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Persistent Quaternary climate refugia are
hospices for biodiversity in the Anthropocene

Stuart C. Brown

Damien A. Fordham ®3*

Climate stability leads to high levels of speciation and reduced
extinction rates, shaping species richness patterns'-. Hotspots
of species diversity often overlap with regions that experienced
stable temperatures and, perhaps, variable rates of precipita-
tion during the late Quaternary*°. These hotspots potentially
harbour many species with low vagility and small geographi-
cal ranges®, making them more vulnerable to future ecoclimatic
change*’¢. By comparing global and regional patterns of cli-
mate stability during short periods of unusually large and wide-
spread climate changes since the Last Glacial Maximum with
twenty-first-century patterns, we show that human-driven
climate change will disproportionally affect biodiversity in late
Quaternary climate refugia, ultimately affecting the species,
communities and ecosystems that are most vulnerable to cli-
mate change. Moreover, future changes in absolute tempera-
ture will probably erode the mechanisms that are theorized to
sustain biodiversity hotspots across time. These impending
shifts from stable to unstable temperatures—projected for
the majority of the world's biodiversity regions—threaten to
reduce the size and extent of important climatic safe havens
for diversity. Where climate refugia are forecast to persist until
the end of this century, temperatures in these refuges are likely
to exceed the acclimation capacity of many species, making
them short-term hospices for biodiversity at best’”.

Long-term stability of the mean climate state is hypothesized
to be a crucial factor that is responsible for spatio-temporal varia-
tions in biodiversity'~. Stable temperatures and, to a lesser extent,
their interaction with precipitation rates have been linked to differ-
ences in species richness and rates of endemism'. Minor changes
(at most) in mean climate states, particularly for temperature, are
generally thought to be necessary to make in situ persistence pos-
sible for species that have small geographical ranges’. Low-range
movement and high local survival results in species becoming spe-
cialized to local abiotic and biotic conditions and potentially more
vulnerable to larger changes in temperature''. By contrast, unstable
mean climate states (that is, large temporal variability in tempera-
ture) often require species to have large geographical ranges and
high dispersal capabilities to reduce extinction risk. Furthermore,
species in relatively stable climate regions tend to have higher
genetic variation among individuals'? as a result of lower local
extinction rates and a more complex population structure?, provid-
ing an increased propensity for evolutionary change in response to
new environmental conditions".

To test the theory that the stability of regional climates on cen-
tury to millennial timescales determines local diversity, with centres
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of endemism typically occurring where past climate fluctuations
have been relatively rare and low in magnitude**', we need infor-
mation on patterns of past climate change down to at least subcen-
tennial timescales'*. However, global climate simulations for the late
Quaternary have, until the last decade, only been available at widely
spaced (usually >1,000yr) climate snapshots'®. Since regional cli-
mates have changed considerably across decades and centuries
during glacial-interglacial cycles (probably causing rapid regional
replacement of biota'®), a more temporally detailed picture of past
changes is required to fully assess the role of climate stability on
geographical patterns of old and young species.

To this end we use atmosphere-ocean general circulation mod-
els (AOGCMs; Supplementary Table 1) to compare continuous
global climate simulations of annual means of the daily temperature
and precipitation, calculated for the period from the Last Glacial
Maximum (LGM; 21,000 yr BP) until large-scale industrialization
(100 yr BP; that is, AD 1850), as well for the twenty-first century
(AD 2010-2100). We characterize climate stability on timescales
that affect evolutionary processes and extinction rates' for periods
of rapid global mean temperature change (see Methods) and show
that anthropogenic warming this century will (1) erode biologi-
cally important latitudinal gradients in temperature stability, and
(2) destabilize and potentially eliminate putative late Quaternary
climate refugia, most probably having a strong negative effect on
hotspots of biodiversity.

To do this we characterize regional climate stability using two
novel and complementary methods. We first used modelled global
mean temperature data to select periods of rapid climate change at
a near-century timescale (see Methods). For these periods we then
calculated the magnitudes of the near-century trends and the s.d. of
the residuals about these trends for each grid cell (n=10,368) and
determined the quartiles for temperature and precipitation across
grid-cells”. We did this for land (n=4,066) and ocean (n=6,302)
realms separately. The climate was then classified according to six
levels of climate stability, ranging from stable to unstable'” for any
given grid cell and time point (see Methods).

Although these categorical data allow regions of different cli-
mate states to be defined and illustrated, such data are less useful
for quantifying change. We employ a second definition to address
this where stable climates are defined using the signal-to-noise
ratio (SNR), defined as the near-century trend divided by the s.d.
of residuals about the trend, where low SNR values signify stable
climates (small magnitudes of change, given interannual variabil-
ity) and high SNR values denote unstable climate conditions (large
magnitudes of change, given interannual variability).
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Fig. 1] Classified median trend and variability during periods of rapid change in global mean temperature. a-d, Panels show the past (a,b) and future
under RCP 8.5 (¢,d) for surface temperature (a,c) and precipitation (b,d). The six classes map the median trend and variability (s.d. of residuals from the
trend) calculated separately for land and ocean: <25th (P,s); >25th and <50th (low-low); <50th for trend and >50th for variability (low-high); >50th for
trend and <50th for variability (high-low); >50th and <75th (high-high); >75th (P,). The hatched overlays in € and d show climatic conditions that are
considered as either stable (<P, surface temperature) or unstable (>P,., precipitation) at a global scale in both the past and future. See Extended Data

Fig. 1for results for RCP 4.5. H, high; L, low.

Our palaeoclimate simulations show a latitudinal gradient in
temperature stability since the LGM (Fig. 1a), in accordance with
the climate stability hypothesis for the geographic pattern of global
diversity'®. Greater than 58% of tropical terrestrial and marine envi-
ronments have experienced regional-scale temperatures that were
relatively ‘stable’ over the past ~21,000yr; compared to <8% out-
side of the tropics. In tropical terrestrial environments, areas with
long-term ‘stable’ temperatures coincide with areas that experienced
‘unstable’ precipitation conditions over the past ~21,000yr (Fig.
1b), emphasizing support for a hypothesized connection between
variable precipitation and present-day patterns of biodiversity**'°.
We show that 48% of the area of prominent terrestrial biodiversity
hotspots' intersect areas characterized by late Quaternary ‘stable’
temperature and ‘unstable’ precipitation conditions (Fig. 2a).

A proposed mechanistic role of unstable precipitation in main-
taining species richness through the late Quaternary is based on
field and theoretical studies showing that the species composition
of communities is seldom in a state of equilibrium® and that distur-
bances brought about by, for example, variable spatio-temporal pat-
terns of precipitation (and the resultant expansion and contraction
of suitable habitat, droughts, floods and so on) can maintain high
diversity>*. Accordingly, stable ecoclimatic conditions allow older
species to survive and new lineages to be generated in the face of
large-scale climate oscillations, whereas intermediate levels of dis-
turbance at local to regional scales maximize diversity'. Moreover,
rainfall variability can directly promote opportunities for species
co-existence through niche partitioning®.

We use generalized additive models to show that there is a strong
association between contemporary patterns of species richness and
climate stability during periods of rapid global-scale climate change
throughout the late Pleistocene and Holocene, as predicted by theory.
Instability in precipitation and, more specifically, high interannual
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Fig. 2 | Areas of overlap in stable surface temperature (<25th
percentile) and unstable precipitation (>75th percentile) conditions
over land. a,b, The past (a) and the future under RCP 8.5 (b). Areas

of overlap (regions where the climate conditions are hypothesized to
drive higher contemporary species richness) are shown in blue. Areas
in orange in b, show differences between the past and the future (that
is, areas of overlap that are lost). The transparent green regions overlaid
on the maps are biodiversity hotspots'®. See Extended Data Fig. 2 for the
results for RCP 4.5.

245


http://www.nature.com/natureclimatechange

a
2 -
1 -
@
3
c 0
<
Q
3 -1
(53
(]
Q
o
= 5
_3 -
T T T T T T T T T
0 0.5 1.0 0 0.25 0.50 0.75 1.00 1.25
Temperature trend (°C per century) Precipitation variability (s.d. residuals)
b Amphibians Birds Mammals
250
P 600 200 4
2 100
g 400 - 150
?
OE) 50 4 100
& 200 -
o 50
0 o n=2347 o n=2,347
T T T T T T T T T T T T T
0 40 80 120 0 200 400 600 0 50 100 150 200 250

Predicted richness

Predicted richness

Predicted richness

Fig. 3 | The relationship between contemporary species richness and past temperature trend and precipitation variability. a,b, The results of generalized
additive models were used to investigate relationships between species richness and each of the following: climatic trends, variability and geographical
location for three classes of animal (amphibians, birds and mammals). a, The smoothed functional effect (f) of temperature trend and precipitation
variability on species richness. Trend and variability are median estimates for near centuries of rapid change in past global mean temperature (see
Methods). Note that the y axes in a are on a logarithmic scale due to the log link used in the generalized additive model. The shaded envelopes show +2s.e.
of the fit of the trend lines. b, Plots of observed and predicted species richness. The black lines are 1:1 lines.

variability in rainfall during near centuries of rapid change in global
mean temperature, is positively associated with present-day global
patterns of species richness for birds, mammals and amphibians
(Fig. 3; Supplementary Table 2). Conversely, regions character-
ized by great temperature instability during these periods of rapid
global-scale climate change typically have low species richness for
the three classes. The best ranked models (according to the Akaike
information criterion) for amphibians (n=2,053 grid cells), birds
(n=2,347) and mammals (n=2,347) modelled species richness as
a function of trend in temperature, s.d. in rainfall and geographi-
cal position (richness= f (temp. trend) + f (precip. var.) +f (lat.) + f
(long.); where fis the smoothed functional effect), explaining 84%,
73% and 83% of the deviance, respectively (Supplementary Table 3).
Although there was considerably less support for models that did
not account for geographical position, they still explained between
56% and 70% of the deviance (Supplementary Table 3). Tenfold
cross validation showed that these models of species richness were
structurally robust and had good predictive skill, with low residual
spatial autocorrelation (Supplementary Tables 2 and 3).

Warming during the twenty-first century is projected to occur at a
much faster rate in many regions—with greater variability—than has
been observed during the most rapid periods of climate change over
the past 21,000 yr (Fig. 1, Supplementary Fig. 1). Globally, we estimate
that >55% of land and ocean that exhibited stable temperature con-
ditions in the past will become unstable by 2100 (Fig. 1c; Extended
Data Fig. 1). The future is most ominous for tropical regions, with
projected decreases of >75% in the area of stable temperature con-
ditions. This loss is likely to be much larger over the oceans (~98%
reduction) than the land (>37% reduction). Likewise, the area of
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terrestrial tropical regions with unstable precipitation conditions is
projected to shrink by >37% (Fig. 1d), and areas with both stable
temperatures and unstable precipitation by >42% (Fig. 2; Extended
Data Fig. 2). As terrestrial species richness is negatively associated
with the magnitude of near-century trends in grid-cell temperature
(during periods of rapid change in global mean temperature) and
positively associated with the variability of rainfall during these same
periods, these changes can be expected to have strong direct (as well
as indirect’?) negative effects on diversity in tropical regions.

Although tropical latitudes are projected to continue to support a
greater number of regions with stable temperatures in the near future
than non-tropical latitudes (Fig. 1), species residing in these regions
will be forced to contend with absolute temperatures that are novel
from those experienced over the past 21,000 yr (Supplementary Fig.
1; a finding also shown elsewhere®’), which are likely to be beyond
the acclimation capacity of many species found there?-*. Regions
with relatively stable temperature conditions, which we project to
be few in number, are therefore unlikely to provide long-term safe
havens for organisms to survive in during periods of unfavourable
human-induced climate change.

Global-scale patterns of geographical variation in past and future
climatic conditions based on the SNR are, in general, similar to those
for our categorical measure of temperature stability, with the great-
est change for temperature stability occurring in tropical latitudes
(Fig. 4; Extended Data Fig. 3). The SNR estimates for precipitation
indicate low levels of change in the stability of precipitation in all
terrestrial regions, except for high northern latitudes (Fig. 4), which
is somewhat at odds with our categorical approach, which projects
a greater level of change between past and future spatial patterns
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Fig. 4 | A comparison of past and future signal-to-noise ratios. a,b, Grid cell differences (ASNR) in the signal-to-noise ratio (SNR =trend/variability) for
centuries of rapid change in the global mean temperature since 21,000 yr sp and RCP 8.5 calculated for air temperature (a) and precipitation (b).

c-e, Boxplots that show the ASNR in land temperature (c), ocean temperature (sea surface temperature, d) and precipitation (e) for both RCPs 4.5 and 8.5
for five latitudinal bands: High North (50°N to 90°N), High South (90°S to 50°S), Mid North (20°N to 50°N), Mid South (50°S to 20°S) and the Tropics
(20°S to 20°N). The ASNR in temperature over terrestrial and ocean realms are shown in ¢ and d, respectively, whereas e shows the ASNR for precipitation
over land. Positive ASNR values in a-e correspond to higher future SNRs whereas negative values correspond to higher past SNRs. Note that the SNR values
were scaled globally between O and 1 before calculating ASNR. See Extended Data Fig. 3 for results for RCP 4.5 that correspond to panels a and b.

of rainfall instability; and recent forecasts of drying in subtropical
regions in response to greenhouse gas emissions”’.

Projected increases in SNR for temperature were most pro-
nounced for tropical oceans (Fig. 4a,d), particularly the Indo-
Australian archipelago, which has extraordinary species richness
and endemism?®. These changes are likely to have severe negative
impacts on species richness of corals and the marine life they sup-
port*?, causing associated human hardship for communities that
depend on coral reefs for food, employment and income™®. By con-
trast, the North Atlantic had a higher SNR for temperature in the
past compared with what is being projected for the future (Fig. 4),
potentially inducing strong selective pressures on organisms in this
region, making these species potentially more resilient to future
temperature changes, particularly if ocean biogeochemistry and ice-
sheet dynamics remain relatively unchanged, which is likely only in
the immediate future™.

Similarly, terrestrial areas projected to experience the largest
within-region shift in SNR for temperature are those with some of
the highest concentrations of biodiversity. These include the Guinea-
Congolian, Indo-Malayan and Madagascan Wallace zoogeographic
regions (Fig. 5; Extended Data Fig. 4). Outside of the tropics, the
zoogeographic regions of China, Japan and Tibet are projected to
experience large magnitude shifts in temperature, exceeding even
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the most rapid rates of within-region change over the past 21,000 yr
(Supplementary Figs. 2 and 3, Supplementary Tables 4 and 5). By
contrast, high overlap between past and future SNR for precipitation
in the future is expected for all of the zoogeographic regions except
Tibet (Fig. 5); however there will be considerable changes in the dis-
tribution, location and median SNR precipitation values across some
regions (Supplementary Tables 4 and 5), indicating a possible shift to
novel precipitation SNR conditions in these areas. Stable temperature
conditions during the late Quaternary, which probably permitted (at
least in part) high rates of diversity (Fig. 3), particularly in tropical
regions (Figs. 1 and 2), are therefore likely to be greatly reduced and,
in some zoogeographic regions, entirely lost this century. This can be
expected to negatively affect the persistence of local biodiversity'~’
The high temporal resolution of our data has demonstrated that
conditions favourable for diversity and, more specifically, species
richness are strongly influenced by centennial timescale climate
fluctuations that have not often been considered (by necessity rather
than design) in previous analyses of the effects of climate stability
on diversity". Although topography has often been regarded as a
buffer to climatic extremes®', our coarser resolution estimates of
climate stability are relevant and important because continental-
to-global patterns of contemporary patterns of diversity are most
often attributed to regional differences in ecoclimatic stability"’.
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Fig. 5 | The regional changes in SNR for Wallace zoogeographic regions.
a,b, The map of overlap between empirical kernel density estimates (KDE)
for temperature SNR (a) and precipitation SNR (b), calculated during past
rapid shifts in global mean temperature and under an RCP 8.5 scenario.
The inset plots show selected KDEs (see Methods). A smaller KDE
overlap indicates a greater shift away from past SNR (purple) conditions
compared with future conditions (orange) for both temperature and
precipitation. The vertical lines on the KDEs represent the 25th or 75th
percentile for temperature and precipitation, respectively. Note that values
were temporally scaled (from 0-1) between the past and future before
calculating KDE. For results relating to RCP 4.5 see Extended Data Fig. 4.

The assumption we are making here is that macroscale changes in
climate stability affect ecological and evolutionary processes that
operate at finer (local environmental) spatial resolutions'>.

By showing that global and regional patterns of climate stability
during the most recent deglaciation period differ strongly from future
anthropogenically driven patterns, we provide new and compelling
support that climate change this century is likely to disproportionally
affect species in biodiversity hotspots and other tropical regions where
diversity is greatest. Our results also highlight the importance of pre-
cipitation variability as well as stability in temperature during the late
Quaternary as proximate drivers of terrestrial biodiversity patterns.
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Methods

Annual-mean, gridded temperature and precipitation data were derived from
18 AOGCMs (Supplementary Table 1 and Supplementary Fig. 4) for the entire
globe, simulated under preindustrial control conditions and RCPs 4.5 and 8.5°".
Palaeoclimate simulations were derived from the Community Climate System
Model v.3 TraCE-21ka simulations®. All data were regridded to a common
2.5°%2.5° grid. For plotting only, all gridded results were reprojected to the
Mollweide equal area projection with a grid cell resolution of 250 km.

Preindustrial control runs of varying run lengths (Supplementary Table 1)
were used to estimate internally generated natural variability in near century
(91yr) global mean trends in air temperature (°C yr') using generalized least-
squares regression and maximally overlapping windows'”. Windows were limited
to 91-yr periods for past and future estimates of climate stability because the RCP
scenarios only have a 91-yr period of suitable data (see Supplementary Methods
for details). Trends in area-weighted global mean temperature were calculated
separately for each AOGCM by using the slope of the generalized least-squares
model. This information was used to generate individual-AOGCM cumulative
distribution functions (CDFs; Supplementary Fig. 5). Trends were bootstrapped
1,000 times to ensure that models with longer run times did not influence the
shape of the ensemble average CDE. We used the 90th percentile” of the ensemble
average preindustrial control CDF to calculate a threshold for identifying periods
with the highest trends in global mean temperature under naturally varying
climatic conditions.

We used an identical approach, without the bootstrap, to calculate past
trends (using the TraCE-21ka annual palaeoclimate simulations) during the
late Quaternary period before industrialization (21,000 yr BP to 100 yr BP). We
applied the upper trend threshold from the preindustrial control runs to the
palaeoclimate trends to identify specific periods of rapid change in global mean
temperature during the late Quaternary (Supplementary Fig. 6). The time series
of palaeoclimate simulations was then subset on the basis of these periods of
rapid change in global mean temperature'’. In doing so, local measures of trend
and variability (that is, at the grid cell) were constrained to centuries of unusually
high trends in global mean temperature (that is, periods of rapid changes in global
mean temperature).

Generalized least-squares regression was used to calculate trend and variability
(s.d. of residuals from the trends) in annual temperature and precipitation at the
grid-cell level for the subset of palacoclimate simulations (periods of rapid change
in global temperature) and multimodel-averaged twenty-first-century projections
for RCPs 4.5 and 8.5. Climate regimes were then defined categorically at a grid-
cell level as either stable or unstable, where ‘stable’ required both the centennial
trend and variability of the particular variable (temperature or precipitation) to
be less than or equal to the 50th percentile of the corresponding global mean
CDF (calculated separately for terrestrial and oceanic realms) and unstable
otherwise; precipitation analysis was constrained to the terrestrial realm only. We
also identified very stable and very unstable climatic regions using the 25th and
75th percentiles for trend and variability, respectively. If both the trend and s.d.
were less than or equal to the 25th percentile then the cell was considered stable
(P,s), whereas it was considered unstable if both were greater than or equal to the
75th percentile (P,;). Where trend and variability fell between the 25th and 75th
percentile, the median was used as a breakpoint to identify low or high trend and
variability. Sensitivity analysis'” has shown that the timing and location of areas of
climate stability are insensitive to variation (+10%) in the cut-off points used. The
thresholds for categorical analysis such as these are, to some extent, affected by the
cumulative distribution function of the entire dataset. Hence, we recommend that
all categorical results be interpreted in combination with SNR results.

We used generalized additive models**—fitted with a negative binomial
distribution and log link*—and multimodel inference™ to determine the
relationship between species richness and trend and variability in past temperature
and precipitation. Species richness was estimated at a grid-cell level for three classes
of animals (amphibians, birds, mammals) following Holt et al.”. Some of the
statistical models also used location (latitude and longitude) as predictor variables.
Our measure of species richness is likely to be weighted towards wide-ranging
species™. Furthermore, our analysis of the role of past climate stability on species
richness does not consider contemporary climate and environmental disturbance,
and their potential to be spatially correlated with late Quaternary climate change’.

We calculated SNRs by dividing the trend by the variability (s.d. of residuals
about the local trend) for each grid cell for each near century of rapid change in
the global mean temperature and then calculated the median values. We quantified
the shift in SNR between the past and the future (ASNR =SNR Future - SNR Past)
for five latitudinal bands: High North (50°N to 90°N), High South (90°S to 50°S),
Mid North (20°N to 50°N), Mid South (50°S to 20°S) and the Tropics (20°S to
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20°N). To determine whether changes between past and future SNR in Wallace
Zoogeographic regions” (n=19) were statistically different, we scaled values in
each region across time (to between 0 and 1) and used Kernel densities (KDs) to
calculate the amount of overlap in their distributions. A Kolmogorov-Smirnov test
was used to assess the statistical significance of the differences in the shape, spread
and median Kernal density values (see the Supplementary Information for an
extended description of the methods).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The source data used for the analysis of preindustrial control and future RCP
scenarios are available through the Earth System Grid Federation data portals (for
example, https://esgf-node.llnl.gov/projects/esgf-linl/) with scripts to download the
data available at https://github.com/GlobalEcologyLab/ESGF_ClimateDownloads.
Data used for the analysis of climates from the LGM to preindustrialization are
available through the PaleoView software (https://github.com/GlobalEcologyLab/
PaleoView). Data used to recreate the figures is available from the corresponding
authors on request.

Code availability
The code used to generate the outputs (trends, variability, SNR) is available from
the corresponding authors on request.
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Extended Data Fig. 1| Classified median trend and variability during periods of rapid change in global mean temperature. Panels show the past (a, b)
and the future for RCP 4.5 (¢, d) for surface temperature (a, €) and precipitation (b, d). The six classes map median trend and variability (s.d. of residuals
from the trend) calculated separately for land and ocean: < 25th (P25); > 25th and < 50th (Low-Low); < 50th for trend and > 50th for variability
(Low-High); > 50th for trend and < 50th for variability (High-Low); > 50th and < 75th (High-High); > 75th (P75). The hatched overlays in ¢ and d show
climatic conditions that are considered as either stable (< P25, surface temperature) or unstable (> P75, precipitation) at a global scale in both the

past and future.
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Extended Data Fig. 2 | Areas of overlap in stable surface temperature (< 25th percentile) and unstable precipitation (> 75th percentile) conditions
over land. Panels show the past (a), and the future under RCP 4.5 (b). Areas of overlap - regions where climate conditions are hypothesized to drive higher
contemporary species richness - are shown in blue. Areas in orange in b, show differences between the past and the future (i.e., areas of overlap that are
lost). The transparent green regions overlaid on the maps are biodiversity hotspots®.
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Extended Data Fig. 3 | Comparison of past and future signal-to-noise ratios. Grid cell differences (ASNR) in signal-to-noise ratio (SNR = trend/variability)
for centuries of rapid change in global-mean temperature since 21,000 BP and for RCP 4.5 calculated for air temperature (a) and precipitation (b).
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Extended Data Fig. 4 | Regional changes in SNR for Wallace Zoogeographic regions. Map of percent overlap between empirical kernel density estimates
(KDE) for temperature SNR (a) and precipitation SNR (b) calculated during past rapid shifts in global-mean temperature and under an RCP 4.5 scenario.
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