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Climate change is widely recognized as one of the main threats to biodiversity*
and predicting its consequences is critical to conservation efforts. A wide
range of studies have evaluated the effects of future climate using taxon-based
metrics®>*, but few studies to date have applied a phylogenetic approach to
forecast these impacts. Here, we show that future climate change is expected
to significantly modify not only species richness, but also phylogenetic
diversity and phylogenetic endemism of Neotropical frogs. Our results show
that by 2050, the ranges of 42.20% (n = 213) of species are projected to shrink
and the range of 1.71% of species (n=9) are projected to disappear. Further-
more, we find that areas of high SR and PD are not always congruent with areas
of high PE. Our study highlights the projected impacts of climate change on
Neotropical frog diversity and identifies target areas for conservation efforts
that consider not just species numbers, but also distinct evolutionary histories.

Climate change is one of the main threats to biodiversity". Over the
past century, human activities have led to rises in the emission of
greenhouse gasses, resulting in an increase of Earth’s surface
temperature’. As a consequence, there has been renewed interest in
understanding effects of climate change by forecasting the persistence
of species in future environments®. These forecasting attempts have
focused on many different species traits and roles. For example, stu-
dies have evaluated the effects of climate change on geographic ran-
ges, biotic interactions, population dynamics, and ecosystem
functions*®. However, biodiversity is not just about species, but also
about the information contained in the topology and branches of
phylogenetic trees, which carry important information about the
evolutionary history of species’. Given the magnitude of projected
climate change, it is a priority to conserve the evolutionary heritage of
biodiversity™. The conservation of species with distinct genetic heri-
tage may be key for adaptation to future non-analogous climatic
conditions caused by global warming'®.

Prior studies have concentrated on documenting and forecasting
changes in diversity based on species richness (SR)**. However, this
approach undervalues the important contribution of evolutionary
history and thus may miss key aspects of diversity related to

innovations arising in the diversification of clades. Phylogenetic
diversity (PD) is a widely used metric that assesses the shared evolu-
tionary history of species by using the sum of the branch lengths of all
species that inhabit a given region'. These branch lengths represent
the amount of evolutionary change that occurred since lineages
diverged from a common ancestor, reflecting both the time and the
evolutionary processes that led to species’ current adaptations.
Regions with high PD may consist of areas containing many species
from a species-rich clade, or alternatively, a few species with long
branches. Conversely, if a region has many species but several are
closely related, the PD score will be lower".

PD does not take into account rarity in species’ distributions'. A
second metric, developed to address this shortcoming, is phylogenetic
endemism (PE), which integrates evolutionary heritage with informa-
tion on species distributions'>”, PE identifies areas with potential loss
of evolutionary history through the sum of the branch lengths of a set
of species that occur in a given region, weighted by species range
sizes'?". Thus, PE measures the spatial restriction of the evolutionary
history of species, which can depend on the total distribution of the set
of species that occur in a region, the range size of each species, and the
amount of evolutionary history shared among them™.
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PD is expected to decrease with climate change, while PE should
increase and be spatially displaced to new areas that are predicted to
remain climatically suitable’. The increase in PE is a consequence of
species becoming more restricted spatially in the future'®. Therefore,
as species distribution decreases, endemism patterns are expected to
increase, increasing PE values. While some species are expected to
experience range contractions, others may benefit from the new cli-
matic conditions and expand their distributions, possibly decreasing
endemism patterns and PE values. One way to forecast the effect of
projected future climate change on the tree of life is through the
combination of species distribution models (SDMs") and diversity
metrics”. SDMs associate occurrence data with environmental vari-
ables to predict the potential distribution of species in time and
space™. Combining SDMs and metrics of evolutionary heritage can
identify areas that need to be conserved now to increase the retention
of those unique aspects of the tree of life. Including evolutionary
proxies can provide a way to identify regions with a rich and spatially
restricted evolutionary legacy that need to be prioritized for
conservation'.

Amphibians are the most threatened vertebrate class (40.3% of
species are endangered”), and they are highly impacted by climate
change, as most species depend on very specific climatic conditions
and have limited dispersal capacity'®. Currently, approximately
3000 species of amphibians are known from the Neotropics, and 94%
of those are endemic to the region”. The Neotropics face other
severe anthropogenic pressures including deforestation and over-
exploitation of natural resources, which combined with climate
change, are rapidly leading to high rates of species loss and poten-
tially phylogenetic losses as well. Here, we ask how future scenarios
of climate change will affect patterns of SR, PD, and PE of Neotropical
frogs (toads -Bufonidae and treefrogs -Hylidae). Projected increases
in temperature and reductions in precipitation are expected to
shrink the potential distributions of species, resulting in lower SR
and PD in the future. We also expect that regions predicted to lose SR
will be congruent with the regions predicted to lose PD in the future,
given the spatial correlation between the two metrics. In contrast, we
expect PE to increase, due to reductions in potential distributions.
However, the exact degree to which PE increases will depend on the
relative reduction in species’ distributions and the identity of species
that are lost.

We show that by 2050, the ranges of 42% of species are expected
to shrink and 1.71% to disappear. Decreasing range areas in response to
climate change could lead to a meltdown in ecosystems, and potential
loss of functional and genetic diversity in the future. Our models also
reveal projected shifts in geographic patterns of SR, PD, and PE in the
future and show that some centers of high PE are not areas of parti-
cularly high SR or high PD. Identifying regions predicted to have high
PE in the future have particular importance from a conservation per-
spective, as these areas are likely to harbor species with distinct
genetic heritage crucial for adaptation to non-analogous climatic
conditions.

Results

General patterns of loss and gain of range areas

The model metrics obtained through block cross-validation showed a
good fit, with mean values of Area Under Curve of 0.78 and Omission
Rate of 0.08 (Supplementary Table 2). Our projections indicate that
42.20% (n=213) of species are expected to suffer a reduction in range
by 2050 under the pessimistic climate scenario. Furthermore, 1.71%
(n=9) of frog species are projected to completely lose their ranges by
2050 (Table 1), including Aplastodiscus leucopygius, Boana micro-
derma, Boana platanera, Boana ventrimaculata, Dendropsophus
bokermanni, Dendropsophus stingi Exerodonta xera, Hyloscirtus arma-
tus, and Rhinella ornata (Table 1). Some of these species have long
branch lengths, such as Dendropsophus stingi (16.579 Myr) and Boana

microderma (14.337 Myr) (Table 1). In contrast, many species (n =304,
57.79%) are projected to gain range areas, among them Mega-
stomatohyla mixe, Incilius spiculatus, Megastomatohyla nubicola,
Dryophytes cinereus, and Charadrahyla altipotens (Supplemen-
tary Data 2).

Most of the species that are projected to lose range areas in the
future are classified as Least Concern (LC) by the IUCN (Fig. 1a and
Supplementary Table 2). We also identified seven species (four toads
and three treefrogs) currently categorized as threatened (Vulnerable
-VU, Endangered -EN, or Critically Endangered -CR) projected to lose
range area (Fig. 1a and Supplementary Table 2). Our models indicate
that while fewer species (213) are expected to lose their range in the
future, these species belong to lineages sharing a similar average
amount of evolutionary history when compared to those projected to
expand their range (304 species) (Fig. 1b). Furthermore, the mean
projected decrease in range area (mean=-8.366+11km? and
SD=1.430+11km?) is significantly larger than the mean projected
increase (mean=7.109 +11km? and SD =1.424 +11km?) in range area
(W =1401, p-value < 0.001, Fig. 1c). The estimated direction of change
in future range size is influenced by current range sizes, and species
with large current ranges are projected to have a higher decrease in
their ranges in the future than species with small current ranges
(Spearman’s rank correlation=-0.571, p<0.001; Supplemen-
tary Fig. 3).

The most important variables in predicting range areas for toads
were the Precipitation of Driest Quarter (BIO 17), Annual Precipitation
(BIO 12), and Annual Mean Temperature (BIO 1) (Supplementary
Table 3). For treefrogs, the most important variables were the Annual
Mean Temperature (BIO 1), Mean Temperature of Warmest Quarter
(BIO 10), and Minimum Temperature of Coldest Month (BIO 6) (Sup-
plementary Table 3).

Species richness patterns

Our models reveal that Neotropical frogs are predicted to have two
large regions with high SR; the first in southeastern Brazil, and the
second in northwestern South America, including northwest Brazil,
eastern Ecuador, northeastern Peru, and southern Colombia (Fig. 2a
and Supplementary Fig. 4a). However, according to our forecasts, SR
is expected to change in several regions, in both optimistic and
pessimistic emission scenarios (Fig. 2b and Supplementary Fig. 4b).
The regions projected to have the highest reduction in SR, under
both optimistic and pessimistic scenarios, are the Guiana Shield,
eastern Venezuela, eastern and northeastern Peru, southeast,
northwest, northern and central Brazil, and northeastern and
southeastern Bolivia (Fig. 2c and Supplementary Fig. 4c). The models
also predict regions where the SR will increase in the future,
including southern Mexico, Costa Rica, central Ecuador, central
Colombia, southern Peru, and Central Bolivia (Fig. 2c and Supple-
mentary Fig. 4c).

Phylogenetic diversity patterns

As expected, regions that harbor high PD in the present are the same
areas predicted to harbor high SR (Fig. 2d and Supplementary Fig. 4d).
Likewise, PD projected in the future is spatially congruent with areas
forecast to have high SR in 2050 (Fig. 2e and Supplementary Fig. 4¢).
Our models project a marked decrease in PD in the Guiana Shield,
northern Mexico, central and northern Argentina, Cuba, central and
northern Brazil, eastern Amazon, and the northern Andes (Fig. 2f and
Supplementary Fig. 4f). The models also predict an increase in PD in
the future in the same regions predicted to have an increase in SR
(Fig. 2f and Supplementary Fig. 4f).

PD is predicted to be higher than SR in the present across
northern Colombia, Venezuela, western Peru, western Chile, central
Brazil, southern Bolivia, Uruguay, and northern Paraguay (positive
values of SES PD, Fig. 2g and Supplementary Fig. 4g). Conversely, SR is
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Table 1| Species projected to lose all of their range area by 2050 with the percentage of loss under both pessimistic and
optimistic emission scenarios, their threat category according to the IUCN (2024), and branch length (Myr)

Species Family Country IUCN category Branch % loss- Optimistic % loss- Pessimistic
length
Aplastodiscus leucopygius Hylidae Brazil LC 5.302 -99.944 -100
Boana microderma Hylidae Colombia, Peru, and Brazil LC 14.337 -100 -100
Boana platanera Hylidae Panama, Colombia, Venezuela, and LC 3.572 -99.955 -100
Trinidad and Tobago
Boana ventrimaculata Hylidae Ecuador and Brazil LC 0.371 -99.862 -100
Dendropsophus Hylidae Colombia, Ecuador, Peru, and Brazil LC 3.342 -99.895 -100
bokermanni
Dendropsophus stingi Hylidae Colombia LC 16.579 -54.775 -100
Exerodonta xera Hylidae Mexico VU 3.031 -100 -100
Hyloscirtus armatus Hylidae Peru and Bolivia NT 8.494 -89.318 -100
Rhinella ornata Bufonidae  Brazil and Argentina LC 0.795 -99.416 -100
LC Least Concern, NT Near Threatened, VU Vulnerable.
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Fig. 1| Phylogenetic tree of 497 Neotropical frogs in the families Hylidae
(treefrogs) (black branches) and Bufonidae (toads) (gray branches) and the
values of branch length and change in climatic suitable area for species.

a shows the phylogenetic tree for the studied frogs, the future range area, and IUCN
category. In the legend, the orange color represents threatened species, which
includes Critically Endangered, Endangered, and Vulnerable, the yellow color
represents Near Threatened species, green color represents Least Concern species,
and gray color represents Data Deficient species. Light green colors represent
species projected to increase range area in the future, purple color represent
species projected to lose a part of their area, and black color represent species

-5000

-10000

Cube root (Change in Climatically Suitable Area)
o

-15000

Decrease Increase

projected to lose their entire range area in the future. b presents the density of
branch length for species projected to lose and gain range area in 2050. The dotted
lines in (b) represent the means of branch lengths for species expected to increase
and decrease range area. The (c) displays a boxplot of the projected change in
climatically suitable area for species. In the boxplot, the horizontal black line
represents the median, the box indicate the interquartile range, and the whiskers
extend to the minimum and maximum values. Black dots represent the individual
change in range area for each species. The dataset consists of frog species, with
n =213 species in the Decrease category and n =304 in the Increase category.
Source data are provided as a Source Data file.

expected to be higher than PD in the present (negative values of SES
PD, Fig. 2g and Supplementary Fig. 4g) in Mexico, Jamaica, Cuba,
northern Peru, as well as in southeastern, northern, and central Brazil.
In the future, SR is predicted to be higher than PD in Cuba, Jamaica,
western Chile, western Peru, southern Mexico, and northern Brazil
(Fig. 2h, i and Supplementary Fig. 4h, i).

Phylogenetic endemism patterns

We also predicted current centers of PE and projected their change
into the future. PE is currently concentrated in the Guiana Shield,
southeastern Brazil, the northern Andes, southern Mexico, nuclear and
Isthmian Central America (Guatemala, Honduras, and Costa Rica),
Jamaica and northern Cuba (Fig. 3a and Supplementary Fig. 5a).
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Fig. 2 | Species richness (SR), Phylogenetic diversity (PD), and Standardized
effect size for Phylogenetic diversity (SES PD) of 497 Neotropical toads and
treefrogs. a SR for the present scenario. b SR for the pessimistic 2050 scenario.
c Differences in SR between present and the pessimistic 2050 scenario. d PD for the
present scenario. e PD for the pessimistic 2050 scenario. f Differences in PD
between present and the pessimistic 2050 scenario. g SES PD for the present. h SES
PD for the pessimistic 2050 scenario. i Differences in SES PD between present and
the pessimistic 2050 scenario. Purple and dark green colors represent regions
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predicted to have high SR and PD, while light green and yellow colors represent
regions predicted to have low SR and PD. Red colors represent species losses in SR,
PD, and SES PD, gray/white color represents areas where SR, PD, and SES PD are not
predicted to change, and blue color represents SR, PD, and SES PD gains in the
future. In the (g, h) yellow and green colors represent regions where PD is lower
than expected randomly and blue and purple colors represent regions where PD is
higher than expected randomly.

Climate change is projected to shift the spatial patterns of PE across
the Neotropics, in both optimistic and pessimistic emission scenarios
(Fig. 3b, c and Supplementary Fig. 5b, c), resulting in centers of PE
more spatially restricted. The value of PE in most regions is expected to
decreases substantially in the future, mainly for Guiana Shield, south-
ern Mexico, Panama, Ecuador, and southeastern Brazil (Fig. 3b, ¢ and
Supplementary Fig. 5b, c). The exceptions projected to increase PE in
the future are northwestern and southeastern Colombia, southeastern

Costa Rica, and a small center in southern Brazil (Fig. 3b, c and Sup-
plementary Fig. 5b, c).

Relationship between diversity metrics

As predicted, PD and SR showed a very strong relationship in the
present (Pseudo R>=0.993) and in the future (Pseudo R*=0.994,
Supplementary Fig. 6a—c), but the magnitude of the relationship varies
across space. SR and PD are both high in Guiana Shield, southeastern
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Fig. 3 | Phylogenetic endemism (PE) of 497 Neotropical toads and treefrogs.

a PE for the present scenario. b PE for the pessimistic 2050 scenario. ¢ Differences
in PE between present and the pessimistic 2050 scenario. In (a, b) purple and green
colors represent regions predicted to have high PE, while yellow colors represent
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regions with low PE. In (c), red colors represent losses in PE, gray/white color
represents areas where PE is not predicted to change, and blue color represents PE
gains in the future.

and northern Brazil, eastern Peru, Colombia, Ecuador, and Bolivia
(Fig. 4a-c). PE showed a weak relationship with SR in the present
(Pseudo R*=0.017) and future (Pseudo R*=0.047, Supplementary
Fig. 6d-f). Regions where both PE and SR are high are located in
southeastern Brazil, Amazon (Brazil, Peru, Ecuador, and Colombia),
Costa Rica, and French Guiana (Fig. 4d-f). PE is higher than SR in
southern and northern Mexico, nuclear and Isthmian Central America
(except by Costa Rica), Caribbean Islands (Cuba, Haiti, Jamaica,
Dominican Republic, and The Bahamas), southern Brazil, western
Colombia, Ecuador, and Central Chile (Fig. 4d-f). Our models suggest
important areas for the conservation of the phylogenetic component
(higher PD and SES PD, Fig. 4g-i) in southeastern and northern Brazil,
southern Paraguay, northern Bolivia, northeastern Peru, eastern
Colombia, southern Venezuela, and northern Guyana (Fig. 4g-i).

Discussion

Our models indicate that almost half (42.20%) of the studied frog
species are expected to experience a reduction in their range areas,
with nine species (1.71%) predicted to lose their entire range by 2050.
The future climate change is also predicted to shift the SR, PD, and PE
of Neotropical frogs and make communities more clustered spatially.
However, the loss of PD and, mainly, PE in some regions can be much

more severe than the loss of SR. The reduction in PD and PE can be
driven by the loss of species with long branch lengths, which represent
deep evolutionary histories. These branch lengths reflect the amount
of evolutionary divergence accumulated over time, and the loss of
such species can lead to a significant reduction in the unique evolu-
tionary history of Neotropical frogs.

Some species projected to lose range are threatened according to
the IUCN red list (VU, EN, CR)*, which underscores an urgent need for
targeted conservation action. To be categorized as threatened, a
species must be suffering substantial extinction risk due to threats
such as disease (chytridiomycosis for anurans), habitat loss, frag-
mentation, or invasive species’. Adding climate change to this mix of
stressors” will make the persistence of the species in changing habitats
much more challenging. Some examples of threatened toad species
are the Harlequin frogs (genus Atelopus), which have been suffering
reductions in their populations due to pathogen spread (chy-
tridiomycosis), habitat loss, and the indirect interaction of climate
change with disease agents™. These species should be a priority for
global conservation and their populations must be monitored to avoid
potential declines or extinctions in the next 30 years. Moreover, spe-
cies classified as “Least Concern” (LC) that are projected to lose range
area underscores that the conservation status of non-threatened
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Fig. 4 | Bivariate maps illustrating the relationship between species richness
(SR), phylogenetic diversity (PD), phylogenetic endemism (PE), and standar-
dized effect size of PD (SES PD) of 497 Neotropical toads and treefrogs. a SR and
PD for the present scenario. b SR and PD for the optimistic 2050 scenario. ¢ SR and
PD for the pessimistic 2050 scenario. d SR and PE for the present scenario. e SR and
PE for the optimistic 2050 scenario. f SR and PE for the pessimistic 2050 scenario.

g PD and SES PD for the present. h PD and SES PD for the optimistic 2050 scenario.
i PD and SES PD for the pessimistic 2050 scenario. In (a-i) light green indicates
regions where both PD, PE, SR, and SES PD are predicted to be high, gray shows
areas where both are predicted to be low, dark green highlights regions where only
PD, PE or SES PD is predicted to be high, and purple colors areas where only SR or
PD is predicted to be high.

species may change rapidly in the next few years. The rapid onset of
these threats requires a more inclusive approach, incorporating pre-
dictive models or more ideally observational studies with climate
change effects in the last years into the risk assessments to ensure that
climate change impacts are adequately represented.

Our results also show that SR and PD of Neotropical frogs are
projected to be currently concentrated in two large regions; the first in
southeastern Brazil, and the second in northwestern South America.
These regions are known to have high SR not just for frogs, but also for
other vertebrates such as birds**, mammals*, and reptiles”. The high
diversity of plants and animals may be related to the highly complex
biogeographic history of the Neotropics®. Events such as the rise of
the Andes, the closure of the Isthmus of Panama, and river formation in
Amazon may have shaped the diversity that we see today>.

Our models suggest that climate change is projected to shift the
diversity patterns of Neotropical frogs. Tropical species are expected
to show particular sensitivity to climate change, as they typically live
near their critical thermal maximum and show fitness declines under

shifting climates”. However, temperature is not the only factor
determining species distribution®® and other climate variables, such as
precipitation regimes or water balance, may also be closely related to
species range shifts?®. Our results support this, as the models showed
that precipitation of driest quarter (BIO 17) and annual precipitation
(BIO 12) are the main drivers of range shifts for toads. These organisms
can be strongly affected by drought because they are dependent on
water availability for reproduction”. Even for species with direct
development, which do not deposit their eggs directly in water, the
risk of water loss through evaporation is among the greatest threats to
embryo development®,

If species are able to change their distributions in the future,
novel communities may arise, possibly holding low SR, low func-
tional and genetic diversity. Our models projected a marked
decrease in SR and PD in the Guiana Shield, southeastern Brazil, east
Amazonia, and the northern Andes. The projected impact of climate
change on evolutionarily distinct taxa" leads to phylogenetic
homogenization of future communities®*” and reduction in the
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ecosystem services provided by those species™. Frogs can provide
different services for human society, including provisioning, reg-
ulating (e.g., predation of insects and prey population regulations),
cultural (e.g., mythology, literature, and art), and supporting services
(e.g., ecosystem functions)®.

By 2050, the western Amazon and some parts of the Atlantic
Rainforest are predicted to hold or even experience an increase in SR
and PD of Neotropical frogs. These regions represent areas of higher
importance for conservation as they are inhabited by a high number of
species, including birds, reptiles, mammals®>**, and our projections
indicate that the Neotropical frog diversity will be maintained there in
the future. Despite their high priority for conservation, the Amazon
and the Atlantic Rainforest are also the world’s most threatened
regions in the world and are losing natural habitats due to urbanization
and extensive deforestation®*¢,

The spatial patterns of PE for Neotropical frogs are also predicted
to shift under climate change. Regions with geographically rare and
evolutionary distinct lineages (PE hotspots) in the Amazon, south-
eastern Brazil, Guiana Shield, and Southern Mexico are projected to
suffer substantial decreases in the future. These PE hotspots may host
species with distinct trait diversity and possibly represent regions
predicted to maximize ecosystem functions'>”. PE is predicted to
increase in northwestern and southeastern Colombia and in the
northern Guiana Shield in the future, due to the reductions in the
distributions of phylogenetically distinct lineages. As PE is considered
a measure of rarity, it should increase in regions where the remaining
distribution of the species are concentrated™.

Our models show that some centers of high PE are not areas of
particularly high SR or high PD, such as the Caribbean Islands (Cuba,
Haiti, Jamaica, Dominican Republic, and The Bahamas). These areas
have one characteristic in common: geographic isolation. The spatial
isolation is considered an important predictor of centers of endemism
and can provide the conditions for diversification and maintenance of
range-restricted clades®™. Geographic barriers can favor the main-
tenance of these clades through vicariance forces, and speciation
processes, mainly through allopatric speciation and reduction in gene
flow. These islands are known for also harboring high endemism for
other groups, such as mammals®, birds*, and reptiles™.

Our analyses predict regions where frog diversity may be over-
looked when solely considering SR. There are important areas for the
conservation of the phylogenetic component (higher PD and SES PD)
in southeastern and northern Brazil, southern Paraguay, northern
Bolivia, northeastern Peru, eastern Colombia, southern Venezuela, and
northern Guyana. Similarly, Caribbean Islands, Mexico, and northern
Colombia demonstrate elevated PE despite their relatively low SR. In
fact, biodiversity metrics can vary across space and show high spatial
incongruence due to different mechanisms that affect the relationship
between diversity metrics¥. For instance, the phylogenetic tree
topology and the number of highly distinct species shape the rela-
tionship between SR and PD, and tend to decrease the correlation
between these metrics”’. Therefore, considering the spatial incon-
sistencies between diversity metrics, approaches that weight species
by their phylogenetic contributions or endemism can offer best case
scenarios for decision makers™?’.

With the advance of climate change, species are predicted to
experience novel climatic conditions and will have to adapt or shift
their distribution to newly inhabited environments*’. Range shift in
response to climate change is a dynamic process affected by different
mechanisms, such as migration, gene flow, novel communities, and
new biotic interactions. Limits in dispersal and migration may reduce
the capacity of species to track climatically suitable conditions*’. Biotic
interactions such as competition and consumption/predation can also
prevent the establishment of new populations at novel range limits*.
For example, if a required prey is not present in the novel area, a
species may not be able to expand their range boundaries; likewise

species can be excluded from some regions due to competitive
interactions with new community members*. Therefore, there are
ecological and evolutionary processes arising in non-equilibrium
situations that may limit, or in some cases possibly accelerate, range
expansions. As limited data exist to evaluate the potential importance
of these mechanisms in our predictions, this is an added component of
model uncertainty.

Our forecasts, like any empirical model, contain a certain amount
of uncertainty. This uncertainty arises from the data observation
process and our modeling assumptions. For example, we assume that
climate variation within current ranges is a reasonable approximation
of the species future requirements and that species will respond to
climate change by occupying emerging areas compatible with identi-
fied niche constraints and that are accessible according to identified
migration rates. Substitution of space for time can break down, espe-
cially in highly under-parameterized models*’. The assumption of
niche conservatism disregards the ability of species to persist through
adaptation and plasticity when confronted with novel conditions®. If
non-analog climatic conditions appear in the future and replace the
present climate combinations, species will decline their range area due
to a purely statistical phenomenon, because our models do not
account for acclimatization, plasticity, or adaptation. Nonetheless, we
believe that our models are sufficiently flexible to capture the species-
climate relationships needed for forecasting, as has been demon-
strated in previous studies***,

We predicted that at least 42.20% of toads and treefrogs will lose
range in the future due to climate change. At first glance, this result
does not seem so alarming because the percentage of species gaining
range area is higher than the percentage of species losing range area®.
However, our database covers only 19% of all Neotropical frogs due to
lack of occurrence data for many species. The low number of species
we were able to include in our study certainly underestimates the
effect of climate change on Neotropical frogs, because many of the
species excluded from our study have highly restricted distributions
and are already classified as threatened by IUCN?. For example, many
species from the genus Atelopus and Melanophryniscus are already
threatened, but are data deficient in terms of their distribution. The
continued documentation of species occurrences through field work is
a key step to guarantee a representative assessment of climate change
effects on a higher number of frog species, especially for endemic and
threatened species.

Few studies this far have addressed how future climate change
may affect the PE of Neotropical frogs. Our models predict that
northwestern and southeastern Colombia and northern Guiana Shield
are predicted to hold a high PE in the future, becoming an important
refugium for species with deep evolutionary histories and restricted
distribution. In contrast, other important hotspots of biodiversity are
predicted to lose PE. This result highlights the need of an integrative
approach to conservation forecasting, that considers both SR and
phylogenetic information to assure the conservation of frog evolu-
tionary history and provides best-case scenarios for managers in the
future®”. The conservation of species with distinct genetic heritage
provides high potential for future adaptation to non-analogous cli-
matic conditions caused by global warming.

Methods

Data gathering

Using SDMs we constructed potential distribution maps for 526 Neo-
tropical frogs in the families Bufonidae (toads) and Hylidae (treefrogs).
Species with a minimum of seven occurrence records were selected.
The number of evaluated species represents 22% of all Bufonidae
species and 33% of Neotropical Bufonidae species. For Hylidae, the
number of evaluated species represents 35% of all Hylidae species and
39% of Neotropical Hylidae species. These two families were selected
because they are highly speciose in the Neotropics and because they
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include a large number of species currently classified as threatened
(- 32%, 440 species) according to the IUCN?. The taxonomic names are
available in Supplementary Data 1. Anuran occurrence records were
obtained using the Global Biodiversity Information Facility (GBIF*°).
See details on occurrence filtering in the Supplementary Methods.

Bioclimatic variables were obtained from the WorldClim database
v2.1" with a spatial resolution of 2.5min (-5km?2) for the baseline
(1970-2000, hereafter called present) and for the future (2050). To
reduce problems with collinearity between environmental variables,
we calculated a correlation matrix using Pearson’s coefficient and
selected variables with r < 0.75 for use in model calibration. For future
projections, we selected three global circulation models: CCSM4, MPI-
ESM-LR, and MIROC6, and calculated a weighted mean of the three
GCMs. We projected future climate models using two Shared Socio-
economic Pathways: SSP245, considered an optimistic scenario for the
emission of greenhouse gasses, in which emission should start
decreasing from 2040 and SSP585, considered a pessimistic scenario,
with CO? emission levels decreasing only after 2080.

Species distribution models

We followed the Overview, Data, Model, Assessment, and Prediction
standardized protocol*® to describe the methodology for the SDMs. In
this section, we provide a summary of the ‘overview’ component, while
detailed information on each modeling step is available in the Sup-
plementary Methods. The calibration area was based on the minimum
convex polygon (MCP), constructed using 100% of the filtered occur-
rence points, surrounded by a 1.5° (-150 km? at the equator) buffer.
This area is typically defined based on the species’ accessible region,
known as M in the Biotic, abiotic, and movement framework, which
considers the region where the species could have dispersed to and
colonized over a relevant time period*’. The MCP and buffer were first
made using the ‘ENMwizard’ package (v0.4.2)*° and then models were
calibrated with the present climate scenario (1970-2000). To assess
the impact of future climate change on the potential distribution of
frogs, SDMs were built combining the occurrence records and biocli-
matic variables, using the MaxEnt algorithm (v3.4.1)°*? through the
‘ENMwizard’ package (v0.4.2)*°. To avoid over-fitting, we conducted a
grid-search for the optimal hyper-parameters based on cross-validated
performance measures. See details on model calibration and model
selection in the Supplementary Methods.

We projected the best models for each species for three climatic
scenarios (present, 2050 optimistic and 2050 pessimistic) to the
extension limits of the Neotropics. We converted potential continuous
distributions of each species into a presence/absence distribution
(1=presence and 0 =absence) applying the cut-off threshold of 10%.
This is a relatively conservative threshold, which typically results in a
larger estimated area of occupancy than the actual one. However, it
has a low likelihood of omitting true presence points, thereby helping
to reduce the overestimation of species range. SDMs often identify
large range areas that have not yet been and possibly will never be
colonized by the species due to dispersal limitations. To address this
overprediction, we used a distance constraint layer based on species
dispersal abilities to crop the presence/absence models. See details on
overprediction removal and how we defined species dispersal abilities
in the Supplementary Methods.

Species richness, phylogenetic diversity, and phylogenetic
endemism

Species richness (SR) was calculated using the sum of presence/
absence maps following the Eq. (1) using the package ‘phyloraster
(v2.1)%,

SR= Z SC (1)

ceC

where S, is the presence of species ¢ and C is the set of species in a
specific region. We calculated the percentage change (PC) in the range
area of each species by subtracting the area in the future from the area
in the present and multiplying this value by 100 following the Eq. (2),

PC= M %100 )
i

where F; represents the area in the future for the species i and P;
represents the area in the present for the species i. We assessed the
correlation between the percentage change in range area and the
current range size. Additionally, we tested whether the mean increase
and decrease in range area differ significantly. See details on range area
analysis in the Supplementary Methods.

We used the phylogenetic tree of Portik et al.>* to assess phylo-
genetic relationships among species. This time-calibrated phylogeny
includes 5242 anuran species, with data from 307 genetic markers, and
was constructed using maximum-likelihood analysis®™. See details on
branch length calculations in the Supplementary Methods. Based on
the distribution models converted to a presence/absence distribution
and the anuran phylogenetic tree**, we calculated PD" and PE** for the
present and the future using the function geo.phylo in the package
‘phyloraster’ (v2.1)°>. PD uses the sum of the branch lengths of a set of
species in a given region to assess their accumulated evolutionary
history and was calculated following the Eq. (3)",

PD=>"1I, 3)

ceC

where L. is the branch lengths of species c and C are the branches in a
specific region. To assess the relationship between SR and PD, we fitted
a spatial autoregressive (SAR) model. We used null-models to assess
whether PD is lower or higher than expected on the basis of SR. See
details on SAR models and null models in the Supplementary Methods.

PE weights the sum of the length of the branches by the inverse of
range size of the species to identify regions with high spatially
restricted PD, and was calculated following the Eq. (4)

r
PE=> Leg @)

ceC

where L. is the branch length of taxon ¢, r.. is the local range of branch ¢,
and R. is the range area of the clade. C are the branches in a specific
region. To assess the magnitude and direction of the impacts of cli-
mate change on SR, PD, and PE we calculated the spatial difference
(delta) between these metrics for present and future scenarios in
‘phyloraster’ (v2.1)*. We also made bivariate maps illustrating the
relationship between SR, PD, and PE using the ‘bivariatemaps’ R
package (v1.7)%.

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

Data availability

All data generated in this study are provided in the Supplementary
Information. Anuran occurrence records were obtained using the
Global Biodiversity Information Facility (GBIF*®). Bioclimatic variables
were obtained from the WorldClim database v2.1¥". Source Data is
provided in the Source Data File. Source data are provided with
this paper.

Code availability
The codes supporting the findings of this study have been deposited in
Zenodo®®.
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