balance was cal-
culated as the amount of precipitation minus the potential
evapotranspiration per area (log;o transformed; mmyr 1),
following the Thornthwaite equation (an approximation
incorporating temperature and day length; see Thornthwaite
1948). We did not fit the complex inter-annual variation of
these parameters. All other variables were identified as best
predictors from a set of 40 analysed variables and were
described in detail in Kreft & Jetz (2007). They are: area
size (to control for the variation in the size of the operational
geographical units; km?), habitat heterogeneity (measured as
an index combining the number of elevational belts and
vegetation types; n) and structural vegetation complexity
(rank of three-dimensional complexity per biome ranging
from one (desert, tundra) to six (tropical broadleaf forest);
n). Additionally, to allow for differences across the superior
biogeographical regions, floristic kingdom membership
(sensu Olson ez al. (2001) supplemented by the Cape Floristic
Region (e.g. Takhtajan 1986); #) was included to account for
regional effects on species richness above and beyond the
environment (Kreft & Jetz 2007; Qian 2009). Acknowled-
ging that climate-driven changes in land cover and
vegetation structure might additionally affect future changes
in CSR, the non-climatic variables were considered to remain
constant, because reliable future projections of these par-
ameters are not available and in order to analyse the
individual contribution of water-energy dynamics to CSR
changes. For the same reason, we did not consider land
use changes or habitat integrity, even though these factors
are known to heavily impact the distribution of species and
may in many cases be the most relevant short- and
medium-term threat to biodiversity (Sala er al. 2000; Jetz
et al. 2007).

A six-predictor GLM was performed for global plant
species richness and the combination of all abovementioned
predictor variables. Additionally, the interaction between
mean annual temperature and water balance was considered,
following the hypothesis that the role of temperature to
explain CSR may be different in areas with positive and nega-
tive water balance. The model parametrization was then used
to predict CSR per standard area across a global equal area
grid of ca 110 x 110 km? (12 100 km?) for the current data-
sets. Assuming a consistent relationship between species

an ambient

Proc. R. Soc. B (2010)

Table 1. Generalized linear model (GLM) results of a
model combining six predictor variables. (Since spatial
autocorrelation might affect traditional statistical tests, we
additionally performed spatial linear models to scrutinize
p-values obtained from the GLM approach (spatial
simultaneous autoregressive error model estimation,
compare Kreft & Jetz (2007)). AREA, area size of
operational geographical unit (km?); TMP, mean annual
temperature (K); WB, water balance (mmyr !); TMP:
WB, interaction between TMP and WB; TOPOVEG,
variable combining topographical complexity and number of
vegetation types (n); STRUCT, structural complexity of
vegetation (n); KINGDOM: NEA, Nearctic; AUS, Australis;
CAP, Capensis; PAT, Paleotropic; PAA, Palaearctic; AIC,
Akaike information criteria. Estimates for KINGDOM refer
to deviations from the Neotropics (INET).)

coefficient  s.e. t P

AREA 0.056 0.01 5261 1.74x 107”7
TMP (log)  —2847 350 -8.141 1.14x 1071
WB (log) —1541 190 —8.106 1.49 x 10°*°
TMP (log): 628 77 8.166 9.33 x 10 !¢

WB (log)
TOPOVEG 0.016 0.0008 19.234 <2x 10716
STRUCT 0.035 0.004 7.758 2.09 x 10~ !4
KINGDOM

NEA —0.054 0.031 —1.766 0.0776

AUS —0.033 0.041 —0.797 0.4254

CAP 0.24 0.048 4.896 1.14x 10°°

PAT 0.002 0.023 0.081 0.9358

PAA —0.007 0.028 —0.237 0.8128
deviance, % 63.4
AIC —288.09

richness and environment until 2100, the model parametri-
zation derived from contemporary richness-environment
relationships was then used to model future changes in
CSR for 18 available combinations of the five GCMs and
the four major IPCC scenarios. Then, the average values
for each IPCC emission scenario were calculated as the
mean of the respective GCMs. The main results presented
here refer to these mean values of either the ‘optimistic’ B1
scenario or the ‘business as usual’ A1FI scenario.

3. RESULTS AND DISCUSSION

The six-predictor GLM explained 63.4 per cent of the
deviance in current patterns of species richness based
on two climatic and four non-climatic parameters
(table 1). Compared with the model proposed by Kreft &
Jetz (2007), this explained about 2 per cent less of the
deviance, but yielded very similar estimates of species
richness (r, = 0.92).

There was a strong interaction effect between tempera-
ture and CSR for different classes of water balance
(figure la and table 1), and a model with an interaction
between mean annual temperature and water balance
provided stronger relative support than a model
including only the main effects (AAIC =106.5). In
humid regions with positive water balance, there was a
clear positive relationship between CSR and temperature
(slope = 16.17 + 0.65; standard error, p <2 x 10~ '°).
For regions with negative water balance up to
—500 mmyr !, this relationship was significantly
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Figure 1. (a) Observed current effects of temperature on plant species richness in 1032 geographical units worldwide. Residuals
from the species—area relationship (log—log) are plotted against log; transformed mean annual temperature (in K) for three
different classes of water balance (in mm yr~ ') calculated as annual precipitation minus annual potential evapotranspiration per
110 x 110 km? grid cell to illustrate the interaction effect between water balance and temperature. Regression lines with 95%
confidence intervals are displayed for all three classes. (b—d) Global patterns of water balance. () Observed current patterns,
(¢) projected patterns under +1.8°C/B1 scenario for 2100, and (d) projected patterns under +4.0°C/A1FI scenario for 2100.
Displayed are mean values for the CGCM2, CSIRO2, HadCM3 and PCM general circulation models (GCMs).

shallower yet positive (slope =3.16 + 0.65, p = 0.006),
and it was negative for the more arid areas with less
than —500mmyr ! (slope= —13.82+3.06, p=
1.05 x 107%%). As the water balance was predicted to
get more negative in many regions according to the
future climate scenarios (figure 16—d), this leads to a pre-
dicted decrease in CSR in these regions.

The projected changes in future CSR relate to the
magnitude of the projected temperature rise in a way
that global average CSR declines stronger in scenarios
with a higher expected temperature rise (figure 2 and
table 2). The geographical distribution of future CSR
per grid cell for the A1FI scenario differed significantly
from the present (two-sample paired Wilcoxon signed-
rank test, p < 2.2 x 107 '%). This was not the case for
the B1 scenario (p = 0.26, two-sample paired Wilcoxon
signed-rank test, figure 2 and table 2). For the A1FI scen-
ario, the CSR per grid cell was significantly lower than in
the B1 scenario (figure 3a; two-sample paired Wilcoxon
signed-rank test, p < 2.2 x 10~ '%), and individual CSR
values per grid cell showed a higher variation (table 2).
Global average CSR for the B1 scenario remained similar
to the present when the mean of all GCMs was con-
sidered (+0.3%), but there were pronounced differences
among them ranging from +3.0 per cent (PCM) to
—2.9 per cent (HadCM3; table 2). For the A1FI scen-
ario, there resulted a pronounced decrease in global
average CSR with a mean decrease among all GCMs of
—9.4 per cent, ranging from —0.7 (PCM) to —20.0 per
cent (HadCM3; table 2).

Unlike the rather moderate changes in the global
average future CSR, the projected changes in regional
CSR at an individual grid cell basis are much more
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pronounced. Absolute changes in regional CSR considered
independently from the direction of change are higher, the
larger the expected temperature rise. For the B1 scenario,
the average CSR change per cell reaches 15.3 per cent, and
for the A1FI scenario, there is an average change of 30.9
per cent per grid cell, reaching 42 per cent in the most
extreme HadCM3 circulation model (table 2).

The uneven distribution of species richness around the
globe is one of the most striking patterns in ecology and
biogeography (Hawkins ez al. 2003; Ricklefs 2004).
According to our analysis, the global distribution of
CSR will become profoundly more uneven than at pre-
sent, as evidenced by an increase in the coefficient of
variation in the year 2100 compared with today, calcu-
lated as the ratio of the standard deviation of all
regional CSR values to the global mean CSR (table 2).

We calculated the CSR for the year 2100 based on all
18 available combinations of IPCC scenarios and GCM:s.
Global CSR declined significantly in 13 of the 18 differ-
ent models by 2100, on average by 4.9 per cent. To
indicate the sensitivity of our results towards differences
emerging from different GCMs, we calculated the direc-
tion of change and summed up the number of models
indicating either increasing or decreasing CSR
(figure 2d). Among all 18 models, 74 per cent of the
land surface showed 100 per cent congruence in the
direction of change. Inconsistent results were found in
the transition zone between increasing and decreasing
CSR, in particular in parts of the Amazon basin and cen-
tral to southern Africa. The results indicate that
independent from the magnitude of the expected future
climate change, the direction of the calculated response
in terms of CSR changes is similar in most parts of the
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Figure 2. Modelled current global patterns of the capacity for species richness (CSR; species number per 110 x 110 km?) and
future changes. (a) Modelled current patterns of CSR, () change in CSR under +1.8°C/B1 scenario for 2100, and (¢) change
in CSR under +4.0°C/A1FI scenario for 2100. CSR changes are counted in species numbers per 110 x 110 km? grid cell and rep-
resent mean values for the CGCM2, CSIRO2, HadCM3 and PCM GCMs. Colour classes represent steps of 50 species.
(d) Congruence in the direction of change (either increase in CSR or decrease in CSR, independent from the magnitude of
change) between present and future CSR for all 18 available combinations of fivre GCMs (CGCM2, CSIRO2, ECHAM4 A2/B2,
HadCM3 and PCM) and the four major IPCC scenarios (A1FI, Al, B1, B2). The dark green colour stands for 100% congruence
across all 18 models that CSR is going to increase, whereas dark red indicates 100% congruence across models that CSR will decrease
in the respective area. Yellow areas are subject to oppositional predictions of the direction of change across the models.

world. The absolute changes in CSR, however, largely for the highest per capita CO, emissions worldwide, the
depend on the magnitude of climate change. mean CSR for the year 2100 significantly increased by

When averaged across the 40 industrialized countries an average of 52 (B1) and 77 (A1FI) species per grid
listed in the Kyoto Protocol Annex B that are responsible cell (mean CSR today: 594 species; two-sample paired
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Table 2. Summary results of future changes in the regional capacity for species richness (CSR; species number per 110 x
110 km?). (Presented are 18 combinations of four major IPCC emission scenarios (A1FI, A2, B1, B2) and five general
circulation models (GCMs) (CGCM2, CSIRO2, ECHAM4 A2/B2, HadCM3, PCM) providing climate projections for the
year 2100. Global mean CSR change (%) indicates the global average percentage change between current and future CSR
across all grid cells. Regional mean CSR change (%) indicates the average absolute percentage change between current and
future CSR as compared on an individual grid cell basis. Global area with CSR loss (%) gives the proportion of all grid cells
that have lower values in future CSR than today. Coeff. of variation in global CSR displays the coefficient of variation as a
normalized measure of dispersion of CSR, calculated as the ratio of the standard deviation of all regional CSR values to the
global mean CSR. The higher the coefficient of variation, the more uneven is the distribution of regional CSR values.)

global mean CSR (today) = 887

coeff. of variation in CSR (today) = 0.79 Al1FI A2 B1 B2 mean
CGCM2 global mean CSR change (%) —-15.6 —-10.9 -0.3 —-2.3 -7.2
regional mean CSR change (%) 36.3 30.5 14.2 18.4 24.5
global area with CSR loss (%) 53 51 40 44 50
coeff. of variation in global CSR 0.95 0.94 0.90 0.91 0.91
CSIRO2 global mean CSR change (%) —1.2 —-3.3 1.7 0.5 —-0.6
regional mean CSR change (%) 27.2 30.5 19.7 22.7 24.9
global area with CSR loss (%) 44 46 40 42 43
coeff. of variation in global CSR 1.04 1.06 0.99 1.01 1.02
ECHAM4 global mean CSR change (%) — —12.0 — —-4.0 -17.9
regional mean CSR change (%) — 36.3 — 24.9 30.4
global area with CSR loss (%) — 49 — 45 48
coeff. of variation in global CSR — 1.23 — 1.08 1.15
HadCM3 global mean CSR change (%) —20.0 —16.6 -2.9 —-6.9 —11.6
regional mean CSR change (%) 42.0 36.8 19.2 24.3 30.3
global area with CSR loss (%) 51 49 44 46 49
coeff. of variation in global CSR 1.40 1.28 1.04 1.10 1.18
PCM global mean CSR change (%) -0.7 0.6 3.0 2.5 1.4
regional mean CSR change (%) 20.9 18.0 9.9 12.5 15.1
global area with CSR loss (%) 42 40 34 36 38
coeff. of variation in global CSR 0.97 0.96 0.91 0.93 0.94
mean of GCMs global mean CSR change (%) —9.4 —8.5 0.3 —-2.0 —-5.2
regional mean CSR change (%) 30.9 29.8 15.3 20.0 23.9
global area with CSR loss (%) 49 49 41 44 47
coeff. of variation in global CSR 1.04 1.06 0.95 0.99 1.01

Wilcoxon signed-rank test, p < 2.2 x 107 !%; figure 3b).
By contrast, the mean CSR decreased significantly by
64 (B1) to 186 (A1FI) species per grid cell (two-sample
paired Wilcoxon signed-rank test, p < 2.2 x 10719 in
countries not listed as industrialized (mean CSR today:
1099 species). This apparent difference is mostly owing
to the projected increase in CSR, owing to warming at
higher latitudes, whereas CSR in most non-industrialized
developing countries is projected to decrease owing to
declining water availability. This discrepancy is alarming
as the countries richest in plant biodiversity also are
projected to experience the largest net loss in CSR. More-
over, it is inequitable that the countries being least
responsible for the carbon dioxide concentration in the
atmosphere are likely to be confronted with highest biodi-
versity threat owing to greenhouse gas-induced climate
change. This is particularly worrying as the potential to
develop climate change mitigation and adaptation strat-
egies is much lower in these countries when compared
with industrialized ones (IPCC 2007).

For both the A1FI and the B1 scenario, a pronounced
global discrepancy surfaced between regions exposed to
either increasing or decreasing CSR (figure 2b,c). Calcu-
lated across 13 major biomes in their current-day spatial
location (excluding mangroves as an azonal system;
Olson et al. 2001), we found that by 2100 CSR shows
the highest increase in tundras, followed by boreal forests,
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temperate coniferous forests, montane grasslands and
shrublands, broadleaf and mixed forests and temperate
grasslands (figure 3c¢). In these systems, CSR might
increase as a result of a relaxation from harsh thermal
constraints, such as the occurrence or severity of frost or
the duration of the thermal vegetation period, which all
strongly limit plant distributions and richness (Sakai &
Weiser 1973; Woodward 1987). On the other hand, a
decrease in CSR is observed in biomes such as deserts
and xeric shrublands, tropical and subtropical dry broad-
leaf forests, flooded grasslands and savannahs, tropical and
subtropical grasslands, tropical and subtropical moist
broadleaf forests, as well as in tropical and subtropical
coniferous forests. The decrease in CSR in these areas
can be explained by a shift of water balance to more nega-
tive values and resulting in an excess of drought tolerance
levels for many species (compare Baltzer er al. 2008;
Engelbrecht er al. 2007). If the Amazon rainforest is con-
sidered independently from African and Asian rainforests,
it shows the most severe decrease in CSR compared with
all other regions, with losses of approximately 30 (B1) to
50 per cent (A1FI). This corresponds to a potential die-
back of Amazon forests by 2100 suggested by some
GCMs (Cox er al. 2004). Minor CSR changes are pro-
jected for temperate grasslands, savannahs and
shrublands and in Mediterranean forests, woodlands
and scrub. The low effect of climate change on CSR in
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Figure 3. Modelled changes in the capacity for species richness (CSR; species number per 110 x 110 km?) between today and
the year 2100 under the +1.8°C/B1 scenario (blue) and the +4.0°C/A1FI scenario (red). (@) Global average CSR change as
mean values for the CGCM2, CSIRO2, HadCM3 and PCM GCMs, and for each GCM individually. () CSR change for the
industrialized Kyoto protocol Annex B countries when compared with Non-Annex B countries. (¢) CSR change across all 13
terrestrial biomes. Percentage values reflect the change in CSR for the respective subset of 110 x 110 km? equal area grid cells.
Bold lines indicate the mean value, boxes indicate second and third quartiles and whiskers indicate 10th and 90th percentiles.

Mediterranean regions may be explained by not resolving
the seasonal distribution of precipitation in the GLM.
The ranking of biomes differs slightly when absolute
and relative changes in CSR are compared.

Modelled CSR values provide insights into the poten-
tial of an area to host a certain number of species. Thus,
future CSR projections represent a first baseline risk
assessment of the global distribution of plant diversity in
the face of climate change. Similar to environmental
niche modelling, we employ the covariation of environ-
mental variables and species richness in space to derive
temporal predictions (i.e. ‘space-for-time’ substitution;
La Sorte er al. 2009). An obvious limitation of this
approach is that it does not provide direct information
about possible range expansions, contractions or extinc-
tions. While the modelled projections account for
particular aspects of future climate change, they do not
address the complexity of species interactions, potential
additional environmental constraints and changes in the
non-climatic environmental variables that were not
included in the model. Moreover, it is yet unclear how cli-
mate-richness relationships vary over time, and whether
the same relationships will hold under future climate con-
ditions. Another uncertainty of our approach comes from
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novel future climate conditions and climatic extremes
(Williams ez al. 2007).

The considered timespan of roughly one century
appears too short to trigger substantial speciation events
for vascular plants. Short-term changes in local species
composition and richness should therefore mostly come
about owing to species colonizing from other areas and
arise from local extinctions. There is evidence that most
species tend to keep their ecological preferences when
colonizing new habitats (Crisp et al. 2009). For this
reason, some regions may lack the appropriate number
of suitable species to fill the provided habitat space.
Future climate conditions equivalent to current con-
ditions will in many cases be beyond reach owing to
geographical distance or may be even non-existent
(Williams ez al. 2007). The risks of climate change-induced
range shifts are multiplied in transformed and fragmented
landscapes that provide little accessible space, reduced
migration routes and little flexibility for the persistence
of disadvantaged native species (Walther ez al. 2002;
Svenning & Skov 2004). On the other hand, the spatial pat-
terning of landscape features and environmental variables
at different spatial scales can also have a stabilizing effect
on species distributions. Many species may be able to
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persist in small pockets of suitable conditions, e.g. in valleys
or gallery forests with still suitable meso- and microscale
conditions, even when the overall broad-scale climate
conditions are getting harsh and unsuitable.

The rate at which climate is projected to change and at
which species displacement is induced in many cases may
exceed the velocity at which new arriving species and
functional communities are able to establish (Hector
et al. 1999). Changes in species composition require
time for dispersal and recruitment success of invasive
species as well as displacement of formerly native species
confronted with unfavourable conditions. Disturbances
and catastrophic events (Pounds ez al. 2005) as well as
complex biotic interactions (Pearson & Dawson 2003)
can further influence the velocity of this process. Ecosys-
tem changes are not likely to appear gradually but are
connected to thresholds and tipping points (Scholze
et al. 2006). In terms of species richness, this can result
in timespans with relative stability followed by a cascade
of local extinction events. However, as the current occur-
rence of species represents their realized niches that can
be considerably smaller than their fundamental ones
(Araujo & Pearson 2005), some species ranges could be
considerably more resilient to changing climate con-
ditions than expected. Hence, the eventual achievement
of equilibrium between local CSR and realized species
richness is subject to interacting factors related to the resi-
lience capacity of individual species and communities
(Leemans & Eickhout 2004).

While the negative impacts of a climate-change-induced
reduction in regional CSR on global biodiversity and
ecosystem functions are apparent, perils of increasing
CSR are less obvious at first glance. From a human per-
spective, an increase in CSR may even be associated with
some positive effects such as higher agricultural pro-
ductivity, higher carbon storage and a wider range of
options to manage ecosystem services in some parts of
the world (Leemans & Eickhout 2004). On the other
hand, a fast increase in CSR beyond the potential for adap-
tation by established ecosystems may signal high prevalence
of species invasions and an extensive replacement of native
floras by widespread and competitive species immigrating
from elsewhere (Scholze er al. 2006; Woodward & Kelly
2008). Paradoxically, an increase in CSR can thereby
even cause an intermediate decrease in the absolute species
numbers within many regions. Especially, species adapted
to harsh environmental conditions may be particularly
vulnerable if the climate becomes more favourable for gen-
eralists. In this respect, endemic species may get more
threatened, as many of them evolved under long-term
stable climatic conditions (Jansson 2003; Linder 2008).
As a consequence, future climate change may trigger the
reallocation of the global pool of existing species. Competi-
tive generalist species will get more abundant and
widespread at the expense of specialists that will get more
rare and range-restricted or even go extinct, resulting in
biotic homogenization (White & Kerr 2007; La Sorte
et al. 2009). Altogether, this may alter ecological inter-
actions. Although newly arriving species may fill in some
of the ecological functions of disappearing species, there
is a high risk that ecosystem functions and services may
be impaired (Schréter et al. 2005).

Our results indicate that the consequences of climate
change for plant distributions differ dramatically between
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the two examined IPCC scenarios, B1 and A1FI. Hence,
a precautionary principle dictates that an immediate
implementation and continuous further improvement of
mitigation strategies are necessary to minimize negative
impacts on biodiversity, environmental functionality
and sustainable human development. In addition, our
results reinforce the necessity of regionalized adaptation
strategies in regions with either expected increase or
decrease in CSR to minimize the negative impacts of
climate change.

We thank Pierre L. Ibisch and two anonymous referees for
valuable comments on the manuscript. J.H.S. and W.B.
acknowledge financial support from the German Federal
Ministry for Education and Research (BMBF), BIOTA
project and the Academy of Sciences and Literature in

Mainz, Germany. H.K’s work was supported by a
scholarship from the German National Academic
Foundation and by a Feodor-Lynen Postdoctoral

Fellowship from the Alexander von Humboldt Foundation.
W.]J. acknowledges support through US National Science
Foundation grant BCS-0648733. J.H.S. and H.K.
contributed equally in designing the work and analysing the
data, and wrote the initial draft of the paper. W.J. shaped
the focus of the analyses. W.B., .M. and G.K. provided
data, and all authors discussed the results, contributed to
and commented on drafts of the manuscript. The authors
declare no competing financial interests.

REFERENCES

Algar, A. C., Kharouba, H. M., Young, E. R. & Kerr, J. T.
2009 Predicting the future of species diversity: macroeco-
logical theory, climate change, and direct tests of
alternative forecasting methods. Ecography 32, 22-33.
(d0i:10.1111/j.1600-0587.2009.05832.x)

Araugjo, M. B. & Pearson, R. G. 2005 Equilibrium of species’
distributions with climate. Ecography 28, 693-695.
(d0i:10.1111/j.2005.0906-7590.04253.x)

Araujo, M. B. & Rahbek, C. 2006 How does climate change
affect biodiversity? Science 313, 1396-1397. (doi:10.
1126/science.1131758)

Baltzer, J. L., Davies, S. ]J., Bunyavejchewin, S. & Noor,
N. S. M. 2008 The role of desiccation tolerance in deter-
mining tree species distributions along the Malay-Thai
Peninsula. Funct. Ecol. 22, 221-231. (doi:10.1111/
j.1365-2435.2007.01374.x)

Barthlott, W., Mutke, J., Rafigpoor, M. D., Kier, G. &
Kreft, H. 2005 Global centres of vascular plant diversity.
Nova Acta Leopoldina 92, 61—-83.

Both, C. & Visser, M. E. 2001 Adjustment to climate change
is constrained by arrival date in a long-distance migrant
bird. Nature 411, 296—298. (doi:10.1038/35077063)

Bradshaw, W. E. & Holzapfel, C. M. 2006 Evolutionary
response to rapid climate change. Science 312, 1477-
1478. (doi:10.1126/science.1127000)

Colwell, R. K., Brehm, G., Cardelus, C. L., Gilman, A. C. &
Longino, J. T. 2008 Global warming, elevational range
shifts, and lowland biotic attrition in the wet tropics.
Science 322, 258-261. (doi:10.1126/science.1162547)

Cowling, R. M., Rundel, P. W.,, Lamont, B. B., Arroyo,
M. K. & Arianoutsou, M. 1996 Plant diversity in
Mediterranean-climate regions. Trends Ecol. Evol. 11,
362-366. (doi:10.1016/0169-5347(96)10044-6)

Cox, P. M., Betts, R. A., Collins, M., Harris, P. P,
Huntingford, C. & Jones, C. D. 2004 Amazonian forest
dieback under climate-carbon cycle projections for the
21st century. Theor. Appl. Chimarol. 78, 137-156.
(doi:10.1007/s00704-004-0049-4)


http://dx.doi.org/doi:10.1111/j.1600-0587.2009.05832.x
http://dx.doi.org/doi:10.1111/j.2005.0906-7590.04253.x
http://dx.doi.org/doi:10.1126/science.1131758
http://dx.doi.org/doi:10.1126/science.1131758
http://dx.doi.org/doi:10.1111/j.1365-2435.2007.01374.x
http://dx.doi.org/doi:10.1111/j.1365-2435.2007.01374.x
http://dx.doi.org/doi:10.1038/35077063
http://dx.doi.org/doi:10.1126/science.1127000
http://dx.doi.org/doi:10.1126/science.1162547
http://dx.doi.org/doi:10.1016/0169-5347(96)10044-6
http://dx.doi.org/doi:10.1007/s00704-004-0049-4

Climate change and plant species richness

J. H. Sommer et al. 2279

Crane, P. & Lidgard, S. 1989 Angiosperm diversification and
paleolatitudinal gradients in cretaceous floristic diversity.
Science 246, 675-678. (doi:10.1126/science.246.4930.
675)

Crisp, M. D., Laffan, S., Linder, H. P. & Monro, A. 2001
Endemism in the Australian flora. ¥ Biogeogr. 28,
183-198. (doi:10.1046/j.1365-2699.2001.00524.x)

Crisp, M. D. ez al. 2009 Phylogenetic biome conservatism on
a global scale. Nature 458, 754-756. (doi:10.1038/
nature07764)

Currie, D. J. 2001 Projected effects of climate change on pat-
terns of vertebrate and tree species richness in the
conterminous United States. Ecosystems 4, 216-225.
(d0i:10.1007/s10021-001-0005-4)

Currie, D. J. et al. 2004 Predictions and tests of climate-
based hypotheses of broad-scale variations in taxonomic
richness. Ecol. Lett. 7, 1121-1134. (d0i:10.1111/j.1461-
0248.2004.00671.x)

Donoghue, M. J. 2008 A phylogenetic perspective on the dis-
tribution of plant diversity. Proc. Natl Acad. Sci. USA 105,
11549-11555. (d0i:10.1073/pnas.0801962105)

Dynesius, M. & Jansson, R. 2000 Evolutionary consequences
of changes in specie$ geographical distributions driven by
Milankovitch climate oscillations. Proc. Natl Acad. Sci.
USA 97, 9115-9120. (doi:10.1073/pnas.97.16.9115)

Engelbrecht, B. M. J., Comita, L. S., Condit, R., Kursar,
T. A., Tyree, M. T., Turner, B. L. & Hubbell, S. P.
2007 Drought sensitivity shapes species distribution pat-
terns in tropical forests. Nature 447, 80—-82. (doi:10.
1038/nature05747)

Field, R., O’Brien, E. M. & Whittaker, R. J. 2005 Global
models for predicting woody plant richness from climate:
development and evaluation. Ecology 86, 2263-2277.
(doi:10.1890/04-1910)

Field, R. ez al. 2009 Spatial species-richness gradients across
scales: a meta-analysis. § Biogeogr. 36, 132—147. (doi:10.
1111/j.1365-2699.2008.01963.x)

Fine, P. V. A. & Ree, R. H. 2006 Evidence for a time-inte-
grated species-area effect on the latitudinal gradient in
tree diversity. Am. Nat. 168, 796—804. (doi:10.1086/
508635)

Francis, A. P. & Currie, D. J. 2003 A globally consistent rich-
ness-climate relationship for angiosperms. Am. Nat. 161,
1-37. (doi:10.1086/368223)

Guisan, A. & Thuiller, W. 2005 Predicting species distri-
bution: offering more than simple habitat models. Ecol.
Lerz. 8, 993-1009. (doi:10.1111/5.1461-0248.2005.
00792.x)

Guisan, A. & Zimmermann, N. E. 2000 Predictive habitat
distribution models in ecology. Ecol Model. 135,
147-186. (doi:10.1016/S0304-3800(00)00354-9)

Hansen, J., Sato, M., Ruedy, R., Lo, K., Lea, D. W. &
Medina-Elizade, M. 2006 Global temperature change.
Proc. Natl Acad. Sci. USA 103, 14 288-14293. (doi:10.
1073/pnas.0606291103)

Hawkins, B. A. er al. 2003 Energy, water, and broad-scale
geographic patterns of species richness. Ecology 84,
3105-3117. (doi:10.1890/03-8006)

Hector, A. et al. 1999 Plant diversity and productivity.
Experiments in FEuropean grasslands. Science 286,
1123-1126. (doi:10.1126/science.286.5442.1123)

Hoye, T. T., Post, E., Meltofe, H., Schmidt, N. M. &
Forchhammer, M. C. 2007 Rapid advancement of
spring in the High Arctic. Curr. Biol. 17, R449-R451.
(doi:10.1016/j.cub.2007.04.047)

IPCC 2000 Special report on emissions scenarios (SRES).
Cambridge, UK: Cambridge University Press.

IPCC 2007 Chmate change 2007: climate change impacts,
adaptation and vulnerability. Fourth Assessment Report,
Intergovernmental Panel on Climate Change.

Proc. R. Soc. B (2010)

Jansson, R. 2003 Global patterns in endemism explained by
past climatic change. Proc. R. Soc. Lond. B 270, 583—-590.
(doi:10.1098/rspb.2002.2283)

Jetz, W., Wilcove, D. S. & Dobson, A. P. 2007 Projected
impacts of climate and land-use change on the global
diversity of birds. PLoS Biol. 5, 1211-1219. (doi:10.
1371/journal.pbio.0050157)

Jiménez, 1., Distler, T. & Jorgensen, P. M. 2009 Estimated
plant richness pattern across northwest South America
provides similar support for the species-energy and spatial
heterogeneity hypotheses. Ecography 32, 433-448.
(doi:10.1111/j.1600-0587.2008.05165.x)

Jump, A. S., Matyas, C. & Pefiuelas, J. 2009 The altitude-
for-latitude disparity in the range retractions of woody
species. Trends Ecol. Evol. 24, 694-701. (doi:10.1016/j.
tree.2009.06.007)

Kerr, J. T. & Packer, L. 1997 Habitat heterogeneity as
a determinant of mammal species richness in high-
energy regions. Narure 385, 253-254. (doi:10.1038/
385252a0)

Kier, G., Mutke, J., Dinerstein, E., Ricketts, T. H., Kiiper,
W., Kreft, H. & Barthlott, W. 2005 Global patterns of
plant diversity and floristic knowledge.
¥ Biogeogr. 32, 1107-1116. (doi:10.1111/j.1365-2699.
2005.01272.x)

Kleidon, A. & Mooney, H. A. 2000 A global distribution of
biodiversity inferred from climatic constraints: results
from a process-based modelling study. Glob. Change
Biol. 6, 507-523. (doi:10.1046/j.1365-2486.2000.
00332.x)

Kreft, H. & Jetz, W. 2007 Global patterns and determinants
of vascular plant diversity. Proc. Nail Acad. Sci. USA 104,
5925-5930. (doi:10.1073/pnas.0608361104)

Kreft, H., Jetz, W., Mutke, J., Kier, G. & Barthlott, W. 2008
Global diversity of island floras from a macroecological
perspective. Ecol. Lert. 11, 116-127.

Kiper, W., Sommer, J. H., Lovett, J. C. & Barthlott, W.
2006 Deficiency in African plant distribution data:
missing pieces of the puzzle. Bor. F Linn
Soc. 150, 355-368. (doi:10.1111/j.1095-8339.2006.
00494 .x)

La Sorte, F. A., Lee, T. M., Wilman, H. & Jetz, W. 2009
Disparities between observed and predicted impacts
of climate change on winter bird assemblages.
Proc. R. Soc. B 276, 3167-3174. (doi:10.1098/rspb.
2009.0162)

Leemans, R. & Eickhout, B. 2004 Another reason for
concern: regional and global impacts on ecosystems
for different levels of climate change. Glob. Enwviron.
Change 14, 219-228. (doi:10.1016/j.gloenvcha.2004.
04.009)

Linder, H. P. 2001 Plant diversity and endemism in sub-
Saharan tropical Africa. ¥ Biogeogr. 28, 169-182.
(d0i:10.1046/j.1365-2699.2001.00527.x)

Linder, H. P. 2008 Plant species radiations: where, when,
why? Phil. Trans. R. Soc. B 363, 3097-3105. (doi:10.
1098/rstb.2008.0075)

McClean, C. et al. 2005 African plant diversity and climate
change. Ann. Mo. Bot. Gard. 92, 139-152.

McKenney, D. W., Pedlar, J. H., Lawrence, K., Campbell, K. &
Hutchinson, M. E. 2007 Potential impacts of climate change
on the distribution of North American trees. BioScience 57,
939-948. (doi:10.1641/B571106)

Midgley, G. F., Hannah, L., Millar, D., Rutherford, M. C. &
Powrie, L. W. 2002 Assessing the vulnerability of species
richness to anthropogenic climate change in a biodiversity
hotspot. Glob. Ecol. Biogeogr. 11, 445—-451. (d0i:10.1046/
j.1466-822X.2002.00307.x)

Mitchell, T. D., Carter, T. R., Jones, P. D., Hulme, M. &
New, M. 2004 A comprehensive set of high-resolution


http://dx.doi.org/doi:10.1126/science.246.4930.675
http://dx.doi.org/doi:10.1126/science.246.4930.675
http://dx.doi.org/doi:10.1046/j.1365-2699.2001.00524.x
http://dx.doi.org/doi:10.1038/nature07764
http://dx.doi.org/doi:10.1038/nature07764
http://dx.doi.org/doi:10.1007/s10021-001-0005-4
http://dx.doi.org/doi:10.1111/j.1461-0248.2004.00671.x
http://dx.doi.org/doi:10.1111/j.1461-0248.2004.00671.x
http://dx.doi.org/doi:10.1073/pnas.0801962105
http://dx.doi.org/doi:10.1073/pnas.97.16.9115
http://dx.doi.org/doi:10.1038/nature05747
http://dx.doi.org/doi:10.1038/nature05747
http://dx.doi.org/doi:10.1890/04-1910
http://dx.doi.org/doi:10.1111/j.1365-2699.2008.01963.x
http://dx.doi.org/doi:10.1111/j.1365-2699.2008.01963.x
http://dx.doi.org/doi:10.1086/508635
http://dx.doi.org/doi:10.1086/508635
http://dx.doi.org/doi:10.1086/368223
http://dx.doi.org/doi:10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/doi:10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/doi:10.1016/S0304-3800(00)00354-9
http://dx.doi.org/doi:10.1073/pnas.0606291103
http://dx.doi.org/doi:10.1073/pnas.0606291103
http://dx.doi.org/doi:10.1890/03-8006
http://dx.doi.org/doi:10.1126/science.286.5442.1123
http://dx.doi.org/doi:10.1016/j.cub.2007.04.047
http://dx.doi.org/doi:10.1098/rspb.2002.2283
http://dx.doi.org/doi:10.1371/journal.pbio.0050157
http://dx.doi.org/doi:10.1371/journal.pbio.0050157
http://dx.doi.org/doi:10.1111/j.1600-0587.2008.05165.x
http://dx.doi.org/doi:10.1016/j.tree.2009.06.007
http://dx.doi.org/doi:10.1016/j.tree.2009.06.007
http://dx.doi.org/doi:10.1038/385252a0
http://dx.doi.org/doi:10.1038/385252a0
http://dx.doi.org/doi:10.1111/j.1365-2699.2005.01272.x
http://dx.doi.org/doi:10.1111/j.1365-2699.2005.01272.x
http://dx.doi.org/doi:10.1046/j.1365-2486.2000.00332.x
http://dx.doi.org/doi:10.1046/j.1365-2486.2000.00332.x
http://dx.doi.org/doi:10.1073/pnas.0608361104
http://dx.doi.org/doi:10.1111/j.1095-8339.2006.00494.x
http://dx.doi.org/doi:10.1111/j.1095-8339.2006.00494.x
http://dx.doi.org/doi:10.1098/rspb.2009.0162
http://dx.doi.org/doi:10.1098/rspb.2009.0162
http://dx.doi.org/doi:10.1016/j.gloenvcha.2004.04.009
http://dx.doi.org/doi:10.1016/j.gloenvcha.2004.04.009
http://dx.doi.org/doi:10.1046/j.1365-2699.2001.00527.x
http://dx.doi.org/doi:10.1098/rstb.2008.0075
http://dx.doi.org/doi:10.1098/rstb.2008.0075
http://dx.doi.org/doi:10.1641/B571106
http://dx.doi.org/doi:10.1046/j.1466-822X.2002.00307.x
http://dx.doi.org/doi:10.1046/j.1466-822X.2002.00307.x

2280 J. H. Sommer ez al.

Climate change and plant species richness

grids of monthly climate for Europe and the globe: the
observed record (1901-2000) and 16 scenarios (2001—
2100). Tyndall Centre Working Paper no. 55, Tyndall
Centre for Climate Change Research, Norwich, UK.

Mutke, ]J. & Barthlott, W. 2005 Patterns of vascular plant
diversity at continental to global scales. Biol. Skrif. 55,
521-537.

O’Brien, E. M. 1998 Water-energy dynamics, climate, and
prediction of woody plant species richness: an interim
general model. J. Biogeogr. 25, 379-398. (doi:10.1046/
j-1365-2699.1998.252166.x)

Olson, D. M. et al. 2001 Terrestrial ecoregions of the world: a
new map of life on earth. BioScience 51, 933-938.
(doi:10.1641/0006-3568(2001)051[0933: TEOTWA]2.0.
CO;2)

Parmesan, C. 2006 Ecological and evolutionary responses
to recent climate change. Annu. Rev. Ecol. Evol. Syst.
37, 637-669. (doi:10.1146/annurev.ecolsys.37.091305.
110100)

Parmesan, C. & Yohe, G. 2003 A globally coherent finger-
print of climate change impacts across natural systems.
Nature 421, 37-42. (d0i:10.1038/nature01286)

Pearson, R. G. & Dawson, T. P. 2003 Predicting the impacts
of climate change on the distribution of species: are bio-
climate envelope models useful? Glob. Ecol. Biogeogr. 12,
361-371. (doi:10.1046/.1466-822X.2003.00042.x)

Peterson, A. T., Ortega-Huerta, M. A., Bartley, J., Sanchez-
Cordero, V., Soberon, J., Buddemeier, R. H. & Stockwell,
D. R. B. 2002 Future projections for Mexican faunas
under global climate change scenarios. Narure 416,
626—629. (doi:10.1038/416626a)

Phillips, S. J., Anderson, R. P. & Schapire, R. E. 2006 Maxi-
mum entropy modeling of species geographic
distributions. Ecol. Model. 190, 231-259. (doi:10.1016/j.
ecolmodel.2005.03.026)

Pounds, J. A. et al. 2005 Widespread amphibian extinctions
from epidemic disease driven by global warming. Nature
439, 161-167. (doi:10.1038/nature04246)

Qian, H. 2009 Global tests of regional effect on species richness
of vascular plants and terrestrial vertebrates. Ecography 32,
553-560. (doi:10.1111/j.1600-0587.2008.05755.x)

R Development Core Team 2005 R: a language and environ-
ment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. ISBN 3-900051-
07-0. See http:/www.R-project.org.

Raupach, M. R., Marland, G., Ciais, P., Le Quéré, C.,
Canadell, J. G., Klepper, G. & Field, C. B. 2007 Global
and regional drivers of accelerating CO, emissions. Proc.
Natl Acad. Sci. USA 104, 10288-10293. (d0i:10.1073/
pnas.0700609104)

Richardson, K. et al. 2009 Synthesis report from the Inter-
national Scientific Congress ‘Climate change: global risks,
challenges and decisions’, Copenhagen, Denmark.

Ricklefs, R. E. 2004 A comprehensive framework for global
patterns in biodiversity. Ecol. Lert. 7, 1-15. (doi:10.
1046/j.1461-0248.2003.00554.x)

Ricklefs, R. E., Qian, H. & White, P. S. 2004 The region
effect on mesoscale plant species richness between eastern
Asia and eastern North America. Ecography 27, 129—-136.
(doi:10.1111/4.0906-7590.2004.03789.x)

Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H.,
Rosenzweig, C. & Pounds, A. 2003 Fingerprints of
global warming on wild animals and plants. Nature 421,
57-60. (d0i:10.1038/nature01333)

Sakai, A. & Weiser, C. J. 1973 Freezing resistance of trees
in North America with reference to tree regions. Ecology
54, 118-126. (d0i:10.2307/1934380)

Sala, O. E. er al. 2000 Global biodiversity scenarios for the
year 2100. Science 287, 1770-1774. (doi:10.1126/
science.287.5459.1770)

Proc. R. Soc. B (2010)

Scholze, M., Knorr, W., Arnell, N. W. & Prentice, C. 2006
A climate-change risk analysis for world ecosystems.
Proc. Nail Acad. Sci. USA 103, 13116-13 120. (doi:10.
1073/pnas.0601816103)

Schréter, D. er al. 2005 Ecosystem service supply and
vulnerability to global change in Europe. Science 310,
1334-1337.

Scott, J. M., Heglund, P. J. & Morrison, M. L. 2002 Predict-
ing species occurrences: issues of accuracy and scale.
Washington, DC: Island Press.

Sitch, S. er al. 2003 Evaluation of ecosystem dynamics, plant
geography and terrestrial carbon cycling in the LPJ
dynamic global vegetation model. Glob. Change Biol. 9,
161-185. (d0i:10.1046/j.1365-2486.2003.00569.x)

Skov, F. & Svenning, C. 2004 Potential impact of climatic
change on the distribution of forest herbs in Europe.
Ecography 27, 366—380. (d0i:10.1111/j.0906-7590.2004.
03823.x)

Sober6n, J. 2007 Grinnellian and Eltonian niches and
geographic distributions of species. Ecol. Letwr. 10,
1115-1123. (d0i:10.1111/j.1461-0248.2007.01107 .x)

Svenning, J.-C. & Skov, F. 2004 Limited filling of the poten-
tial range in European tree species. Ecol. Lert. 7, 565-573.
(doi:10.1111/1.1461-0248.2004.00614.x)

Sykes, M. T., Prentice, I. C. & Cramer, W. 1996 A biocli-
matic model for the potential distribution of North
European tree species under present and future climates.
F. Biogeogr. 23, 203—-233.

Takhtajan, A. 1986 Floristic regions of the world. London, UK:
University of California Press.

Thomas, C. D. er al. 2004 Extinction risk from climate
change. Nature 427, 145-148. (doi:10.1038/
nature02121)

Thornthwaite, C. W. 1948 An approach toward a rational
classification of climate. Geogr. Rev. 38, 55-94. (doi:10.
2307/210739)

Thuiller, W., Lavorel, S., Aragjo, M. B., Sykes, M. T. &
Prentice, I. C. 2005 Climate change threats to plant
diversity in Europe. Proc. Natl Acad. Sci. USA 102,
8245-8250. (d0i:10.1073/pnas.0409902102)

Thuiller, W. er al. 2008 Predicting global change impacts on
plant species’ distributions: future challenges. Perspect. Plant
Ecol. 9, 137-152. (d0i:10.1016/j.ppees.2007.09.004)

Venevsky, S. & Venevskaia, I. 2003 Large-scale energetic
and landscape factors of vegetation diversity. Ecol. Lett.
6, 1-13. (doi:10.1046/j.1461-0248.2003.00527.x)

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan,
C., Beebee, T. J. C., Fromentin, J.-M., Guldberg, O. H. &
Bairlein, F. 2002 Ecological responses to recent climate
change. Narure 416, 389-395. (doi:10.1038/416389a)

White, P. J. T. & Kerr, J. T. 2007 Human impacts on environ-
ment-diversity  relationships: evidence for Dbiotic
homogenization from butterfly species richness patterns.
Glob. Ecol. Biogeogr. 16, 290-299. (d0i:10.1111/.1466-
8238.2007.00298.x)

Wiens, J. J. & Donoghue, M. J. 2004 Historical biogeogra-
phy, ecology and species richness. Trends Ecol. Evol. 19,
639-644. (d0i:10.1016/j.tree.2004.09.011)

Williams, J. W., Jackson, S. T. & Kutzbach, J. E. 2007 Pro-
jected distributions of novel and disappearing climates
by 2100 AD. Proc. Natl Acad. Sci. USA 104, 5738-
5742. (doi:10.1073/pnas.0606292104)

Woodward, F. I. (ed.) 1987 Climate and plant distribution.
Cambridge, UK: Cambridge University Press.

Woodward, F. I. & Kelly, C. K. 2008 Responses of global
plant diversity capacity to changes in carbon dioxide
concentration and climate. Ecol. Letr. 11, 1229-1237.

Yesson, C. et al. 2007 How global is the global biodiversity
information facility? PLoS ONE 2, e1124. (doi:10.1371/
journal.pone.0001124)


http://dx.doi.org/doi:10.1046/j.1365-2699.1998.252166.x
http://dx.doi.org/doi:10.1046/j.1365-2699.1998.252166.x
http://dx.doi.org/doi:10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
http://dx.doi.org/doi:10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
http://dx.doi.org/doi:10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/doi:10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/doi:10.1038/nature01286
http://dx.doi.org/doi:10.1046/j.1466-822X.2003.00042.x
http://dx.doi.org/doi:10.1038/416626a
http://dx.doi.org/doi:10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/doi:10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/doi:10.1038/nature04246
http://dx.doi.org/doi:10.1111/j.1600-0587.2008.05755.x
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/doi:10.1073/pnas.0700609104
http://dx.doi.org/doi:10.1073/pnas.0700609104
http://dx.doi.org/doi:10.1046/j.1461-0248.2003.00554.x
http://dx.doi.org/doi:10.1046/j.1461-0248.2003.00554.x
http://dx.doi.org/doi:10.1111/j.0906-7590.2004.03789.x
http://dx.doi.org/doi:10.1038/nature01333
http://dx.doi.org/doi:10.2307/1934380
http://dx.doi.org/doi:10.1126/science.287.5459.1770
http://dx.doi.org/doi:10.1126/science.287.5459.1770
http://dx.doi.org/doi:10.1073/pnas.0601816103
http://dx.doi.org/doi:10.1073/pnas.0601816103
http://dx.doi.org/doi:10.1046/j.1365-2486.2003.00569.x
http://dx.doi.org/doi:10.1111/j.0906-7590.2004.03823.x
http://dx.doi.org/doi:10.1111/j.0906-7590.2004.03823.x
http://dx.doi.org/doi:10.1111/j.1461-0248.2007.01107.x
http://dx.doi.org/doi:10.1111/j.1461-0248.2004.00614.x
http://dx.doi.org/doi:10.1038/nature02121
http://dx.doi.org/doi:10.1038/nature02121
http://dx.doi.org/doi:10.2307/210739
http://dx.doi.org/doi:10.2307/210739
http://dx.doi.org/doi:10.1073/pnas.0409902102
http://dx.doi.org/doi:10.1016/j.ppees.2007.09.004
http://dx.doi.org/doi:10.1046/j.1461-0248.2003.00527.x
http://dx.doi.org/doi:10.1038/416389a
http://dx.doi.org/doi:10.1111/j.1466-8238.2007.00298.x
http://dx.doi.org/doi:10.1111/j.1466-8238.2007.00298.x
http://dx.doi.org/doi:10.1016/j.tree.2004.09.011
http://dx.doi.org/doi:10.1073/pnas.0606292104
http://dx.doi.org/doi:10.1371/journal.pone.0001124
http://dx.doi.org/doi:10.1371/journal.pone.0001124

	Projected impacts of climate change on regional capacities for global plant species richness
	Introduction
	Material and methods
	Species-richness data
	Climate datasets
	Predictor variables and modelling

	Results and discussion
	We thank Pierre L. Ibisch and two anonymous referees for valuable comments on the manuscript. J.H.S. and W.B. acknowledge financial support from the German Federal Ministry for Education and Research (BMBF), BIOTA project and the Academy of Sciences and Literature in Mainz, Germany. H.K.’s work was supported by a scholarship from the German National Academic Foundation and by a Feodor-Lynen Postdoctoral Fellowship from the Alexander von Humboldt Foundation. W.J. acknowledges support through US National Science Foundation grant BCS-0648733. J.H.S. and H.K. contributed equally in designing the work and analysing the data, and wrote the initial draft of the paper. W.J. shaped the focus of the analyses. W.B., J.M. and G.K. provided data, and all authors discussed the results, contributed to and commented on drafts of the manuscript. The authors declare no competing financial interests.
	REFERENCES


