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ABSTRACT

Anurans are profoundly affected by the ongoing biodiversity crisis. Understanding the drivers of their population decline is key
to guiding management strategies and prioritize conservation efforts. Population trends have recently become a popular indica-
tor of extinction risk, yet comprehensive global-scale assessments are still scarce, particularly those that account for phylogenetic
nonindependence. In this study, we assess the ecological and environmental factors associated with population decline in the
world's anurans. We conducted a phylogenetic generalized least squares analysis using large-scale datasets of population trend
(as indicated by their IUCN status), morphology, geographical distribution, and climate variables across 5246 globally distributed
species. Specifically, we tested whether body size (BS), range size, annual mean temperature (AMT), temperature annual range
(TAR), climate moisture index (CMI), latitude, and environmental prevalence (i.e., relative availability of climate conditions
in the geographical space) affect population trends. A large majority of evaluated species were in decline. Range size and TAR
were negatively correlated with decline, whereas latitude was positively correlated. Climatic prevalence was not correlated with
decline, although declining species often showed lower prevalence values. The findings underscore the critical state of anuran
populations, which may worsen in the future due to synergistic effects with climate change. Therefore, we recommend initia-
tives, such as the establishment of protected areas with multiple narrowly-distributed species, and the increase of the population
trend assessment coverage.

1 | Introduction most widely employed metric for monitoring species has been

the TUCN threat categories, which classify species based on

We are experiencing a global biodiversity crisis, marked by
species declines and extinction rates that are orders of magni-
tude higher than natural background levels (Dirzo et al. 2014;
Alroy 2015; Ceballos et al. 2015; Ceballos et al. 2017; Finn
et al. 2023). Central to addressing the attenuation of this crisis
is the necessity of monitoring species to establish conservation
priorities and allocate limited resources effectively (Caviedes-
Solis et al. 2020; Munstermann et al. 2021). Historically, the

criteria related to their population and geographic status, re-
flecting their threat levels (IUCN Standards and Petitions
Committee 2024). Another metric used in TUCN assessments,
though not directly applied as a criterion, is population trend
(TUCN 2013). This metric assesses the trajectories’ direction of
populations of a given species over a short period of time around
the present and reflects the threats in a more dynamic way
(IUCN 2013; Ceballos et al. 2017; Finn et al. 2023). This metric
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is informative as it allows for the identification of species in time
to establish conservation priorities and act before reaching the
no-persistence threshold of the extinction process (Gilpin and
Soulé 1986; Ceballos et al. 2017; Finn et al. 2023).

Species characterized by declining populations can be associated
with factors such as small distributions, limited mobility, and spe-
cialist habits. These factors influence the species’ vulnerability to
extrinsic threats, such as habitat modifications, human presence,
invasive species, and climate change (Murray and Hose 2005;
Murray et al. 2011, 2014; Munstermann et al. 2021). Understanding
the factors correlated with declining populations is important to
guide conservation actions and identify priority species (Cardillo
et al. 2008; Murray et al. 2014; Munstermann et al. 2021).

Among vertebrates, amphibians are the most impacted group
by the global biodiversity crisis, with the majority of species
characterized as threatened and declining (Finn et al. 2023).
Anura, the largest order of amphibians (Frost 2024), was esti-
mated to have experienced almost 200 extinctions since 1970,
with the loss of nearly 7% of species predicted to occur within
the next century (Alroy 2015). For anurans, body size, hab-
its, reproductive characteristics, geographical and altitudinal
range, and environmental conditions of their distribution area
have been suggested to be important factors influencing their
vulnerability (Bielby et al. 2008; Cooper et al. 2008; Sodhi
et al. 2008; Murray et al. 2011; Anjos et al. 2020; Guirguis
et al. 2022). However, most studies on anurans (or amphibians
in general) are either assessments using the IUCN threat cat-
egories or other risk assessment metrics (e.g., Hero et al. 2005;
Bielby et al. 2008; Cooper et al. 2008; Whitfield et al. 2016;
Anjos et al. 2020; Caviedes-Solis et al. 2020; Cardillo 2020;
Guirguis et al. 2022). In addition, either these assessments
are not on a global scale (e.g., Lips et al. 2003; Murray and
Hose 2005; Murray et al. 2011; Fontana et al. 2021) or are on a
global scale but have a limited account of phylogenetic relat-
edness (e.g., Sodhi et al. 2008) or a limited number of species
due to the unavailability of some of the data used in the anal-
yses (e.g., Pincheira-Donoso et al. 2022). Despite the impor-
tance of these studies, a global-scale study analysis of anuran
population trends considering a range of species and robust
phylogenetic relatedness is still needed.

Here, we evaluate phenotypic and ecological correlates of pop-
ulation decline in the world's anurans. We hypothesize that
large bodies and small range sizes (Sodhi et al. 2008; Murray
et al. 2011; Pincheira-Donoso et al. 2022) are the main correlates
of population declines, and that low climatic prevalence (i.e.,
rare climate conditions, sensu Meyer and Pie 2018) are also cor-
related with declines because smaller areas support fewer indi-
viduals and smaller populations (Coelho et al. 2023), which are
more vulnerable (MacArthur and Wilson 1967).

2 | Materials and Methods
2.1 | Data Collection
The dataset was organized based on the species included in

the phylogeny estimated by Jetz and Pyron (2018). Population
trends and threat categories of the studied species were obtained

using the rl_search function in rredlist 0.7.1 package (Gearty
and Chamberlain 2022). Species' population trends are classi-
fied as (1) increasing, (2) stable, (3) decreasing, or (4) unknown
(TUCN 2013). Given the small number of species categorized
with a trend of increasing population sizes (see results), our
analysis disregarded all species in that category, as well as those
with unknown population trends. Geographical distributions
were obtained from the TUCN Red List of Threatened Species
database, version 2023-1 (IUCN 2023). All species polygons
classified as uncertain by the IUCN were excluded from the
analysis. Latitudinal midpoints and range sizes were calculated
using the gCentroid and gArea functions in rgeos 0.6-4 package
(Bivand and Rundel 2023).

Both climatic and ecological data were used as potential cor-
relates of population decline. Body size (BS) was obtained from
AmphiBIO (Oliveira et al. 2017) and the Amphibian traits data-
base (Huang et al. 2023). Mean BS values of adult individuals of
each species were calculated from the Amphibian traits database
to obtain a single estimate from that source. The correlation be-
tween the BS values from both databases was plotted to identify
potential incongruences. As a result of this methodological anal-
ysis, the estimate for Rupirana cardosoi from AmphiBIO was ad-
justed from 250mm to 25 mm. Subsequently, we calculated the
mean BS values across both databases to obtain a single body
size estimate for each species. We log-transformed BS values
prior to reducing skewness in their distribution.

Annual mean temperature (AMT) and temperature annual
range (TAR; defined as the difference between the maximum
temperature of the warmest month and the minimum tempera-
ture of the coldest month) data across the range of each species
at two resolutions (2.5 arc-min and 10 arc-min) were obtained
from WorldClim using the worldclim_global function in geodata
0.5-9 package (Hijmans et al. 2023). Additionally, the climate
moisture index (CMI) was obtained at resolutions of 30 arc-sec
from Chelsa Climate (Brun et al. 2022) and resampled to a 10
arc-min resolution using nearest neighbor resampling in QGIS
(https://qgis.org/). Mean estimates of AMT and TAR for each
species were derived from the 2.5 arc-min raster data, whereas
mean CMI values were sourced from the 30 arc-sec data. The es-
timates were derived by extracting data from the cells where the
species were present and computing mean values across their
entire geographic range. Some species lacked a minimum range
size necessary for estimating AMT and TAR at the available res-
olution (see below).

We used phylogenetic data imputation to enhance our dataset
regarding BS (N =754 species), AMT and TAR (N=281 spe-
cies), CMI (N=7 species), and population trends (N=1401
species), given the improved statistical performance of down-
stream analyses (e.g., Penone et al. 2014; May et al. 2023). For
this purpose, we used the consensus phylogeny from Jetz and
Pyron (2018), which was pruned to contain only the species
considered in the study. The impute function in funspace 0.2.1
package (Carmona et al. 2024) was employed. To assess the
reliability of the imputed values, we performed a leave-one-
out cross-validation procedure. This involved systematically
removing known values for each species and re-imputing
them to compare observations with predictions. For continu-
ous variables, we evaluated performance using the predictive
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R?, while the accuracy of population trend predictions was as-
sessed using a confusion matrix.

The environmental prevalence of temperature and moisture
variables was calculated by assessing the geographical extent
of different environmental conditions according to Meyer and
Pie (2018). We used rasters at a resolution of 10 min in a cylin-
drical equal-area projection and excluded Antarctica from the
analysis. We considered 60 equally spaced intervals between
—27°C and 31°C (MAT), and —312 to 390kgm™2month~!
(CMI). The lowest temperature and highest moisture envi-
ronmental intervals were lumped together, given their rare
prevalence. The prevalence of the mean climatic estimates for
each species was obtained by comparing them with the cli-
matic prevalence of the closest value corresponding to their
climatic range.

2.2 | Data Analysis

First, we assessed the association between IUCN conserva-
tion status and population trends using a Phylogenetic Logistic
Regression to account for phylogenetic non-independence.
These models were fitted using the phyloglm function from
the phylolm package v2.6-5 (Ho and Ane 2014), employing the
Maximum Clade Credibility (MCC) tree. This analysis was per-
formed for both the original and imputed datasets to evaluate
potential discrepancies between formal threat categories and
observed demographic trends.

Subsequently, to account for the binary nature of population
trends (Ives and Garland 2010), we fitted MCMC Generalized
Linear Mixed Models using the MCMCglmm function of the
MCMCglmm package v2.36 (Hadfield 2010) to assess the
relationship between species population trends and mor-
phological, ecological, and climatic variables. We adopted a
categorical family for the response variable and included the
phylogeny as a random effect by calculating the inverse of the
phylogenetic covariance matrix using the inverseA function
of the MCMCglmm package v2.36 (Hadfield 2010). Our full
model contained BS, range size, absolute latitude midpoint,
AMT, TAR, CMI, prevalence of AMT, and prevalence of CMI
as predictors. To fit this model and its subsets, BS and range
size were log transformed, whereas AMT, TAR, CMI, preva-
lence of AMT, prevalence of CMI, and absolute latitude were
scaled.

To perform model selection, we compared all 256 possi-
ble model combinations for both the original and imputed
datasets using the Maximum Clade Credibility (MCC) tree.
Selection was based on the Deviance Information Criterion
(DIC), choosing the model with ADIC <2. The final selected
models were then validated across a posterior distribution of
100 random posterior topologies from Jetz and Pyron (2018) to
account for phylogenetic uncertainty. For all MCMCglmm it-
erations, we used a total of 1,000,000 iterations, with a burn-in
of 100,000 and a thinning interval of 500. We used weakly
informative priors with a parameter-expansion approach for
the phylogenetic component and a fixed residual variance,
following standard recommendations for categorical response
variables in MCMCglmm. Model convergence was confirmed

through the evaluation of trace plots and effective sample
sizes for all parameters. All analyses were conducted using R
version 4.4.0 (R Core Team 2024), and the complete data and
code for these procedures are available in the GitHub repos-
itory https://github.com/fernandacaron/anuran_population_
decline.

3 | Results

Among the 3845 species with available population trend data,
2335(61%) were declining, 1489 (38%) were stable, and 21 (< 0.1%)
were increasing. Among the 36 families with more than 10 rep-
resented species, the average proportion of declining species
ranged from 15.9% (Leptodactylidae) to 96.3% (Telmatobiidae),
with most of them (66.7%) exhibiting over half of their species
in decline (61.9%; Figure 1). We found a significant association
between population trends and IUCN threat categories (im-
puted dataset: p<0.001; non-imputed dataset: p<0.001). In
the imputed model (N=5206), all categories showed signifi-
cantly higher stability compared to the Critically Endangered
(CE) intercept (p<0.001), except for Endangered (EN) species
(p=0.261). Despite this general alignment, a notable discrep-
ancy was observed: 31% of the species exhibiting decreasing
population trends are currently classified as Least Concern
(LC). Conversely, 91% of species with stable trends belong to
non-threatened categories (LC and NT). Among Data Deficient
(DD) species, 74% exhibit decreasing population trends.

The performance of our phylogenetic imputation showed
high reliability for TAR (R>=0.853), AMT (R?>=0.632), and
BS (R?=0.575), with a moderate performance for moisture
(R?=0.486). The accuracy of population trend predictions
yielded an overall accuracy of 79.3% and a Kappa statistic of
0.561. This suggests that our phylogenetic imputation approach
provides reliable estimates for both morphological and environ-
mental traits, as well as for species without current population
status information. Accordingly, the imputed data indicated
that, of all 1401 species with unknown population trends, the
majority are likely to be declining (N=908), followed by being
stable (N=474), and increasing (N=19) (Figure 2).

3.1 | Correlates of Population Decline

The model selection based on DIC identified different best-
supported models for the original and imputed datasets. For
the imputed dataset, a single best-supported model was identi-
fied, which included range size, AMT, TAR, CMI, prevalence
of AMT, prevalence of CMI, and latitude as predictors. For the
non-imputed dataset, multiple models showed comparable sup-
port (ADIC <2). In this case, we selected the most biologically
informative model among the top candidates, specifically the
one that included key climatic predictors, which presented 95%
credible intervals not overlapping zero. Therefore, the chosen
best-fit model included range size, AMT, CMI, prevalence of
AMT, prevalence of CMI, and latitude as predictors, differing
from the imputed dataset only in the absence of TAR.

For the non-imputed dataset, population decline was signifi-
cantly associated with range size, AMT, and CMI (Figure 3;
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FIGURE1 | Distribution of the world's anuran species across population trends by family (N = 5246).

Table S1). Species with smaller range sizes showed a higher
probability of population decline (posterior mean (PM) across
topologies=—0.735; 95% CI=[-0.870, —0.606]). Similarly,
higher AMT was correlated with decline (PM=-1.269; 95%
CI=[-2.393, —0.151]), while higher CMI had a buffering ef-
fect on population decline (PM =0.252; 95% CI=[0.028, 0.476]).
Other predictors, such as latitude and climatic prevalence, did
not show significant effects, as their 95% credible intervals
overlapped zero (Figure 2). However, given that the imputation
process demonstrated good performance, we focus primar-
ily on the results from the imputed dataset, which provides a
more comprehensive assessment by accounting for missing trait
data. Thus, the imputed dataset results were characterized by
high uncertainty in climatic predictors (Figure 3; Table S1).
Although range size remained a consistent and significant
predictor of decline (PM=-0.740; 95% CI=[-0.855, —0.632]),
the effects of AMT and its prevalence showed extremely wide

credible intervals, overlapping zero. Notably, TAR and abso-
lute latitude emerged as significant predictors in the imputed
model, in which species in regions with higher temperature
seasonality (PM =-0.781; 95% CI=[-1.239, —0.327]) and those
located at lower latitudes (PM =0.534; 95% CI=[0.094, 0.984])
were more likely to exhibit decreasing population trends. The
phylogenetic signal was substantial in both approaches, with the
posterior mean of the phylogenetic variance component being
slightly higher in the imputed dataset (12.82) compared to the
non-imputed (10.13).

4 | Discussion
Our study employed a robust phylogenetic approach to iden-

tify key phenotypic and ecological correlates of population de-
cline in anurans at a global scale. Our analysis revealed that
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FIGURE 2 | Relationship between population trends of the world's anurans and the potential factors associated with decline: (a) body size, (b)

range size, (c) temperature, (d) moisture, (e) temperature range, (f) absolute latitude, (g) temperature prevalence, and (h) moisture prevalence. AMT,
annual mean temperature; BS, body size; CMI, climate moisture index; TAR, temperature annual range.

range size and TAR are negative correlates of species decline,
and latitude is a positive correlate. Contrary to our hypothesis,
the climatic prevalences were found not to be significant cor-
relates. However, it is interesting to note that declining species
exhibited lower average prevalence values compared to stable
species (Figure 2), suggesting a potential influence of these
factors.

Positive relationships between BS and vulnerability or de-
cline have been found by some authors (e.g., Lips et al. 2003;
Murray and Hose 2005; Sodhi et al. 2008; Guirguis et al. 2022;
Pincheira-Donoso et al. 2022), but they are not univer-
sally observed (Pincheira-Donoso and Hodgson 2018; Anjos
et al. 2020; Cardillo 2020; Fontana et al. 2021). The most im-
portant correlate found in our study was the range size, which
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FIGURE 3 | Predictors of population decline in amphibians. Regression estimates from MCMCglmm for (a) non-imputed and (b) imputed data-
sets. Points indicate posterior means, and horizontal bars represent 95% credible intervals. Overlapping points and bars represent statistics calculated

across 100 alternative topologies. Predictors are considered significant when intervals do not overlap the dashed zero line. AMT, annual mean tem-

perature; CMI, climate moisture index; TAR, temperature annual range.

agrees with most previous findings (e.g., Hero et al. 2005;
Murray and Hose 2005; Bielby et al. 2008). Small distributions
are associated with an increased exposure to external stochas-
tic forces, inbreeding, and habitat specificity, and decreased
population size, density and dispersal, leading to low values
of reproductive success, survival and colonization (Cooper
et al. 2008; Courchamp et al. 2008; McCauley et al. 2014;
Whitfield et al. 2016). Additionally, the distribution maps
from the IUCN, utilized for assessing range size, represent
the current known distribution of species within their native
range (IUCN 2013). Therefore, significant declines that lead
to smaller current ranges, regardless of the species’ original
range sizes, likely correlate with population declines.

Climate variables have frequently been associated with am-
phibian vulnerability to extinction (Bielby et al. 2008; Cooper
et al. 2008; Sodhi et al. 2008; Pincheira-Donoso et al. 2022). For
example, lower temperatures and more humid conditions are
associated with the prevalence and intensity of B. dendrobatidis
infection in anurans (Riley et al. 2013; Kolby et al. 2015), which
may explain the observed relationship for these variables. The
TAR as a negative correlate of decline can be considered a case
of specialist vulnerability (Clavel et al. 2011) of species with
narrow thermal breadths. Moreover, species with narrow ther-
mal breadths may more easily suffer from increased B. dendro-
batidis infection during unusual temperature conditions (Cohen
et al. 2019).

The population declines in most studied species, even those not
currently considered threatened, underscore the importance of
conservation actions to prevent extinctions that are already un-
derway and highlight the value of population trends for a more
realistic assessment of species conservation status (Ceballos
et al. 2017; Finn et al. 2023). Reductions in anuran distribution
areas are tightly linked to human activities, including habitat
loss and fragmentation driven by agricultural expansion, defor-
estation, urbanization and infrastructure development, as well

as pollution, overexploitation, and the human-mediated spread
of pathogens (e.g., Sodhi et al. 2008; Hof et al. 2011). These pro-
cesses erode both the quantity and quality of suitable habitats,
isolate subpopulations, and limit opportunities for recoloniza-
tion, thereby magnifying the vulnerability of species with al-
ready small ranges (Fahrig 2003). The identification of range size
as the primary negative correlate of population decline therefore
likely reflects the cumulative impact of anthropogenic habitat
modification on narrowly distributed species and supports the
rationale for establishing protected areas that encompass mul-
tiple range-restricted taxa, thus improving the allocation of
limited conservation resources (Cooper et al. 2008; Bornschein
et al. 2019). In addition, the significance of climatic variables as
correlates raises concerns regarding ongoing human-driven cli-
mate change, which will disproportionately affect species in the
future, particularly when combined with other threats such as
chytridiomycosis and habitat fragmentation (Dirzo et al. 2014;
Munstermann et al. 2021).

The environmental prevalence of AMT and CMI did not cor-
relate with the observed decline in anuran populations, despite
the decreased prevalence observed for declining species. These
findings contradict our initial hypothesis regarding prevalence
and suggest that other factors, such as range size, have a greater
influence on determining population decline. However, it is im-
portant to consider that environmental prevalence also changes
with climate change, altering the distribution of climatic con-
ditions (Ackerly et al. 2010). Therefore, it would be relevant for
future studies to investigate how the prevalence range and speed
of variation over time impact population declines, particularly
considering that species’ evolution occurs at a much slower rate
than the changes (Meyer and Pie 2022).

The abundance of species with unknown population trends un-
derscores the urgency of improving the coverage and quality of
population trend assessments. However, our reliance on the TUCN
“Population Trend” field entails important limitations: these
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trends are not derived from standardized global monitoring, but
often from expert judgment, literature summaries, or indirect
inference, and they are updated irregularly. As a consequence,
population trend categories are not strictly comparable among
regions or taxa, particularly given strong heterogeneity in survey
effort (e.g., more systematic monitoring in some temperate regions
versus anecdotal or museum-based records in parts of the tropics).
Moreover, by excluding species classified as having unknown or
increasing trends, our dataset is likely biased towards relatively
well-studied species and regions, potentially underrepresenting
some of the most at-risk clades and areas. These caveats do not in-
validate our conclusions, but they indicate that our results should
be interpreted as applying primarily to the subset of anuran spe-
cies for which sufficient information is available. It is highly likely
that many species currently classified as having unknown popu-
lation trends are in fact declining, as they are concentrated in trop-
ical areas that have large numbers of declining populations (Finn
et al. 2023). Thus, many of these species may be heading towards
extinction and may not receive attention from conservation actions
because they are not yet assessed as threatened (Bland et al. 2014).
An additional caveat of our analyses is that several predictors rep-
resent biologically and environmentally linked gradients and are
therefore not fully independent. For instance, body size, climatic
variables, and geographic position can covary across species due
to shared macroecological and evolutionary processes, meaning
that some predictors may act as partial proxies for broader under-
lying gradients. Although model selection reduces the likelihood
that highly redundant variables are retained simultaneously, the
remaining coefficients should be interpreted as conditional effects
rather than isolated causal drivers. Consequently, the detected
associations likely reflect the combined influence of correlated
life-history, climatic, and biogeographic factors, and caution is
warranted when attributing mechanistic primacy to any single
predictor.

In this study, we highlight the crisis that anuran populations
are facing. We showed that decreased range size, TAR, and
latitude are correlated with population declines, offering in-
sights for prioritizing conservation actions, such as the cre-
ation of protected areas that encompass multiple narrowly
distributed species. Although climate prevalences were not a
significant correlate of population decline, the observed rela-
tionship between declining species and lower climatic prev-
alences raises concerns about the future impacts of climate
change on anurans. We argue that expanding population
trend assessments and investigating the interaction between
environmental factors and population declines are crucial
steps to develop and implement effective urgent actions for
biodiversity conservation.
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