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Species exposed to prolonged drying are at risk of population declines or extinctions. Understanding species'
sensitivity to water loss and microhabitat preference, or ecotype, is therefore vital for assessing climate change risks.
Here, we mapped global areas where water-sensitive vertebrates, i.e., anurans, will face increasing aridity and
drought, analysed ecotype sensitivity to water loss, and modelled behavioural activity impacts under future drought
and warming scenarios. Predictions indicate 6.6% to 33.6% of anuran habitats will become arid-like by 2080-2100,
with 15.4% to 36.1% exposed to worsening drought, under an intermediate to high emission scenario, respectively.
Critically, arid conditions are expected to double water loss rates. Biophysical models demonstrated a 11.45 = 8.95%
reduction in anuran activity under combined drought and warming, compared to the 6.74 * 3.95% reduction from
warming alone in the warmest quarter. These findings underscore the pervasive synergistic threat of warming and

environmental drying to anurans.

INTRODUCTION

Global warming and land modification are expected to
increase the frequency and intensity of droughts, which are
anomalous periods of low precipitation ', This synergistic
interaction is accelerating extinction risk for species
sensitive to rapid water loss “%. Amphibians are prime
examples of terrestrial species that are heavily dependent
onwater, and often have higher rates of water loss than other
terrestrial animals ®’. Synthesis studies on the effects of
climate change on amphibians ®° and global assessments of
climate vulnerability show amphibians are highly vulnerable
to increasing temperature and heating events '3, Since
amphibians are dependent on water, there is a critical need
to understand how both temperature and extreme moisture
deficit events such as drought willimpact amphibians, given
their sensitivity to water loss and their threatened status
relative to other taxonomic groups ™.

Assessing species vulnerability to environmental drying
relies on the degree of exposure and the species’ sensitivity
to the exposure '5. The extent of exposure to drying depends
on the frequency, intensity, and duration of drought events.
However, the impact of environmental drying is not singular
8, While environmental water stress primarily depends on
surrounding water availability (in the air, substrate, and
water bodies) and how much is evaporated or transpired by
plants 7, warming alone will increase evaporation rates by
increasing the vapor pressure deficit (VPD). VPD is one of the
primary forces driving evaporation rates and atmospheric
drought '8, High VPDs are known to be major drivers of
mortality events in plants '®%. The rise in evaporation rates
from high VPD reduces activity in many ectotherms 2"22,
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Experimental and field studies have suggested amphibians
behaviourally prefer environments that maintain hydration
over thermoregulation, emphasising the importance of
water availability and microrefugia in informing climate
vulnerability 23?5, Understanding water loss vulnerability is
therefore a necessary component for determining
amphibian vulnerability to global environmental change.

Behavioural and physiological sensitivity to water loss
can vary by species accordingly. Frogs display a diversity of
natural histories, including specialist ecological types
(ecotype) with unique adaptations to drying conditions®®.
Fossorial species burrow underground during the non-
breeding period to aestivate %7, with some producing water-
proof cocoons to conserve water 229 Some arboreal
anurans produce waxy skin secretions that reduce
evaporative water loss %2, Most amphibians, however, are
more vulnerable to dehydrating conditions compared to
other terrestrial vertebrates and must therefore
behaviourally maintain water balance by using shade,
burrows, or by adopting a water conserving posture when
inactive *. Consequently, some ecotypes are likely to be
more sensitive to environmental drying than others due to
the microclimate preferences and limited physiological
adaptations to conserve water. The increased intensity,
frequency, and duration of drought conditions—even for arid
specialists—can impact anurans by restricting the activity
periods for foraging, seeking mates, dispersing, and delaying
breeding cycles 2%343¢  all of which may ultimately affect
population dynamics, disease susceptibility, and
geographic distribution %3738,
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Water balance is thus important for amphibians, yet
assessments of climate vulnerability incorporating water
loss and environmental drying have not been made on a
global scale. In this study, we aimed to (i) identify regions
where anurans are at risk to increased aridity and drought by
quantifying the spatial overlap between anuran species
richness and areas of increasing aridification and drought
(including intensity, frequency and duration) under future
warming scenarios, (ii) examine ecotype sensitivity of adult
anurans to evaporative water loss and water uptake through
comparative meta-analyses, and (iii) simulate physiological
limits for activity of a hypothetical adult frog under future
drought and warming scenarios in order to assess the
relative effects of warming and/or drought on changes in
potential activity hours for each water-conserving strategy.
We focused on water loss risk for adult terrestrial anurans
because most larval stages are aquatic and rely on water
bodies.

METHODS
Aridity and drought risk

Global climatic water balance data

The global water cycle is complex, and many indices have
been used to understand and predict environmental water
stress across space and time %', Here, we used two
common metrices of environmental dryness, the aridity
index (Al), and the Palmer Drought Severity Index (PDSI). The
Al represents the degree of dryness of the climate and is
calculated as the ratio of the total amount of water supply
(precipitation) relative to the amount of water loss (potential
evapotranspiration). More arid regions have a smaller index
value 2. In this study, the Al represented the broadscale
dryness experienced by amphibians in that area. The PDSl is
a widely used meteorological drought index calculated
using soil moisture and precipitation data of previous
months. The PDSI takes into account the basic effect of
global warming through potential evapotranspiration by
using surface air temperature and a physical water balance
model, and is effective in characterising long-term drought
4344 |n this study, the PDSI represented extreme changes in
meteorological water deficit or surplus. The Al was
categorised to five categories (Humid, Dry sub-humid,
Semi-arid, Arid, and Hyper-arid) and the PDSI was
categorised to seven categories (Extremely moist, Very
moist, Moderate moist, Normal, Moderate drought, Severe
drought, and Extreme drought) based on descriptions from
Budyko *® and Palmer *®in Table S1.

High resolution (~4km?) global data on precipitation
(mm/month) and potential evapotranspiration (mm/month)
were obtained from Abatzoglou et al. “¢ under 1) the current
climate (1970-2000), 2) an intermediate greenhouse gas
emission scenario of +2°C (Shared Socioeconomic Pathway
2-4.5; SPP2-4.5), and 3) a high greenhouse gas emission or
“business-as-usual” scenario of +4°C (SSP5-8.5) by 2080-
2099 (Fig. S1a-i). We used a self-calibrated PDSI with
Penman-Monteith potential evapotranspiration
representing the current climate (1970-2000) and an
intermediate and high emission scenario by 2080-2099
(8SP2-4.5 and SSP5-8.5) from Zhao and Dai 2. The SSP2-4.5
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and SSP5-8.5 scenarios were based on the average of 25
Coupled Model Intercomparison Project Phase 6 (CMIP6)
models of precipitation, evapotranspiration, soil moisture,
and runoff 47, where the mean annual surface temperature is
expected to increase by 2.7°C (2.1-3.5°C range) and 4.4°C
(3.3-5.7°C range), respectively by 2080-2100 “8. Zhao and
Dai 2 noted that there are large uncertainties in the drought
projections. Therefore, our interpretation is based on the
average projected drought which is typically in line with
other indices of drought 239404950,

Anuran species richness, ecotype, and distribution

We extracted the geographic range (excluding introduced
range), and ecological types of all anuran species (6,416
species) on the 11/01/2021 listed in the International Union
for Conservation (IUCN) of Nature's Red List of Threatened
Species platform 5'. Ecotypes were classified based on
IUCN %" and Moen and Wiens %2 focusing on adult behaviour
and microhabitat preferences outside the breeding season
given that many anurans breed in water but are not adapted
to live in water all year (Table S2). Ecotypes were defined to
provide generalised microhabitat use and for modelling the
activity in different microhabitats. For example, arboreal
species regularly access vertical environments like trees
and rock crevices, while stream-dwelling species are
restricted to permanent streams or flowing water bodies. We
acknowledge that ecotype grouping does not capture the
diversity of microclimate preferences. Where possible, we
included secondary ecotypes in the raw data, but we
analysed species based on their primary ecotype. For
example, some species that frequents permanent water
bodies, but occasionally observed climbing on trees would
primarily be classified as ‘semi-aquatic’ and secondarily as
‘arboreal’ as they do not spend a substantial amount of time
climbing. Species richness was defined as the sum of
species in each grid cell (0.5°), based on the geographic
range, and was calculated using the ‘calcSR’ function from
the rasterSp package (https://github.com/RS-eco/rasterSp).
All raster data were examined and visualised at a spatial
resolution of 0.5 arc minute.

Species richness with aridity and PDSI

To examine the relationship between species richness and
aridity, the number of species per grid cell was overlapped
with the aridity raster layer, where each grid cell was
assigned an Al category. The change in species richness
between the current and projected (either +2 or +4 °C
warming) Al category was calculated as the change in Al
category grids occupied by anurans relative to the future
projection; a lower number indicates a reduced number of
species with the assigned Al category and vice versa.

With a monthly prediction of PDSI from 1950 to 2100
globally available from Zhao and Dai %, we classified future
drought risk in three ways: 1) increase in mean drought
intensity (change in PDSI or APDSljintensity), 2) increase in
mean drought frequency (monthly PDSI count below -2 per
year or APDSlifrequeney)), @and 3) increase in mean drought
duration (number of consecutive months with PDSI values
below -2 or APDSlgyration)). Change in mean APDSIintensity)
APDSlifrequency), @and APDSlguration) Under a +2 or +4 °C warming
scenario (2080-2100) was calculated relative to the 1970-
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2000 monthly climatology per grid cell (APDSI = PDSlyture) —
PDSlcurrenyy). Results are presented in the main text as
APDSljintensity;, APDSlfrequencyy @nd  APDSlgyration; relative to
current scenario (1970-2000). The absolute PDSljntensitys
PDSlfrequency; @and PDSligurationy Under a +2 or +4 °C warming
scenario (2080-2100) are also presented in Fig. S2a-i.

The simultaneous risk of increasing drought intensity,
frequency, and duration within a grid cell that are occupied
by anurans (species assemblages) was calculated by
converting each risk category as binary. Grid cells with a
APDSljintensity; below -2 (indicating increased drought intensity
relative to current scenario) were assigned a ‘1’ binary. Both
APDSl{frequency; and APDSlguration) Were assigned a binary of ‘1’
if the grid cell has a value of 1 month or higher (indicating
increase in frequency or duration relative to current
scenario). The number of overlapping binaries were
summed up per grid cell. Therefore, arisk factor of 2 indicate
species assemblages in the grid cell are at increasing risk of
two drought events. We estimated which species
assemblages were at risk of experiencing drought events
using an arbitrary risk factor scale (species richness X
drought risk), where grid cells with high drought risk and high
species richness have higher “assemblage-level risk” than
grid cells with high drought risk and low species richness
(lLow assemblage-level risk).

Ecotype sensitivity

Water loss and uptake data

We systematically reviewed the literature on experimental
water loss and uptake studies for adult anurans following
the PRISMA-EcoEvo protocol *2. Full detail of the systematic
search, exclusion criteria, and data extraction are presented
in the Supplementary Information and visualised in Fig. S3.
Studies were included if the following hydrological metrics
were reported: water loss as the rate of evaporative water
loss (EWL), resistance to water loss (total 7; or relative 1;),
change in body mass (absolute or relative), and water
uptake as the rate of cutaneous water uptake (WU). Water
loss measurements either by forced convection (via wind
speed manipulation) or free convection (desiccant) were
included in the dataset. The rate of EWL typically
incorporates cutaneous and respiratory water loss as most
studies do not include methods to distinguish the difference
between the two routes of water loss. However, respiratory
EWL is assumed to contribute little (5.5% at 25 °C) to the
total EWL for amphibians %¢. Additionally, the daily turnover
of water for a typical amphibian from other processes such
as food and water gain, metabolic water production, and
urine and faecal loss is considered negligible and equivalent
between species for comparative purposes 7, thus we did
not consider these aspects when comparing ecotype risk.
The rate of EWL, skin resistance (r;), and cutaneous WU
were standardised to acommon unit of mg h™, and s cm™ for
relative skin resistance using standard conversions and
approximations  via biophysical principles (see
Supplementary Information section “Calculations and
conversions”).

We extracted the mean values, variance (either standard
deviation or standard error), and sample size from either the
study’s main text, supplementary text, table, figures via
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metaDigitize *, or calculated from the raw data. We also
extracted the mean body mass (g), the exposed ambient
temperature (°C) during the experiment, skin temperature
measured (°C), coordinates of collection site (latitude and
longitude in decimal degrees), flow rate (as cm s or ml s™),
duration of the experiment (min), the relative humidity (RH;
%) and noted whether the animal was in a physiological
water-conserving state (e.g., aestivation, cocoon-forming,
or water-proof via cutaneous surface fluid or lipids). Dry air
from desiccants without RH presented were assumed to be
1% RH. Missing information were obtained by contacting the
study authors where possible. We noted if urine was voided
prior to the EWL experiments, body mass was defined as
“standard body mass” as the presence of urine will affect
water loss. Additional unpublished data from 39 species of
anurans were included and detailed in the ‘Unpublished
data’ section of the Supplementary Information. Note, while
we aimed for a comprehensive and representative dataset,
there are geographical biases in anuran water loss and
uptake studies, especially around the Amazon, central
Africa, and Eurasia with high amphibian richness, but little
to no water loss and uptake studies (Fig. S4). Data curation
was formatted following Schwanz et al. *®.

Unpublished data from Brazil were collected according
to the experimental procedures approved by the Ethical
Committee in Animal Use (CEUA) of the Biosciences
Institute (#0820), affiliated with UNESP, Rio Claro, Sao
Paulo, Brazil. License for animal capture and transport was
provided by Instituto Brasileiro do Meio Ambiente e dos
Recursos Naturais Renovaveis (IBAMA, #29703-1 and
22028-1), and Secretaria do Meio Ambiente - Instituto
Florestal (#26018 - 013.054/2011). Unpublished data from
South Africa were collected in accordance to Western Cape
Nature Permit AAA007-00073-0056, and all experimental
procedures were approved by the University of Stellenbosch
REC:ACU, Research Ethics Committee: Animal Care and
Use (SU-ACUM13-00005).

Phylogenetic data

To account for phylogenetic relatedness in the following
Bayesian model to examine ecotype sensitivity to water loss
and water uptake, we used the amphibian phylogeny of Jetz
and Pyron ¥ comprising of 7,238 ampbhibian species. There
were 5,636 species from our dataset that matched the tree,
and the remaining species were not available as they were
described after 2016. Our dataset includes 87.8% of the
currently known anuran species listed in the IUCN Red List
database. Polytomies were removed using the function
‘multi2di’, and branch lengths were estimated using the
‘compute.brlen’ function from the ape package *%. The
generated tree was converted to a phylogenetic relatedness
correlation matrix for subsequent analysis.

Water loss and uptake analyses

All. models used a No-U-Turn Sampler extension of
Hamiltonian Monte Carlo °° Bayesian procedure
implemented in the R package brms ° to derive posterior
distributions and associated credible intervals (Cls) for the
fitted parameters. For all models, we constructed four
chains with 5,000 steps per chain, including 2,500-step
warm-up periods, hence a total of 10,000 steps were
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retained to estimate posterior distributions [i.e., (5,000 -
2,500) x 4=10,000]. Adapt delta was set at 0.99 to decrease
the number of divergent transitions, and the maximum tree
depth was setto 15 when the depth of tree evaluated in each
iteration was exceeded. Fixed effects were assigned weakly
informative priors following a Gaussian distribution (Inf3,
mean = 0, SD = 3) to speed up model convergence, and
Student’s t prior with three degrees of freedom was used for
group-level, hierarchical effects. The degree of convergence
of the model was deemed as achieved when the Gelman-
Rubin statistics, R ', was 1.

Differences in resistance to water loss () and WU
between ecotypes were examined with the ‘brms’ function
from the brms package. We analysed r, because it
represents the most physiologically relevant metric of water
loss 5283, For the r; water loss model, we included the natural
logarithm transformed body mass (lnMass), VPD (InVPD),
and air flow rate (InFlow) as additive fixed effects. Study ID,
InMass nested in species, and the phylogenetic correlation
matrix were included as group-level effects to account for
variance between studies, repeated measures within
species, and evolutionary history . For the WU model, the
fixed effects were InMass, treatment temperature, and initial
hydration level. Relative humidity was never reported during
the WU experiments, thus VPD was replaced with exposure
temperature. Group-level effects were the same as for the
water loss model. Only ecotypes with five or more
recordings were analysed *. The R}, ginal aNd R2gitional Were
calculated from the water loss and WU models using the
‘r2_bayes’ function from the performance package °, and
posterior  predictive checks were presented in
Supplementary Fig. S5. All statistical outcomes are
presented as mean posterior estimates + 95% credible
intervals (95% Cl). The model results were also visualised in
Fig. S6-7.

Water loss vulnerability

We estimated the impact of SSP2-4.5 (+2 °C) and SSP5-8.5
(+4 °C) scenarios on EWL globally for a typical 8.7 g frog
(geometric mean body mass of the study) using the
‘ectotherm’ function from the NicheMapR package ¢ and
compared the estimated EWL to the spatial distribution of
species richness. We extracted high resolution (~4km?)
global dataset on the mean VPD (kPA month) and mean wind
speed (m s’ month) from Abatzoglou et al. “¢ under the
current climate (1970-2000) and under a +2 and +4°C
scenario to estimate EWL under the current and future
scenario. Wind speed at ground level (1 cm) was
interpolated from the reference height of 10 m and assuming
a level surface roughness of 0.15 m in an open landscape
(https://mrke.github.io/NicheMapR/inst/doc/microclimate-
model-theory-equations).

Effect of environmental warming and drying on behavioural
activity

To demonstrate the role of water-conserving strategies on
the potential hours for activity, we simulated a hypothetical
frog in a subtropic biome (Karawatha reserve, Brisbane,
Australia). Brisbane has a record of daily rainfall from 1994—
current and this area has experienced drought recently
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(2017-2019). The aim is to explore the interactions between
different climate processes on frog activity rather than
reflect realistic changes in the ecosystem. We also note that
these simulations can be applied to any terrestrial location
in the world with species-specific thermal and hydrological
variables.

We used NicheMapR to construct a biophysical model of
the water, and energy balance of a typical adult frog (8.7 g)
from Kearney and Porter & and Kearney and Enriquez-Urzelai
%8 to test the role of behavioural and physiological regulation
on potential activity under different thermal and hydric
conditions. The default frog model was based on the leopard
frog Lithobates pipiens and was applied for all ecotypes
because r and WU rate did not differ between ecotypes
(Table S3-4). The model was based on the ‘thermodynamic
niche’ modelling scheme, considering thermodynamic
effects on the biophysical landscape (Fig. S8a). Three
hypothetical frog models with differing water saving
strategies were simulated to estimate the influence of
behaviour and physiological modification on activity
(summarised in Table S5): 1) a shade model where the frog
can thermo-hydroregulate with shade available (0-90%
shade), butis not able to burrow or climb up trees to regulate
temperature and hydration (representative of a typical
ground-dwelling frog), 2) an arboreal model with water-proof
skin (high skin resistance) and the ability to climb trees up to
150 cm high to regulate their body temperature and
hydration (representative of arboreal frog), 3) burrowing
model where the frog is able to burrow underground to a
maximum of 200 cm to regulate body temperature and
hydration (representative of fossorial species). Semi-
aquatic and stream-dwelling ecotypes were not simulated
as they are typically found around permanent water bodies,
which allows them to quickly rehydrate; our models focused
on activity change under drying conditions.

We simulated the potential hours (in a 24 hour day) active
in a year (tar) Which represents the suitable thermal and
hydric conditions for the animal to move beyond their retreat
to either catch prey or find mates . Frogs can be active day
or night, even though most are nocturnal, but may shift
activity times with climate change. Therefore, we estimated
the overall potential activity hours available. While frogs can
survive losing up to 50% of their body weight before death 7,
locomotor performance declines rapidly around 10-30%
loss of water 22%%7' and toads have been observed to seek
shade after losing ~14% of their water mass 2. Therefore, we
used a threshold of 80% of hydrated body mass to stop
activity, as locomotion is highly impaired below these
conditions.

We simulated t,: for the hypothetical frog under four
climate conditions, 1) current normal scenario (typical air
temperature and rainfall), 2) a current drought scenario
(typical air temperature and low rainfall), 3) a warming
normal scenario (+4°C only), and 4) a warming drought
scenario (+4°C and low rainfall). Vapour pressure was
computed from the environmental temperature and
humidity values which directly affects EWL in the model
(driven by the vapour density gradient between the skin
surface and the air), while the simulated soil water potential
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influences WU rate 8. The full detail of model specifications
and climate model verification are provided in the
Supplementary Information “NicheMapR” section and Fig.
S9.

To test the generality of the effects of warming and
drought on activity at different biomes, we examined the
impact of the four climate conditions (as above) on t..: from
three additional representative biomes that anurans are
known to occupy and are atrisk to increasing environmental
drying 73. This included a tropical biome (Salvador, Brazil)
representing a yearly warm, wet climate, a Mediterranean
biome (Seville, Spain) representing hot, dry summers with

climate (Fig. $10). The same 8.7 g hypothetical frog was
simulated under the same conditions as previous for the
subtropic biome (Brisbane, Australia). We assumed the
same warming scenario of +4°C and a drought scenario with
a 50% reduction in rainfall to allow the sites to be
comparable.

RESULTS

Species richness, aridity, and drought risk

Amphibian species richness is inversely correlated with the
aridity, where the higher the Al, the fewer amphibian species
per grid cell (Fig. 1a-c). On average, most species classified

cold, wet winters, and a semi-arid biome (Tankwa Karoo,
South Africa) representing yearly thermally-variable, dry
Dry sub-humid . Semi-arid , Arid

Humid\ ‘ KHyper—arid
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as stream-dwellers inhabit wetter regions (mean Al of 1.46 *
0.62 s.d), while most fossorial species live in drier regions
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Fig. 1 | Relationship between the spatial distribution of anuran species and the degree of dryness of the climate. (a) The spatial distribution of the
mean aridity index (Al) based on the precipitation and potential evapotranspiration between 1981-2010, and (b) is the anuran species richness based on
the IUCN spatial assessment. (c¢) The relationship between mean Al and species richness, where the wetter the climate (lower aridity), the more species
richness within the grid cell (0.5°) than drier climates. (d) Ecotype-specific distribution of anurans across Al, where stream-dwelling species tend to be
conjugated in humid areas, while fossorial species tend to be found in drier areas. (e) Change in the percentage of species in each grid cell (0.5°) grouped
by Al category between the current climate (yearly average from 1981-2010) and future warming scenario of +2°C (SSP2-4.5) and +4°C (SSP5-8.5) by 2080-
2099. Under a +2°C warming scenario, there will be a -1.4 % decrease in percentage of species occupying humid regions and a 6.6% increase in percentage
of species occupying drier regions ranging from dry sub-humid to hyper-arid ones. Under a +4°C warming scenario, there will be a -5.8 % decrease in

percentage of species occupying humid regions and a 33.6% increase in percentage of species occupying dry sub-humid to hyper-arid regions. (f-g) Spatial
change in mean dryness (decrease in Al) under a +2°C and +4°C warming scenario.
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(mean Al of 0.80 = 0.61 s.d; Fig. 1d). Under an intermediate
warming scenario of +2°C, around 6.6% of areas occupied
by anurans will increase to arid-like conditions. Humid
regions will reduce by 1.4%, dry sub-humid regions will
increase by 2.5%, semi-arid regions will increase by 1.4%,
arid regions will increase by 5% and hyper-arid regions will
decrease by 2.3% (Fig. 1e and 1f). Under a high warming
scenario of +4°C, around 33.6% of areas occupied by all
anurans will increase to arid-like conditions. Humid regions
will reduce by 5.8%, dry sub-humid regions will increase by
9%, semi-arid regions will increase by 8.4%, arid regions will
increase by 13.2% and hyper-arid regions willincrease by 3%
(Fig. 1e and 1g).

By 2080-2100, 15.4 % of regions occupied by anurans
are expected to face a combination of increased drought in
relation to the three metrics we considered: intensity,
frequency, and duration. This is especially so in large areas
of South America, northern America, and most of eastern
Europe under anintermediate emission scenario (SPP2-4.5;
Fig. 2a). Under a high emission scenario (SPP5-8.5), 36.1 %
of regions occupied by anurans, mainly the Americas,
southern Africa, Europe, and southern Australia, will be at
risk of increased exposure to drought according to all three
metrics (Fig. 2b). Anuran species-assemblages in the
Amazon region had the highest risk from the combination of
high species richness and is predicted to be exposed to
increases in all three metrics under both intermediate and
high emission scenario (Fig. 2c-d).

We estimate around 21% of regions that anurans occupy
will be at risk of increasing drought intensity under an
intermediate scenario (Extended Data Fig. 1a-b). Under a

a SSP2-4.5 (+2°C)

b ssSP5-8.5 (+4°C)

high emission scenario, 38% of the area anurans occupy will
be at risk of increasing drought intensity (Extended Data
Fig. 1c—d). Anurans in central America, southern America,
western and central Europe, southern Africa, and southern
Australia are expected to be subjected to increased average
drought frequency by 1-4 months per year under an
intermediate emission scenario (41.1% of areas occupied
by anurans; Extended Data Fig. 2a-b), while the mean
frequency of over 4 months per year are considered rare
(0.9%). 15.3% of regions occupied by anurans are expected
toreduce in the frequency of drought. Under a high emission
scenario, anurans in central America, the Amazon region,
Chile, northern United States, and the Mediterranean
regions are predicted to experience increases in drought
frequency by over 4 months per year (16.3% of areas
occupied by amphibians more than 4 months per year;
Extended Data Fig. 2c-d). 27.4% of regions occupied by
anurans are not expected to change and 11% are expected
to reduce in drought frequency.

The duration of drought will increase in most of the
America’s, Europe, southern and central Africa, and
southern Australia by 1-4 consecutive months under an
intermediate emission scenario (28.6% of areas occupied
by anurans; Extended Data Fig. 3a-b). The mean durations
of over 4 months occurred over a limited area (3.1%). Some
areas are expected to experience increases in drought
duration by 10 months in the northern United States,
Honduras, the Amazon region, Guyana, Chile, Spain, and
Turkiye (1.6% of areas occupied by anurans; Extended Data
Fig. 3c-d).

W All three
Any two
Only one

by
v

Species-assemblage risk
W — hlgh

Fig. 2 | Assemblage-level risk due to multiple scenarios of increasing drought events. Grid cells with anuran occurrences exposed to either a single
metric (intensity, frequency, or duration: only one), any two metrics (intensity and frequency, frequency and duration, intensity and duration: any two), or
all three metrics (intensity, frequency, and duration: all three) of extreme drought events beyond their historic (contemporary) levels by 2080-2100 under
(a) a +2°C warming scenario (SSP2-4.5) and (b) a +4°C warming scenario (SSP5-8.5). The results for drought intensity, frequency, and duration alone are
presented in the Extended Data Figs. 1-3. (c—-d) Assemblage-level risk based on the number of drought risk by number of species per grid cell under (c) a
+2°C warming scenario (SSP2-4.5) and (d) a +4°C warming scenario (SSP5-8.5). The drought risk was weighed by species assemblage, where a grid cell
with high drought risk and high species richness has a higher risk score than a grid cell with high drought risk and low species richness.
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Fig. 3 | Variation in evaporative water loss (EWL) for a typical 8.7 g frog. (a) Spatial variation in EWL (g H20 h™") under the current (1981-2010) scenario.
(b) Relationship between EWL and species richness where the number of species tends to be higher in areas that provide low potential for high EWL
(Ecotype specific relationship is presented in Supplementary Fig. S11). Bottom maps represent change in EWL (AEWL; g H20 h') under (c) a +2°C warming
scenario (SSP2-4.5) and (d) a +4°C warming scenario (SSP5-8.5) by 2080-2100.

Water loss and uptake

Resistance to water loss (r;) did not differ between ecotypes
butvaried by water-conserving strategies (Table S3; Fig. S6).
Frogs with water-proof skin (morphological), with a cocoon
layer during aestivation (physiological), and inside artificial
hollow structures (behavioural) had higher ri than frogs with
no specialised water conserving strategies, with the highest
ri from frogs that were in aestivation (Fig. S6b). Body size,
and flow rate influenced r;, which explained 64% [60-68] of
the variation in r; (Table S$3). riincreased with body mass with
a scaling exponent of 0.10 [0.04-0.17], and higher wind
speed decreased r; (-0.22 [-0.34—0.10]). There was a
moderate phylogenetic signal for r, (A = 0.38 [0.04-0.65]).
EWL was high for a 8.7 g frog in regions with high annual VPD
(indicator of dryness) such as hot, arid regions (Fig. 3a).
Anuran species richness was negatively related to potential
EWL where areas with climates that allow low EWL had a
higher number of anuran species (Fig. 3b). Under an
intermediate and high-emission scenario, EWL increased
the most in arid regions (Fig. 3c-d), where EWL nearly
doubled in the Sahara, Arabian, Taklamakan, and Australian
deserts under a high-emission scenario (Fig. 3d).

Water uptake did not differ between ecotypes or
treatment temperature (Table S4). However, water uptake
was influenced by body size and initial hydration, both
moderators explaining 69% [62-75] of the variation in water
uptake. WU increased with body mass with a scaling
exponent of 0.80 [0.70-0.91], and more dehydrated frogs
had higher water uptake rates (-0.5 [-0.7- -0.04). There was
a strong phylogenetic signal for water uptake (A=0.78[0.38-
0.94]).

Wu et al. (2024) EcoEvoRxiv. DOI: 10.32942/X2Z2G7S

Effect of environmental warming and drying on behavioural
activity by ecotype

Biophysical simulations of the current climate scenario (no
warming, no drought) in Karawatha Reserve, Australia,
showed a hypothetical ground-dwelling frog could be active
3,934 hours out of 8,760 total hours of the year (45%) (Fig.
4a). The corresponding values for a water-proof arboreal frog
was 4,724 h (54%), and 4,271 h (49%) for a burrowing frog
(Fig. 4c and e).

Under a warming climate scenario alone (+4 °C, no
drought), the ground-dwelling frog increased in potential
activity by 334 h (8.5%), the waterproof arboreal frog by 163
h (3.5%), and the burrowing frog by 481 h (8.9%) relative to
the current climate scenario. The increase in activity was
driven by warmer winters (June to August) allowing for more
activity during the coldest quarter (Fig. 4b, d, g, Table S6).
When restricted to the warmest quarter of the year
(December to February), where climate warming is
predicted to have the greatest impact, warming decreased
activity by 8.4% for a ground-dwelling frog, 8.6% for a
waterproof frog, and 7.2% for a burrowing frog (Table S6).

Under a drought climate scenario (no warming,
drought) matching the 2018-2019 historical drought, the
ground-dwelling frog decreased potential activity by 205 h
(5.2%), the waterproof arboreal frog by 242 h (5.1%), and the
burrowing frog by 119 h (2.8%) across the year. The effects of
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Fig. 4 | Total hours for potential activity and change in activity under different climate conditions for a hypothetical 8.7 g frog in Queensland,
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scenario (right panels) for (a-b) a ground-dwelling frog, (c-d) a water-proof arboreal frog, and (e-g) a burrowing frog. Total potential activity represented as

numbers presented in Supplementary Table S6.

drought were highest in the warmest quarter with an average
reduction in potential activity for all ecotypes by 11.2+4.1%
relative to the current scenario (Table S6). When simulating
both warming and drought climate scenarios together, the
ground-dwelling frog decreased its potential activity by 221
h (21.8% reduction), the waterproof arboreal frog by 262 h
(22.8%), and the burrowing frog by 155 h (12.8%) relative to
the current scenario in the warmest quarter. For all
ecotypes, a reduction in rainfall had a greater effect on
yearly activity than an increase in temperature alone (Table
S6).
Effect of environmental warming and drying on behavioural
activity by biome

Biophysical simulations of a hypothetical ground-
dwelling frog under the current scenario could be active in
5,561 hours out of 8,760 total hours of the year (62.5%) in the
tropical biome, 42 hours (0.5%) in the semi-arid biome and
372 hours (4.3%) in the Mediterranean biome (Table S7).
Each biome showed different response in t,: under each
climate scenarios (Fig. 5). The tropical biome showed a
decrease in t, for all scenarios across the year (Fig. 5a),
where warming alone decreased t,: by 3.4%, drought alone
decreased t,.: by 21.7%, and the combination of warming
and drought decreased t.: by 26% (Table S7). In the
Mediterranean biome, t,: increased by 535 h under a
warming scenario, while both warming and drought
increased t..: by 213 h relative to the current scenario (Table
S§7). Theincrease in t,.: was driven by increased temperature
in the coldest quarter of the year, permitting activity (Fig.
5b). t..: also showed the same trend in the semi-arid biome
(Fig. 5c), where t,.: increased by 37 h under a warming

Wu et al. (2024) EcoEvoRxiv. DOI: 10.32942/X2Z2G7S

scenario, while both warming and drought increases ta.: by
35 h relative to the current scenario. However, if restricted to
the warmest quarter of the year, activity decreased under all
scenarios for all biomes. Warming alone decreased t,.: by
6.74 = 3.95%, drought alone decreased t,: by 5.5 + 10.8%,
and the combination of warming and drought decreased t,c:
by 11.45 + 8.95%.

DISCUSSION

Amphibians are the most threatened class of vertebrates,
and the number of species directly impacted by climate
change has increased by 39% over the last decade . We
found the exposure risk of anurans to increasing
environmental dryness is global with most regions where
anurans live increasing in the average aridity and in the
intensity, frequency, and duration of extreme drought
events. The Amazon rainforest in South America is of
particular concern because high species diversity overlaps
with high risk of increasing drought. We also found that
sensitivity to water loss vary among species, being driven
more by behaviour and physiological adaptations than by
ecotypes, and we discuss these findings in the light of
responses to warming and drying scenarios. Our results
demonstrated how combining the effects of temperature
and environmental dryness on the biology and ecology of
anurans provides a more comprehensive understanding of
the vulnerability of the most threatened vertebrates to
climate change.
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Stream-dwelling or semi-aquatic ecotypes are expected
to have a greater risk of desiccation stress than arboreal or
fossorial ecotypes due to differences in adaptation to
differing water exposure in their environment. However, the
similarities we found in rates of water loss (or skin
resistance, r) and gain across all ecotypes (Fig. S6-7),
regardless of phylogeny, suggest that habitat preference
does not drive variation in water loss and gain as found in
previous studies 7*7’. Instead, a species’ risk of desiccation
stress may be more tightly related to physiological and
behavioural traits. For example, some arboreal species have
lower rates of EWL due to their high r; than other ecotypes.
This high r, may be attributed to either secretions (mucus,
lipids, proteins) or specialised cells (iridophores)  that allow
some “waterproof” species to have r; values as high as
squamates, turtles, and crocodilians . Nevertheless, most
anuran species (apart from waterproof and cocoon-forming
frogs) lack physiological ways to reduce EWL. Such species
must therefore rely on behavioural hydroregulation such as
microhabitat shelter to reduce dehydration risk 78%,
otherwise, it is expected that EWL may double in more arid-
like regions under a high-emission scenario (Fig. 3d). This
may be due to arid regions typically subjected to most
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frequent and intense heatwaves where the spatial extent of
extreme thermal events tend to overlap with increasing
drought episodes '3, thus exacerbating dehydration.

Arid regions tend to have few, if any, anuran species, and
these areas have been expanding to the expense of
conserved areas worldwide in part through human activity
which can intensify climate changes “6. This is the case for
tropical regions of serious concern, such as Amazon
borders and southeast Asia that harbor high species
richness and may experience extreme warming and drought
8485 The combined effects drought and warming may act
synergistically on physiological functions in ways that
further reduce potential activity-and perhaps survival-as
indicated in our simulated model for a tropical biome (Fig.
5a). For example, anurans subjected to drying conditions
tend to decrease their thermal tolerance and preferred body
temperature 2*8'82 which may lead to suboptimal
physiological functions. Additionally, the negative effects of
high temperature on frog locomotor performance is
exacerbated by dehydration &#, Amphibians will
thermoregulate via EWL cooling when exposed to high air
temperatures (40-50°C); in such conditions, they can
maintain a skin surface temperature around 35°C, but at a
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Fig. 5 | Change in activity under different climate conditions for a hypothetical 8.7 g frog in four representative biomes expected to increase in
environmental drying. (a) Activity decreased under both warming and drought scenarios in a tropical biome in Brazil across the year. (b) Activity increased
during the winter months in a Mediterranean biome in Spain. (c) Activity slightly decreased in a semi-arid biome in South Africa despite overall low daily
potential activity (Supplementary Table S7). (d) Activity increased during the winter months and decreased during the summer months in a subtropical
biome in Australia. Top graphs for each biome figure show the daily soil temperature in the shade (Tsoit °C, black lines) and daily rainfall (mm; grey lines),
Total potential activity and relative change represented as numbers for each biome are presented in Supplementary Table S7.
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cost of increased EWL (Fig. $11) and energetic demands 2.
These warming and drying conditions highlight their
potential negative impacts on activity and survival of
anurans. Indeed, extreme atmospheric evaporative demand
under rising temperatures and less predictable rainfall have
already been impacting the phenology as well as general
biology of terrestrial organisms that depend on water, thus
emphasising that the interactions of water and temperature
must be considered for accurate forecasting of
physiological vulnerability to climate change 822,

Physiological-based restrictions on activity, such as of
the dehydration effects on movement behaviour, are also of
ecological relevance because such effects can limit the
ability of organisms to disperse %, and shorten the time
window for breeding %. The reduction in activity when
dehydrated is likely due to a combination of deceased blood
flow and oxygen transport 8%, brain function %, and a
decline in ability to synthesise ATP and increase in glycolysis
during locomotion under water stress %. In this sense,
environmental drying may not only reduce foraging and
mate-seeking opportunities, but may also reduce the
environmental resource available to fuel locomotion.
Environmental aridity is highly correlated with primary
productivity and, ultimately, food availability °"%2. Thus,
environmental drying restricts both the quantity of available
food as well as the capacity to find it 2, consequently
impairing a number of biological processes associated with
activity time. Due to the paucity of amphibian studies
directly linking environmental drying and activity in the field
% our understanding of amphibian sensitivity would benefit
from field research focused on species-specific changes in
activity in regions to be most at risk to drying as indicated in
our study.

Our biophysical simulations indicated a potential
decrease in activity hours during the summer period under a
warming and drought scenario in all biomes. Conversely,
simulations also showed potential increased activity hours
during the coldest quarter of the year (more suitable
temperatures), which increased the total activity across the
year, being even more predominated in biomes with cooler,
wet winters such as the subtropic and Mediterranean
biomes. As many frogs show plasticity in their call
phenology %%, it is plausible that some species may change
their breeding activity seasonally in response to climate
warming. However, responses to changes in water
availability during breeding and in winter conditions seems
to be species-specific %, which cautions the generality of
species responses to new scenarios of climate change ¥ as
suggested by our simulations on activity time.

Physiological plasticity can increase an organism’s
resilience to climate change %. Whether amphibians can
adapt to increasing environmental dryness will depend on
their acclimation capacity. Previous research have indicated
amphibians acclimation to drier conditions by increased
skin resistance *°, and regenerated capillary beds in the skin
1% which help increased rehydration capacity. Whether
these changes permit longer activity under drier conditions,
as observed in insects, requires further investigation,
especially for small, narrowly distributed species '°"%2, Field

Wu et al. (2024) EcoEvoRxiv. DOI: 10.32942/X2Z2G7S

observations have shown the average body size in frog
assemblages are larger in warmer, drier regions '%3%, Larger
frogs have proportionally lower EWL and have higher water
storing capacity in the bladder compared to smaller frogs 7.
Therefore, we may observe phenotypic change in amphibian
communities, where larger species may be able to cope
better with increased environmental drying relative to
smaller species. This contrasts with the third universal
response to warming, the declining body sizes '071%°,
Consideration of plasticity is important for evaluating
species risk to climate change because plasticity can often,
but not always, buffer the effects of environmental stressors
"0 and not accounting for plasticity and evolutionary
potential can overestimate the impacts of environmental
change on predicting species distributions '""1"2,

To understand and manage the effects of climate change
on biodiversity we must integrate knowledge on biologically
relevant processes for different types of organism in
different habitats. Hydrological variables such as rainfall,
evapotranspiration, soil moisture content have higher
uncertainty relative to temperature trends due to the
stochastic nature of atmospheric processes 3.
Nonetheless, the growing availability of independent
hydrological models provides the perfect opportunity to
integrate thermal and hydric constraints to give a deeper
understanding of the risk of climate change on other
terrestrial organisms than single variables alone.
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EXTENDED DATA
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Extended Data Fig. 1 | Risk to increasing drought intensity for anurans by 2080-2100. (a) Change in the Palmer Drought Severity Index (APDSI) under a
+2°C warming scenario (Shared Socioeconomic Pathways 2-4.5; SPP2-4.5) by 2080-2100 relative to the current scenario (1970-1999). A decrease APDSI
indicates higher drought occurrences, while an increase APDSI indicates more extreme wetness. (b) Percentage of anuran species occupancy in each PDSI
category grid cell (0.5°) under a +2°C warming scenario, where 21% of species are in areas that are at risk of increasing drought. (c) Change in APDSI under
a +4°C warming scenario (SPP5-8.5). (d) Percentage of anuran species occupancy in each PDSI category grid cell (0.5°) under a +4°C warming scenario,

where 38% of species are in areas that are at risk of increasing drought.
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Extended Data Fig. 2 | Risk to increasing drought frequency for anurans by 2080-2100. (a) Change in the drought frequency (APDSlfrequency;) under a +2°C
warming scenario (Shared Socioeconomic Pathways 2-4.5; SPP2-4.5) by 2080-2100 relative to the current scenario (1970-1999). APDSlrequency] Was
defined as change in monthly PDSI below -2 (moderate to extreme drought) within a 20 year period. (b) Percentage of anuran species occupancy in each
frequency category grid cell (0.5°) under a +2°C warming scenario. (c) Change in the APDSlIsrequency) Under a +4°C warming scenario (SPP5-8.5). (d)
Percentage of anuran species occupancy in each frequency category grid cell (0.5°) under a +4°C warming scenario.

Wu et al. (2024) EcoEvoRxiv. DOI: 10.32942/X2Z2G7S

14 of 15



OFLESRXiV | RESEARCH ARTICLE

a Change in drought duration (APDSI +2°C) b Grid cell occupied +2°C
S _\3" e = B W 501
S 428
401
- \ ) 337
. wh 5 3 30
. S
« ‘ . R 20 146
\_,\ X : 104 7.4
’t‘ ( { y O 0 02 01 01 05 07
\& ) v >10 8-10 6-8 4-6 2-4 1-2 0-1 —0-1-1-2
. Months
¢ Change in drought duration (APDSI +4°C) d Grid cell occupied +4°C
) & 3 e ——» NP “ 50
40
¥ %)
( il S -g 30 - 27.4
¥ \ a\ 3 28 23
. R AR 2 20
./\ ~ LN t ‘ N &~ 10 105 10
L\'é i 1 / ¢ 24 | 24 ;
g ¢ ] / 0 | —— —
B ) ¢ 4 ~ A T T T T T T T T T
&_ . r >10 8-10 6-8 4-6 2-4 1-2 0-1 -0-1-1-2
) Months

Extended Data Fig. 3 | Risk to increasing drought duration for anurans by 2080-2100. (a) Change in the drought duration (APDSlguration)) under a +2°C
warming scenario (Shared Socioeconomic Pathways 2-4.5; SPP2-4.5) by 2080-2100 relative to the current scenario (1970-1999). APDSlguration) Was defined
as consecutive months under moderate to extreme drought (PDSI <-2) within a 20 year period. (b) Percentage of anuran species occupancy in each duration
category grid cell (0.5°) under a +2°C warming scenario. (¢) Change in the APDSlIdurationj under a +4°C warming scenario (SPP5-8.5). (d) Percentage of anuran
species occupancy in each duration category grid cell (0.5°) under a +4°C warming scenario
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