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Abstract
1.	 Protected areas (PAs) are crucial for biodiversity conservation, yet climate change 

threatens their long-term effectiveness by displacing species distributions. 
Among the most climate-threatened organisms are the amphibians, highly de-
pendent on water and wetlands.

2.	 The world's largest continuous tropical wetland, the Pantanal and surroundings, 
is situated in the Upper Paraguay River Basin (UPRB) in South America. Of the 
74 amphibian species found there, 4% are threatened. Less than 5% of the basin 
is within PAs. Recurrent droughts and increasing human pressures further en-
danger the region's semiaquatic fauna if adequate protection measures are not 
implemented.

3.	 Using Ensemble of Small Models, we mapped habitat suitability of amphibian spe-
cies and projected amphibian richness and composition across the UPRB. We ap-
plied null models to evaluate the representation of amphibian ranges within the 
current PA network under both current and future climate scenarios. To prioritize 
areas for PA network expansion under climate change scenarios, we used a sys-
tematic conservation planning algorithm.

4.	 By 2100, over 80% of amphibian species from the study area are projected to lose 
suitable habitat, with 99% of amphibian assemblages facing climate-driven spe-
cies loss. Although the existing PA network had limited species representation, 
protecting on average less than 5% of amphibian ranges. However, 13.7% of PAs 
are expected to shelter more amphibian species than expected by chance under 
future climate conditions. Highlands, particularly in the northern and southeast-
ern boundaries of the UPRB, are identified priority areas for PA network expan-
sion due to their high projected changes in amphibian biodiversity.

5.	 Synthesis and applications. Our findings reveal the extensive impacts of climate 
change on a major semiaquatic group in the world's largest tropical wetland. 
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1  |  INTRODUC TION

The world is experiencing a biodiversity crisis with species going 
extinct at unprecedented rates, making it crucial to implement ef-
fective conservation strategies (Ladle & Whittaker,  2011; Pimm 
et  al.,  2014). One of the cornerstones of biodiversity conserva-
tion is the establishment of Protected Areas—PAs—that can pro-
vide safe habitats and help mitigate the impacts of anthropogenic 
activities (Gallardo et  al.,  2017; Margules & Pressey,  2000; Xin 
et al., 2023). However, many existing PAs were established with-
out a sufficient understanding of local and regional biodiversity 
(Hannah et al., 2007). As a result, these areas, originally created 
as nature reserves and wildlife refuges, may not be optimal for 
protecting the overall biodiversity (Ladle & Whittaker,  2011). 
Since PAs are fixed geographic units, adapting them to new en-
vironmental conditions is challenging (Nori et  al., 2015). Climate 
change, in particular, has shifted species distributions (Guisan 
et al., 2013) and altered species composition within biological as-
semblages (Ladle & Whittaker, 2011). Anticipating changes in spe-
cies representation within PAs is important for the designing PAs 
that can effectively protect biodiversity in the long-term (Araújo 
et al., 2011).

Because climate change is impacting biodiversity, researchers 
need to understand how PAs can continue to support species as 
they potentially shift their ranges. This might involve expanding the 
PA network to mitigate climate change impacts (Nori et  al., 2015; 
Oliveira, Soares-Filho, et  al.,  2017). Around 16% of the Earth's 
land surface is protected (UNEP-WCMC and IUCN, 2023), which is 
nearly half of the goal set by the Convention on Biological Diversity 
to achieve 30% coverage by 2030. To assess the effectiveness of 
these PAs and decide where to expand, it is crucial to use species 
distribution data at a spatial scale relevant to conservation planning. 
For instance, species occurrence data obtained at fine spatial reso-
lution is useful to identify where different species live, but it often 
lacks coverage for rare species and can be biased by limited sampling 
(Meyer, 2016). To overcome such sparse spatial nature of occurrence 
data, it is common to use species distribution models to predict spe-
cies distributions given their environmental preferences (Guisan 
et al., 2013). By reprojecting these fine-scale models to future cli-
mate scenarios, we can predict changes in species richness and 

assemblage composition (Moura, Nascimento, et al., 2023; Moura, 
Silva, et al., 2023). This information helps guide conservation plan-
ning and support decision makers in creating long-term strategies 
to safeguard biodiversity (Hannah et al., 2007; Zhang et al., 2017).

Among the animal groups most threatened by climate change 
stand out the amphibians, which are also impacted by habitat 
change, invasive species, and diseases (Luedtke et al., 2023). Over 
41% of amphibian species are at risk, with many of them poorly rep-
resented or completely missing from the global network of PAs (Nori 
et al., 2015; Pimm et al., 2014). Since most amphibians depend on 
aquatic environments (Oliveira, São-Pedro, et al., 2017), protecting 
wetlands and other freshwater habitats is crucial for their survival. 
One of the largest wetland regions of the world is found in central 
South America, the Upper Paraguay River Basin (UPRB), which in-
cludes the Pantanal floodplain and portions of neighbouring ecore-
gions like the Cerrado, Humid and Dry Chaco, and Chiquitano Dry 
Forest (Dinerstein et  al.,  2017; Junk & Wantzen,  2004). However, 
the UPRB is increasingly under threat due to soybean plantation ex-
pansion, deforestation in river headwaters and severe forest fires, 
such as the 2020 Pantanal wildfire that burned 3.8 million hectares 
and killed over 17 million vertebrate animals, including many poorly 
studied species (Berlinck et al., 2022; Tomas et al., 2021). Despite 
the confluence of multiple species lineages within the UPRB, less 
than 4% of this region is protected, leaving many unique species and 
lineages vulnerable and underrepresented in the existing PA net-
work (Oliveira, Soares-Filho, et al., 2017).

This study aims to evaluate amphibian richness and composi-
tion in the UPRB and assess how well the current PA network safe-
guards these species under current and future climate conditions. 
We employ different methods to analyse the projected impacts of 
climate change at a fine spatial scale, focusing on responses at the 
level of both species- and assemblages. Our study is built around 
three main aspects: (1) High vulnerability of endemic species: due 
to the narrower physiological tolerance of microendemic amphib-
ians (Li et al., 2013), we anticipate a relatively greater loss of suit-
able habitats for these narrow-ranging species under future climate 
conditions. (2) Limited representation of amphibian ranges within 
existing PAs: because most PAs were established without prior re-
search on local biodiversity, we expect a low intersection with geo-
graphic range of amphibian species. (3) Focus on highlands for future 

Although the current PA network in the Pantanal and surroundings safeguards 
fewer amphibians than expected, its limited coverage provides opportunities for 
systematic, data-driven expansion to achieve the Post-2020 Global Biodiversity 
Framework's 30 by 30 target. Expanding PAs is urgent, but addressing drivers of 
environmental degradation, including unsustainable practices in agriculture and 
livestock farming, is equally critical for conserving this biodiverse ecosystem.
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protection: mountainous regions are often identified as climate ref-
uges for biodiversity (Araújo et al., 2011; Lemes et al., 2014). We an-
ticipate that highlands will emerge as priority areas for the expansion 
of the existing protected area network. By addressing these hypoth-
eses, we aim to identify priority areas that are crucial for long-term 
amphibian conservation.

2  |  MATERIAL S AND METHODS

2.1  |  Species data

We compiled occurrence records for the amphibian species that 
occur in the Upper Paraguay River Basin (UPRB) from two sources: 
(i) a data paper (Neves et al., 2020) containing curated records for 77 
species, totalling 1536 accurate or nearby records in the UPRB; and 
(ii) the GBIF platform (GBIF.org, 2019) for records covering the entire 
distribution in South America of the 74 species from the first source, 
yielding 2688 records. The data paper used here represents an ex-
tensive work of occurrence records based on verified preserved 
specimens deposited in collections from Brazil, Bolivia and Paraguay, 
alongside fieldwork records derived from ongoing research devel-
oped by some of us. GBIF records underwent manual review to re-
tain only points with a spatial precision of at least 5 km. We excluded 
GBIF records outside the known distribution of the species and lo-
cated over water (Graham et al., 2008). To reduce the potential ef-
fect of sampling bias and spatial autocorrelation in the occurrence 
dataset, we applied a spatial thinning procedure to remove dupli-
cate records and those located within 5 km of each other, result-
ing in 4224 occurrence records. Computations were performed in 
R 4.2.1 (R Core Team, 2022) using the packages rgbif (Chamberlain 
et al., 2018) and ecospat (Broennimann et al., 2024).

2.2  |  Environmental data

Dispersal ability influences an organism's ability to move and explore 
new environments, while topographic factors can act as barriers to 
species movement, particularly when combined with climatic gradi-
ents (Janzen, 1967). Because amphibians are ectotherms with limited 
dispersal ability (Weil et al., 2023), they are highly sensitive to these 
factors. Thus, we modelled species habitat suitability using climatic 
and topographic-related variables. We included three topographic 
variables downloaded at 30 arc-sec of spatial resolution, namely: 
profile curvature, topographic position index and slope (Amatulli 
et al., 2018). Climatic data were sourced from the WorldClim v2.1 
dataset at 30 arc-sec of spatial resolution (Fick & Hijmans, 2017), and 
included 19 bioclimatic variables based on monthly precipitation and 
temperature averages from 1970 to 2000 (current time) and projec-
tions for 2081 to 2100 (future time). We used a UPGMA clustering 
analysis on bioclimatic layers to identify clusters with at least 75% 
similarity (Dormann et al., 2013), retaining one predictor from each 
cluster based on biological relevance: Annual Mean Temperature, 

Isothermality, Temperature Seasonality, Annual Precipitation and 
Precipitation Seasonality.

Future climate projections vary according to different Shared 
Socioeconomic Pathways (SSPs), which outline scenarios for green-
house gas emissions and human development. In line with the 6th 
Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC, 2022), we selected two SSPs: the SSP245, reflecting 
a medium challenges, business-as-usual scenario; and the SSP585, a 
high-emission scenario representing severe challenges to mitigation 
and adaptation. For both pathways, we considered future projec-
tions for 2081–2100 (hereafter referred to as 2100). Given the un-
certainty inherent in selecting general circulation models (GCM), we 
used three GCMs to capture variability in simulated temperature and 
precipitation conditions (Firpo et al., 2022), namely: CMCC-ESM2, 
IPSL-CM6A-LR and MRI-ESM2. We assumed minimal changes be-
tween current and future topography conditions and thus used the 
same topographic data for both.

2.3  |  Species distribution models

To represent species absences in South America (our background 
area), we randomly generated pseudo-absences while maintaining a 
1:1 ratio of presences to absences (Barbet-Massin et al., 2012). Given 
the rarity and narrow geographic range of most amphibian species in 
the UPRB, we applied the Ensemble of Small Models approach (ESM; 
Breiner et  al.,  2015). ESM involves constructing numerous sub-
models with a limited number of predictors, often using all pairwise 
combinations of available predictors (Breiner et  al.,  2015, 2018). 
We computed sub-models using three algorithms: Artificial Neural 
Network (ANN; Manel et  al.,  1999), Generalized Linear Models 
(GLM; McCullagh & Nelder, 1989), and Classification and Regression 
Tree (CTA; Breiman et al., 1984). For each species, algorithm, and for 
the ensemble across algorithms, we obtained the ESM by comput-
ing the weighted average of habitat suitability of sub-models using 
their respective Somers' D [D = 2 × (AUC – 0.5)] as weights (Breiner 
et al., 2018).

Models were calibrated using a bootstrapping validation ap-
proach, with 75% of randomly selected samples for training and 
25% for testing (Araújo et al., 2005). To assess model performance, 
we compared the similarity between observed and predicted pres-
ences using the Sørensen similarity index (Sørensen, 1948), which 
does not depend on species prevalence (Leroy et al., 2018). To cal-
culate the Sørensen index, it is essential to convert the species hab-
itat suitability into a binary format based on a threshold value. For 
each algorithm during the baseline period, we selected the species 
habitat suitability value that maximized the Sørensen index. We also 
calculated complementary metrics of model performance, including 
the Boyce index (Boyce, ranging from −1 to 1; Boyce et al., 2002) 
and the area under the curve (AUC, ranging from 0 to 1; Fielding 
& Bell, 1997), to facilitate comparisons across literature. The boot-
strapping validation procedure was repeated 100 times for each 
species and algorithm, with the average habitat suitability and the 
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model performance metrics extracted across these iterations. We 
obtained an ensemble of future projections for each species by aver-
aging outputs across GCMs. To derive an aggregated metric of model 
uncertainty, we averaged the variance of habitat suitability (squared 
standard deviations; SD) for species in each cell and then com-
puted the square root to obtain the average SD of habitat suitabil-
ity across all species (Moura, Silva, et al., 2023). Computations were 
performed in R 4.2.1 using the ecospat (Broennimann et al., 2024), 
terra (Hijmans,  2024), ncdf4 (Pierce,  2023) and biomod2 (Thuiller 
et al., 2023) packages.

2.4  |  Species turnover under climate change

To measure species gain, loss and turnover across our study area, we 
first needed to convert the ensemble projections of species habitat 
suitability into binary maps. We determined the optimal binarization 
threshold for each species using the minimal predicted area method 
(MPA; Engler et  al.,  2004). This method identifies a compact area 
that includes a specified percentage of known species occurrences. 
We set the threshold to capture 90% of all observed species pres-
ences. To minimize issues with unlimited dispersal within the time 
frame of projected climate change, we used the presence records 
of each species to create a 500 km buffer, defining species-specific 
accessible areas. Each species' binary map was then restricted to 
its respective accessible area. Since we are interested in the UPRB, 
we masked the binary maps using the UPRB boundary and overlaid 
them onto a 5 × 5 km grid system to create a presence-absence ma-
trix for the current time and each future SSP scenario. We calculated 
species richness in each grid cell by summing the present species. 
Species turnover per cell between current and future periods was 
quantified using the Jaccard dissimilarity index (hereafter, turnover): 
(G + L)/(L + S + G), where ‘G’ is species projected for the future only 
(species gain), ‘L’ is species occurring only in the current time (spe-
cies loss), and ‘S’ is species shared between current and future times 
(Ferro et al., 2014). The components ‘G’ and ‘L’ were mapped to il-
lustrate projected species gain and loss for each future SSP scenario. 
We use QGis software (QGIS Development Team, 2024) to map the 
results.

2.5  |  Species representation within protected areas

We gathered data on 73 Protected Areas (PAs) in the UPRB, cat-
egorized as I–IV by the International Union for Conservation of 
Nature (IUCN) or registered as Indigenous Land, highlighting their 
importance for biodiversity conservation. The dataset on PAs was 
downloaded from the World Database on Protected Areas (WDPA; 
UNEP-WCMC and IUCN, 2023). In our study area, grid cells were 
marked as ‘protected’ if they overlapped, even partially, with a PA. 
To evaluate if species richness in existing PAs differed from random 
chance, we used a null model to randomize the locations of PAs 
within the UPRB while preserving their size, shape and orientation. 

This procedure was repeated 1000 times for each PA to generate a 
null expectation of species richness values (Lemes et al., 2014). We 
compared observed species richness in PAs to the 95% inner val-
ues of the corresponding null distribution to identify areas where 
protection efficiency was higher (observed richness > = 97.5% quan-
tile) or lower (observed richness <= 2.5% quantile) than expected. 
Applying the same null model approach to projected colonization 
(‘G’) and extinction (‘L’) surfaces, we identified PAs where species 
gain and loss differed from expectations. The null model analyses 
were conducted in R using the shift function in the terra package 
(Hijmans, 2024).

2.6  |  Spatial prioritization of the Upper Paraguay 
River Basin

To determine the percentage of amphibian species covered by exist-
ing PAs and identify complementary conservation areas in the UPRB, 
we applied a hierarchical priority ranking analysis in Zonation ver-
sion 5.2.1 (Moilanen et al., 2014). Zonation creates a priority ranking 
by progressively removing grid cells that contribute the least to the 
overall conservation value, while accounting for total and remaining 
distribution of spatial features (herein the raster files representing 
the species binary maps). Since our goal was to identify priority areas 
for expanding the PA network, we used the cells covered by the ex-
isting 73 PAs as the starting point (i.e. as a hierarchic mask layer) of 
our prioritization exercise. Priority ranks for each spatial unit (cell) 
were calculated using the additive benefit function (ABF), which 
tracks the performance of spatial features along individual species-
area curves while reducing the aggregated extinction risk (Moilanen 
et al., 2014). To optimize the representation of threatened species 
within the high priority cells, we used IUCN threat statuses as spe-
cies weights (LC = 1, NT = 2, VU = 3, EN = 4, CR = 5). Other Zonation 
parameters were kept as default (Moilanen et al., 2014).

3  |  RESULTS

Species distribution models (SDM) for the 77 amphibian species in 
the Upper Paraguay River Basin (UPRB) showed good predictive per-
formance (average Sørensen = 0.6955 ± 0.145; AUC = 0.9695 ± 0.027; 
Boyce = 0.9917 ± 0.01; Table  S1). Three species peripherally dis-
tributed in the UPRB region (Boana boans, Lithodytes lineatus and 
Leptodactylus latinasus) had no suitable areas projected in the UPRB 
and were excluded from further analyses. Among the remaining 
74 species, 62 species (83.78%) and 65 (87.84%) are projected to 
lose suitable areas under the SSP245 and SSP585 futures scenar-
ios, respectively (Figure 1, Table S2). Notably, 13 (16.22%) and 20 
(27.03%) species are projected to lose all suitable areas. All amphib-
ian species showed less than one-fifth of their current projected 
distribution within Protected Areas (PAs), with Ameerega sp., Boana 
fasciata, Melanophryniscus klappenbachi and Rhaebo guttatus entirely 
absent from PAs (Figure 1, Table S2). Projections for 2100 showed 
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F I G U R E  1  Projected range shifts and representation in Protected Areas (PAs) for amphibians in the Upper Paraguay River Basin (UPRB). 
Bar size denotes the absolute range shift in km2, and bar colour indicates the proportion of each species' geographic range within PAs 
(considering only the range intersecting with the UPRB). The percentage values on the right side of each bar represent the proportional 
range shift. Grey labels indicate taxa without projected suitable habitats for 2100 under the SSP245 scenario. Symbols on the left panel 
correspond to taxonomic families, as shown in the top-left inset plot.
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that Boana riojana will have the highest percentage of the protected 
range, with 13.42% and 12.88% of its distribution within PAs for 
SSP245 and SSP585, respectively (Figure 1, Table S2).

Current projections show that species richness per cell in the UPRB 
ranged from 2 to 44 species (Figure  2b). High species richness was 
evident in the Pantanal floodplain in the center, the Chiquitano Dry 
Forest in the west and the plateaus of the Cerrado in the southeast. In 
contrast, the far northern and western regions of the UPRB exhibited 
lower richness. Future projections in both scenarios indicate increased 
amphibian richness mainly in the lowlands of Bolivia, the Chapada dos 
Guimarães region in the north, and the southeast of the UPRB, while 
lower richness is expected in the extreme north and west (Figure 2b,c). 
Regions with high species richness showed lower uncertainty (variabil-
ity in projections) across GCMs in both SSPs scenarios. Although the 
northern region exhibited low richness, it also showed moderate to 
high values, especially under the SSP585 scenario (Figure 2d,e).

By 2100, species composition is expected to change by an av-
erage of 24.6% per cell in the SSP245 scenario and 37.0% per cell 
in the SSP585 scenario, with higher turnover rates anticipated in 

northern regions (Figure 3a,d). Projected local extinctions are ex-
pected to affect 99.87% of UPRB area under the SSP245 scenario 
(Figure  3b) and 99.99% under the SSP585 scenario (Figure  3e), 
with the most pronounced species loss located in the northeast 
and northwest of the UPRB. Additionally, 85.64% of cells are ex-
pected to gain species in the SSP245 scenario (Figure  3c), and 
85.49% are expected to do so in the SSP585 scenario (Figure 3f). 
Overall, future projections point to an average loss of 7.12 spe-
cies per cell under the SSP245 (range = 0–20) and 11.39 under the 
SSP585 (range = 0–25). Projected species colonization averaged 
0.90 species per cell in SSP245 (range = 0–13) and 0.87 in SSP585 
(range = 0–12) scenario.

3.1  |  Species richness representation within 
protected areas

Most Protected Areas (PAs) in the UPRB currently show amphibian 
richness consistent with what would be expected by chance, based 

F I G U R E  2  Projected patterns of amphibian richness for the Upper Paraguay River Basin (UPRB). (a) Position of the UPRB in South 
America. (b) Current species richness, with the Protected Areas (PAs) overlaid in white lines (range = 2–44). Future species richness in the (c) 
SSP245 (range = 3–41) and (d) SSP585 (range = 3–37) scenarios. Aggregated model uncertainty across generalized circulation models for the 
(e) SSP245 and (f) SSP585 scenarios.
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on their size, location, and orientation (Figure 4). Based on SDM out-
puts for the current period, no PAs exhibited higher than expected 
amphibian richness, although 8.2% (n = 6) showed significantly lower 
species richness. Future projections indicate a higher-than-expected 
species gain in 6.8% (n = 5) of the PAs under the SSP245 and 4.1% 
(n = 3) under the SSP585, with no PA facing lower-than-expected 
species gain. Similar numbers were found with respect to future 
species loss, with most PAs exhibiting values within those expected 
by chance. However, 2.7% (n = 2, under SSP245) and 4.1% (n = 3, 
under SSP585) of PAs were projected to lose more species than ex-
pected. In summary, 13.7% of PAs in the UPRB exhibit the potential 
to harbour more species or, conversely, to lose fewer species than 
expected by chance in at least one future scenario.

3.2  |  Spatial prioritization of the Upper Paraguay 
River Basin

Only 5.85% of the UPRB is covered by protected areas (PAs). 
These PAs harbour on average 4.88% of current amphibian ranges 
(range = 0%–15.1%). By 2100, these PAs are projected to safeguard 
4.75% of amphibian ranges (range = 0%–13.4%) under the SSP245 
scenario and 4.67% (range = 0%–12.8%) under the SSP585 scenario. 
Following the prioritization rank for expanding the PA network could 
protected, on average, 28.7% of amphibian ranges (range = 5.3%–
30.7%) with 15% of UPRB under protection. If PA coverage reaches 
the 30% target set by the Convention on Biological Diversity, 47.2% 
of current amphibian ranges (range = 10.3%–50.4%) would be pro-
tected. By 2100, 30% PA coverage could safeguard 51.8% of am-
phibian ranges (range = 25.9%–55.7%) under SSP245, and 53.4% 
(range = 26.6%–56.7%) under SSP585. The apparent increase in the 
percentage of amphibian ranges protected is attributed to the loss of 
narrow-range species, which currently occur predominantly outside 

PAs. Moreover, among the top-30% priority cells selected based on 
current amphibian ranges, only 59.4% overlap with the top-30% cells 
under SSP245, and 54.9% overlap under SSP585, indicating a spatial 
mismatch between current and future prioritizations (Figure S1).

The current spatial prioritization procedure identified cells with 
high conservation values in the Pantanal plateaus (>500 m eleva-
tion), including regions in the Cerrado, Dry Chaco and northern 
Chiquitano Dry Forest. The key areas highlighted include regions in 
the northern UPRB locally known as Chapada dos Guimarães, Serra 
das Araras, and the Parecis plateaus, as well as Serra da Bodoquena 
in the center-south of the UPRB. These regions showed high con-
servation priority in the current time and are expected to remain 
important in both future scenarios. The regions of Dry Chaco in the 
south of the UPRB and Cerrado in the northwest and northeast in-
crease their importance for conservation in the future in the SSP245 
and SSP585 scenarios (Figure 5).

4  |  DISCUSSION

Anticipated climate changes are projected to significantly impact 
the Upper Paraguay River Basin (UPRB), leading to shifts in spe-
cies distribution. Our study reveals that reduction in the geographic 
ranges of amphibian species in the UPRB will outpace any expan-
sions. Notably, there is high species turnover across the UPRB in all 
future scenarios, both within and outside existing Protected Areas 
(PAs). Some regions may experience complete shifts in species com-
position. This turnover contributes to the current low effectiveness 
of PAs in safeguarding amphibian species, reflecting the broader 
issue of PA efficiency (Lemes et  al.,  2014; Oliveira, Soares-Filho, 
et  al.,  2017). Despite the low coverage of Pas—currently covering 
only 5.85% of the UPRB area, well below the 30% target set by the 
Convention on Biological Diversity for 2030—there is optimism for 

F I G U R E  3  Projected changes in amphibian species composition for the Upper Paraguay River Basin by the year 2100. White lines are 
ecoregions by Dinerstein et al. (2017). Maps are show for both SSPs scenarios, SSP245 (top panels): (a) species turnover (range = 0–84.2), (b) 
species colonization (0–13), (c) local extinctions (0–20); and SSP585 (bottom panels): (d) Species turnover (0–85.7), (e) Species colonization 
(0–12), (f) Local extinctions (0–25).
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better protection against future climate change. Presently, less than 
5% of amphibian geographic ranges are protected within these PAs.

Many amphibian species in the UPRB are expected to lose suit-
able habitats, especially those whose geographic range reaches 
transitional zones between ecoregions in the periphery of UPRB. 
Examples include Amazon-associated species in the northwest UPRB 
(e.g. Boana fasciata, Rhaebo guttatus and Scinax nebulosus), Cerrado-
associated species in the north and east (e.g. Allobates brunneus, 
Ameerega berohoka, A. braccata, Boana lundii, Dendropsophus jimi, 
and Pithecopus centralis) and Chaco-associated species in the south/

southwest UPRB (e.g. Lepidobatrachus laevis, Melanophryniscus fulvo-
guttatus and M. klappenbachi). Nearly one-fifth of UPRB species have 
less than 1% of their geographic range within PAs, rendering them 
virtually unprotected. Indeed, the vulnerability of amphibians to cli-
mate change increases the risk of extinction (Luedtke et al., 2023), 
with projected local extinctions extirpating from 17% to 27% of spe-
cies under the moderate (SSP245) and pessimistic climate scenarios 
(SSP585).

High amphibian species turnover is evident across the UPRB in 
all models and scenarios, likely due to the convergence of multiple 

F I G U R E  4  Amphibian richness species representation within Protected Areas in the Upper Paraguay River Basin. Symbols show the 
observed value of current species richness, future gain or loss of species within each Protected Area (PA) under the SSP245 and SSP585 
scenarios. Grey horizontal lines denote the 95% inner values of the null distribution computed for each metric and PA. Values lower or 
higher than expected by chance are highlighted in blue or red symbols, respectively.
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transition zones that host many peripheral species, making them 
susceptible to fluctuations in their distribution (Lemes et al., 2014). 
These transition zones may experience changes in species richness, 
as environmental barriers near ecoregional borders can hinder 
species migration (Chevalier et  al.,  2021; Scherrer et  al.,  2021). In 
contrast, amphibian assemblages in the highlands of the UPRB are 
expected to show low species turnover between current and future 
periods. These mountainous regions, often seen as climatic refuges, 
have a history of increased colonization events (Klorvuttimontara 
et al., 2011; Lemes et al., 2014), which aligns with the limited compo-
sitional change expected there.

Despite many highlands remaining unprotected (e.g. Serranía 
de Santiago in Bolivia, portions of Serra de Maracaju, Itiquira 
plateau), our findings consistently identify them as high con-
servation priorities (Figure  5). For instance, the northern UPRB 
includes important highlands such as the São Vicente mountain 
range, Chapada dos Guimarães, Serra das Araras, and the Parecis 
plateaus, which harbour species closely tied to the UPRB, like 
Pristimantis dundeei, Ameerega braccata and Pithecopus centra-
lis (Giaretta et  al.,  2018; Magalhães et  al.,  2018). These species 
could face severe threats by 2100 due to the loss of suitable areas 
under the SSP585 scenario. High conservation priority is also 

F I G U R E  5  Prioritization rank analysis for amphibian conservation in the Upper Paraguay River Basin. (a) Average performance curves 
for amphibian species under current and two future climate scenarios (SSP245 and SSP585). (b) Priority rank (PR) areas for expanding the 
Protected Area (PA) network based on current amphibian species ranges. Note that the prioritization algorithm first considered cells within 
the existing PAs, then expanded the rank to include other regions within the UPRB. (c and d) Change in priority rank between current 
and future projections (ΔPR = PRcurrent − PRfuture), with reddish areas showing higher PR values in the future and bluish areas indicating the 
opposite.
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found among southern highlands, such as the Serra da Bodoquena 
plateau and transitional regions along the Pantanal, Cerrado, 
and Humid Chaco. Although some PAs exist in these areas (e.g. 
Chapada dos Guimarães National Park, Serra da Bodoquena 
National Park, Serra das Araras Ecological Station), expanding the 
PA network to increase connectivity is highly recommended to 
improve conservation effictiveness in line with the CBD's targets. 
Additionally, a small portion of the Humid Chaco in Brazil is recog-
nized for high conservation priority, hosting exclusive species like 
Odontophrynus lavillai and Lepidobatrachus asper in Porto Murtinho 
municipality, Mato Grosso do Sul state (Rosset et al., 2009; Sugai 
et al., 2013). This region lacks PAs and faces potential biodiversity 
loss due to activities like cattle ranching. While our insights can 
inform environmental protection policies in the UPRB, effective 
conservation strategies require collaboration among scientists, 
policymakers and local communities (Guisan et al., 2013).

Concerns about Species Distribution Models (SDMs) for 
climate-induced biodiversity forecasts have been extensively dis-
cussed (Guisan et al., 2013), and some uncertainties are quantifi-
able (Barry & Elith, 2006). We integrated multiple algorithms and 
generalized circulation models (Diniz-Filho et  al.,  2009) to assess 
uncertainty in projected amphibian responses to climate change. 
Given that limited sampling data can decrease model performance 
and increase uncertainty (Stockwell & Peterson,  2002), we im-
proved the reliability of our projections using a modelling approach 
designed for rare species (Breiner et al., 2015, 2018) and fine-scale 
occurrence data for the UPRB (Neves et  al.,  2020). Our results 
show relevant uncertainties mainly in the Dry Chaco and in north-
eastern plateaus of UPRB (Figure 2e,f). These highlands exhibited 
low to moderate richness in our models despite their substantial 
sampling effort (Neves et al., 2020), which suggests that uncertain-
ties are linked to species underrepresentation rather than to data 
limitations.

It is not prudent to assume that species distribution will remain 
unchanged (Klorvuttimontara et al., 2011). We demonstrated the 
importance of focusing on individual species and specific areas 
rather than broad patterns for effective conservation planning. 
This closer examination helped identify the species most affected 
by future climate change, those at risk due to inadequate protec-
tion, and the areas that may serve as future refuges in the UPRB. 
Despite the importance of PA networks for biodiversity conserva-
tion (Ferro et al., 2014; Margules & Pressey, 2000), only 16.05% 
of the Earth's terrestrial surface is protected (UNEP-WCMC and 
IUCN,  2023), with substantial gaps in regions like Latin America 
(Nori et al., 2015), including here the UPRB. Moreover, many PAs 
in the UPRB were established before comprehensive ecological 
knowledge were available, resulting in limited coverage of am-
phibian species ranges. This situation underscores the need for 
strategic expansion of the PA network, including the assessment 
of species' responses to climate change to enhance long-term 
conservation outcomes (Hannah et  al.,  2007; Nori et  al.,  2015). 
While informed-conservation strategies are essential, it is equally 
important to advocate for measures that mitigate the impacts of 

agriculture on landscape connectivity and promote educational 
programs to reconcile societal perception of environmental priori-
ties (Hannah et al., 2007).

AUTHOR CONTRIBUTIONS
Conceptualization: Matheus O. Neves, Olivier Broennimann, Heidi K. 
Mod and Antoine Guisan. Formal analysis: Matheus O. Neves, Olivier 
Broennimann, Bruna E. Bolochio, Mario R. Moura. Funding acquisi-
tion: Matheus O. Neves and Diego J. Santana. Methodology: Matheus 
O. Neves, Olivier Broennimann and Mario R. Moura. Software: 
Matheus O. Neves, Olivier Broennimann and Bruna E. Bolochio. Data 
curation: Matheus O. Neves, Diego J. Santana and Mario R. Moura. 
Supervision: Antoine Guisan, Diego J. Santana and Mario R. Moura. 
Visualization: Matheus O. Neves and Mario R. Moura. Writing—origi-
nal draft: Matheus O. Neves and Mario R. Moura. Writing—review 
& editing: Matheus O. Neves, Olivier Broennimann, Heidi K. Mod, 
Bruna E. Bolochio, Diego J. Santana, Antoine Guisan and Mario R. 
Moura.

ACKNOWLEDG EMENTS
We thank the Rufford Foundation for the 1st Rufford Small Grant 
support (33582-1) to MON. This work was funded by the Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq) 
and Fundação de Amparo à Pesquisa do Estado do Mato Grosso 
(FAPEMAT) through a research project for MON (300081/2022-
7). D.J.S. acknowledges CNPq for his research fellowship (CNPq 
309420/2020-2). M.R.M. acknowledges support from São Paulo 
Research Foundation (FAPESP) for grants proc. 2021/11840-6 and 
proc. 2022/12231-6.

CONFLIC T OF INTERE S T S TATEMENT
The authors confirm that they have no conflict of interest to disclose.

DATA AVAIL ABILIT Y S TATEMENT
The R-script and raw dataset supporting the results of this work are 
available at Zenodo Digital Repository https://​doi.​org/​10.​5281/​ze-
nodo.​14247800 (Neves et al., 2024).

ORCID
Matheus O. Neves   https://orcid.org/0000-0002-6848-2099 
Heidi K. Mod   https://orcid.org/0000-0001-7800-2688 
Antoine Guisan   https://orcid.org/0000-0002-3998-4815 
Mario R. Moura   https://orcid.org/0000-0002-7369-7502 

R E FE R E N C E S
Amatulli, G., Domisch, S., Tuanmu, M. N., Parmentier, B., Ranipeta, A., 

Malczyk, J., & Jetz, W. (2018). Data descriptor: A suite of global, 
cross-scale topographic variables for environmental and biodiver-
sity modeling. Scientific Data, 5, 1–15. https://​doi.​org/​10.​1038/​
sdata.​2018.​40

Araújo, M. B., Alagador, D., Cabeza, M., Nogués-Bravo, D., & Thuiller, 
W. (2011). Climate change threatens European conservation areas. 
Ecology Letters, 14(5), 484–492. https://​doi.​org/​10.​1111/j.​1461-​
0248.​2011.​01610.​x

https://doi.org/10.5281/zenodo.14247800
https://doi.org/10.5281/zenodo.14247800
https://orcid.org/0000-0002-6848-2099
https://orcid.org/0000-0002-6848-2099
https://orcid.org/0000-0001-7800-2688
https://orcid.org/0000-0001-7800-2688
https://orcid.org/0000-0002-3998-4815
https://orcid.org/0000-0002-3998-4815
https://orcid.org/0000-0002-7369-7502
https://orcid.org/0000-0002-7369-7502
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1111/j.1461-0248.2011.01610.x
https://doi.org/10.1111/j.1461-0248.2011.01610.x


    |  11NEVES et al.

Araújo, M. B., Pearson, R. G., Thuiller, W., & Erhard, M. (2005). Validation 
of species-climate impact models under climate change. Global 
Change Biology, 11(9), 1504–1513. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2005.​01000.​x

Barbet-Massin, M., Jiguet, F., Albert, C. H., & Thuiller, W. (2012). Selecting 
pseudo-absences for species distribution models: How, where and 
how many? Methods in Ecology and Evolution, 3(2), 327–338. https://​
doi.​org/​10.​1111/j.​2041-​210X.​2011.​00172.​x

Barry, S., & Elith, J. (2006). Error and uncertainty in habitat models. 
Journal of Applied Ecology, 43(3), 413–423. https://​doi.​org/​10.​
1111/j.​1365-​2664.​2006.​01136.​x

Berlinck, C. N., Lima, L. H. A., Pereira, A. M. M., Carvalho, E. A. R., Paula, 
R. C., Thomas, W. M., & Morato, R. G. (2022). The pantanal is on fire 
and only a sustainable agenda can save the largest wetland in the 
world. Brazilian Journal of Biology, 82, 2–3. https://​doi.​org/​10.​1590/​
1519-​6984.​244200

Boyce, M. S., Vernier, P. R., Nielsen, S. E., & Schmiegelow, F. K. (2002). 
Evaluating resource selection functions. Ecological Modelling, 
157(2–3), 281–300. https://​doi.​org/​10.​1016/​S0304​-​3800(02)​
00200​-​4

Breiman, L., Friedman, J. H., Olshen, R. A., & Stone, C. J. (1984). 
Classification and regression trees (1st ed.). Chapman & Hall.

Breiner, F. T., Guisan, A., Bergamini, A., & Nobis, M. P. (2015). Overcoming 
limitations of modelling rare species by using ensembles of small 
models. Methods in Ecology and Evolution, 6(10), 1210–1218. https://​
doi.​org/​10.​1111/​2041-​210X.​12403​

Breiner, F. T., Nobis, M. P., Bergamini, A., & Guisan, A. (2018). Optimizing 
ensembles of small models for predicting the distribution of spe-
cies with few occurrences. Methods in Ecology and Evolution, 9(4), 
802–808. https://​doi.​org/​10.​1111/​2041-​210X.​12957​

Broennimann, O., Di Cola, V., & Guisan, A. (2024). ecospat: Spatial ecology 
miscellaneous methods. R package version 4.1.0. https://​www.​unil.​
ch/​ecosp​at/​home/​menug​uid/​ecosp​at-​resou​rces/​tools.​html

Chamberlain, S., Barve, V., Mcglinn, D., & Oldoni, D. (2018). rgbif: 
Interface to the global biodiversity information facility API. R package 
version 1.1.0.

Chevalier, M., Broennimann, O., Cornuault, J., & Guisan, A. (2021). 
Data integration methods to account for spatial niche truncation 
effects in regional projections of species distribution. Ecological 
Applications, 31(7), e02427. https://​doi.​org/​10.​1002/​eap.​2427

Dinerstein, E., Olson, D., Joshi, A., Vynne, C., Burgess, N. D., 
Wikramanayake, E., Hahn, N., Palminteri, S., Hedao, P., Noss, R., 
Hansen, M., Locke, H., Ellis, E. C., Jones, B., Barber, C. V., Hayes, R., 
Kormos, C., Martin, V., Crist, E., … Saleem, M. (2017). An ecoregion-
based approach to protecting half the terrestrial realm. Bioscience, 
67(6), 534–545. https://​doi.​org/​10.​1093/​biosci/​bix014

Diniz-Filho, J. A. F., Mauricio Bini, L., Fernando Rangel, T., Loyola, R. D., 
Hof, C., Nogués-Bravo, D., & Araújo, M. B. (2009). Partitioning and 
mapping uncertainties in ensembles of forecasts of species turn-
over under climate change. Ecography, 32(6), 897–906. https://​doi.​
org/​10.​1111/j.​1600-​0587.​2009.​06196.​x

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, 
G., Marquéz, J. R. G., Gruber, B., Lafourcade, B., Leitão, P. J., 
Münkemüller, T., Mcclean, C., Osborne, P. E., Reineking, B., 
Schröder, B., Skidmore, A. K., Zurell, D., & Lautenbach, S. (2013). 
Collinearity: A review of methods to deal with it and a simula-
tion study evaluating their performance. Ecography, 36(1), 27–46. 
https://​doi.​org/​10.​1111/j.​1600-​0587.​2012.​07348.​x

Engler, R., Guisan, A., & Rechsteiner, L. (2004). An improved approach for 
predicting the distribution of rare and endangered species from oc-
currence and pseudo-absence data. Journal of Applied Ecology, 41(2), 
263–274. https://​doi.​org/​10.​1111/j.​0021-​8901.​2004.​00881.​x

Ferro, V. G., Lemes, P., Melo, A. S., & Loyola, R. (2014). The reduced ef-
fectiveness of protected areas under climate change threatens at-
lantic forest tiger moths. PLoS One, 9(9), e107792. https://​doi.​org/​
10.​1371/​journ​al.​pone.​0107792

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial res-
olution climate surfaces for global land areas. International Journal 
of Climatology, 37(12), 4302–4315. https://​doi.​org/​10.​1002/​joc.​
5086

Fielding, A. H., & Bell, J. F. (1997). A review of methods for the assess-
ment of prediction errors in conservation presence/absence mod-
els. Environmental Conservation, 24(1), 38–49. https://​doi.​org/​10.​
1017/​S0376​89299​7000088

Firpo, M. A. F., Guimarães, B. D. S., Dantas, L. G., Silva, M. G. B. D., 
Alves, L. M., Chadwick, R., Llopart, M. P., & Oliveira, G. S. D. (2022). 
Assessment of CMIP6 models' performance in simulating present-
day climate in Brazil. Frontiers in Climate, 4, 1–27. https://​doi.​org/​10.​
3389/​fclim.​2022.​948499

Gallardo, B., Aldridge, D. C., Gonzalez-Moreno, P., Pergl, J., Pizarro, M., 
Pysek, P., Thuiller, W., Yesson, C., & Vila, M. (2017). Protected areas 
offer refuge from invasive species spreading under climate change. 
Global Change Biology, 23, 5331–5343. https://​doi.​org/​10.​1111/​
gcb.​13798​

GBIF.org. (2019). GBIF Home Page. http://​www.​gbif.​org
Giaretta, A. A., Teixeira, B. F. d. V., Bernardes, C. d. S., & Marinho, P. 

(2018). Distribution, call and habitat of Pristimantis dundeei (Anura, 
Craugastoridae). Neotropical Biodiversity, 4(1), 134–137. https://​doi.​
org/​10.​1080/​23766​808.​2018.​1506274

Graham, C. H., Elith, E., Hijmans, R. J., Guisan, A., Peterson, A. T., 
Loiselle, B. A., Anderson, R. P., Dudk, M., Ferrier, S., Huettmann, F., 
Leathwick, J., Lehmann, A., Li, J., Lohmann, L., Loiselle, B., Manion, 
G., Moritz, C., Nakamura, M., Nakazawa, Y., … Zimmermann, N. 
(2008). The influence of spatial errors in species occurrence data 
used in distribution models. Journal of Applied Ecology, 45, 239–247. 
https://​doi.​org/​10.​1111/j.​1365-​2664.​2007.​01408.​x

Guisan, A., Tingley, R., Baumgartner, J. B., Naujokaitis-Lewis, I., Sutcliffe, 
P. R., Tulloch, A. I. T., Regan, T. J., Brotons, L., Mcdonald-Madden, 
E., Mantyka-Pringle, C., Martin, T. G., Rhodes, J. R., Maggini, 
R., Setterfield, S. A., Elith, J., Schwartz, M. W., Wintle, B. A., 
Broennimann, O., Austin, M., … Buckley, Y. M. (2013). Predicting 
species distributions for conservation decisions. Ecology Letters, 
16(12), 1424–1435. https://​doi.​org/​10.​1111/​ele.​12189​

Hannah, L., Midgley, G., Andelman, S., Araújo, M., Hughes, G., Martinez-
Meyer, E., Pearson, R., & Williams, P. (2007). Protected area needs 
in a changing climate. Frontiers in Ecology and the Environment, 
5(3), 131–138. https://​doi.​org/​10.​1890/​1540-​9295(2007)​5[131:​
PANIAC]​2.0.​CO;​2

Hijmans, R. (2024). terra: Spatial data analysis. R package version 1.7–78. 
https://​CRAN.​R-​proje​ct.​org/​packa​ge=​terra​

IPCC. (2022). Climate change 2022: Impacts, adaptation, and vulnerabil-
ity. Contribution of working group II to the Sixth Assessment Report of 
the Intergovernmental Panel on Climate Change. (H. O. Pörtner, D. C. 
Roberts, M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegría, 
M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem & B. Rama 
(Eds.)). Cambridge University Press. https://​doi.​org/​10.​1017/​97810​
09325844

Janzen, D. H. (1967). Why mountain passes are higher in the tropics. The 
American Naturalist, 101(919), 233–249. http://​www.​jstor.​org/​sta-
ble/​2458977

Junk, W. J., & Wantzen, K. M. (2004). The flood pulse concept: New as-
pects, approaches, and applications—An update. In R. L. Welcomme 
& T. Petr (Eds.), Proceedings of the second international symposium 
on the Management of Large Rivers for fisheries, volume 2. Food and 
Agriculture Organization & Mekong River Commission (pp. 117–149). 
FAO Regional Office for Asia and the Pacific.

Klorvuttimontara, S., McClean, C. J., & Hill, J. K. (2011). Evaluating the 
effectiveness of protected areas for conserving tropical forest but-
terflies of Thailand. Biological Conservation, 144(10), 2534–2540. 
https://​doi.​org/​10.​1016/j.​biocon.​2011.​07.​012

Ladle, R. J., & Whittaker, R. J. (2011). Conservation biogeography. Blackwell 
Publishing Ltd. https://​doi.​org/​10.​1002/​97814​44390001

https://doi.org/10.1111/j.1365-2486.2005.01000.x
https://doi.org/10.1111/j.1365-2486.2005.01000.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1111/j.1365-2664.2006.01136.x
https://doi.org/10.1111/j.1365-2664.2006.01136.x
https://doi.org/10.1590/1519-6984.244200
https://doi.org/10.1590/1519-6984.244200
https://doi.org/10.1016/S0304-3800(02)00200-4
https://doi.org/10.1016/S0304-3800(02)00200-4
https://doi.org/10.1111/2041-210X.12403
https://doi.org/10.1111/2041-210X.12403
https://doi.org/10.1111/2041-210X.12957
https://www.unil.ch/ecospat/home/menuguid/ecospat-resources/tools.html
https://www.unil.ch/ecospat/home/menuguid/ecospat-resources/tools.html
https://doi.org/10.1002/eap.2427
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1111/j.1600-0587.2009.06196.x
https://doi.org/10.1111/j.1600-0587.2009.06196.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.0021-8901.2004.00881.x
https://doi.org/10.1371/journal.pone.0107792
https://doi.org/10.1371/journal.pone.0107792
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.3389/fclim.2022.948499
https://doi.org/10.3389/fclim.2022.948499
https://doi.org/10.1111/gcb.13798
https://doi.org/10.1111/gcb.13798
http://www.gbif.org
https://doi.org/10.1080/23766808.2018.1506274
https://doi.org/10.1080/23766808.2018.1506274
https://doi.org/10.1111/j.1365-2664.2007.01408.x
https://doi.org/10.1111/ele.12189
https://doi.org/10.1890/1540-9295(2007)5%5B131:PANIAC%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B131:PANIAC%5D2.0.CO;2
https://cran.r-project.org/package=terra
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
http://www.jstor.org/stable/2458977
http://www.jstor.org/stable/2458977
https://doi.org/10.1016/j.biocon.2011.07.012
https://doi.org/10.1002/9781444390001


12  |    NEVES et al.

Lemes, P., Melo, A. S., & Loyola, R. D. (2014). Climate change threatens 
protected areas of the Atlantic Forest. Biodiversity and Conservation, 
23(2), 357–368. https://​doi.​org/​10.​1007/​s1053​1-​013-​0605-​2

Leroy, B., Delsol, R., Hugueny, B., Meynard, C. N., Barhoumi, C., Barbet-
Massin, M., & Bellard, C. (2018). Without quality presence–absence 
data, discrimination metrics such as TSS can be misleading mea-
sures of model performance. Journal of Biogeography, 50(11), 2195–
2207. https://​doi.​org/​10.​1111/​jbi.​13402​

Li, Y., Cohen, J. M., & Rohr, J. R. (2013). Review and synthesis of the 
effects of climate change on amphibians. Integrative Zoology, 8, 
145–161. https://​doi.​org/​10.​1111/​1749-​4877.​12001​

Luedtke, J. A., Chanson, J., Neam, K., Hobin, L., Maciel, A. O., Catenazzi, 
A., Borzée, A., Hamidy, A., Aowphol, A., Jean, A., Sosa-Bartuano, Á., 
Fong, A., de Silva, A., Fouquet, A., Ângulo, A., Kidov, A. A., Saravia, 
A. M., Diesmos, A. C., Tominaga, A., … Stuart, S. N. (2023). Ongoing 
declines for the world's amphibians in the face of emerging threats. 
Nature, 622, 1–7. https://​doi.​org/​10.​1038/​s4158​6-​023-​06578​-​4

Magalhães, R. F., Rocha, P. C., Santos, F. R., Strüssmann, C., & Giaretta, A. 
A. (2018). Integrative taxonomy helps to assess the extinction risk 
of anuran species. Journal for Nature Conservation, 45, 1–10. https://​
doi.​org/​10.​1016/j.​jnc.​2018.​07.​001

Manel, S., Dias, J. M., Buckton, S. T., & Ormerod, S. J. (1999). Alternative 
methods for predicting species distribution: An illustration with 
Himalayan river birds. Journal of Applied Ecology, 36(5), 734–747. 
https://​doi.​org/​10.​1046/j.​1365-​2664.​1999.​00440.​x

Margules, C. R., & Pressey, R. L. (2000). Systematic conservation plan-
ning. Nature, 405, 243–253. https://​doi.​org/​10.​1038/​35012251

McCullagh, P., & Nelder, J. A. (1989). Generalized linear models (2nd ed.). 
Chapman & Hall.

Meyer, C. (2016). Limitations in global information on species occur-
rences. Frontiers of Biogeography, 8(2), 1–7. https://​doi.​org/​10.​
21425/​​f5fbg​28195​

Moilanen, A., Pouzols, F. M., Meller, L., Veach, V., Arponen, A., Leppänen, 
J., & Kujala, H. (2014). Zonation—Spatial conservation planning meth-
ods and software. Version 4. User Manual. C-BIG.

Moura, M. R., Nascimento, F. A. O., Paolucci, L. N., Silva, D. P., & Santos, 
B. A. (2023). Pervasive impacts of climate change on the woodiness 
and ecological generalism of dry forest plant assemblages. Journal 
of Ecology, 111, 1762–1776. https://​doi.​org/​10.​1111/​1365-​2745.​
14139​

Moura, M. R., Silva, G. A. O., Paglia, A., Pires, M. M., & Santos, B. A. 
(2023). Climate change should drive mammal defaunation in tropi-
cal dry forests. Global Change Biology, 29(24), 6931–6944. https://​
doi.​org/​10.​1111/​gcb.​16979​

Neves, M. O., Broennimann, O., Mod, H. K., Bolochio, B. E., Santana, D. 
J., Guisan, A., & Moura, M. R. (2024). Data from: Climate change 
threatens amphibians and species representation within protected 
areas in tropical wetlands. Zenodo Digital Repository. https://​doi.​
org/​10.​5281/​zenodo.​14247800

Neves, M. O., Cabral, H., Pedrozo, M., Ferreira, V. L., Moura, M. R., & 
Santana, D. J. (2020). Dataset of occurrences and ecological traits 
of amphibians from upper Paraguay River Basin, central South 
America. Nature Conservation, 41, 71–89. https://​doi.​org/​10.​3897/​
natur​econs​ervat​ion.​41.​54265​

Nori, J., Lemes, P., Urbina-Cardona, N., Baldo, D., Lescano, J., & Loyola, R. 
(2015). Amphibian conservation, land-use changes and protected 
areas: A global overview. Biological Conservation, 191, 367–374. 
https://​doi.​org/​10.​1016/j.​biocon.​2015.​07.​028

Oliveira, B. F., São-Pedro, V. A., Santos-Barrera, G., Penone, C., & Costa, 
G. C. (2017). AmphiBIO, a global database for amphibian ecological 
traits. Scientific Data, 4, 1–7. https://​doi.​org/​10.​1038/​sdata.​2017.​
123

Oliveira, U., Soares-Filho, B. S., Paglia, A. P., Brescovit, A. D., De Carvalho, 
C. J. B., Silva, D. P., Rezende, D. T., Leite, F. S. F., Batista, J. A. N., 
Barbosa, J. P. P. P., Stehmann, J. R., Ascher, J. S., De Vasconcelos, 
M. F., De Marco, P., Löwenberg-Neto, P., Ferro, V. G., & Santos, A. 

J. (2017). Biodiversity conservation gaps in the Brazilian protected 
areas. Scientific Reports, 7(1), 1–9. https://​doi.​org/​10.​1038/​s4159​8-​
017-​08707​-​2

Pierce, D. (2023). ncdf4: Interface to Unidata netCDF. R package version 
1.21. https://​cran.​r-​proje​ct.​org/​packa​ge=​ncdf4​

Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J. L., Joppa, 
L. N., Raven, P. H., Roberts, C. M., & Sexton, J. O. (2014). The bio-
diversity of species and their rates of extinction, distribution, and 
protection. Science, 344(6187), 1246752-1–1246752-10. https://​
doi.​org/​10.​1126/​scien​ce.​1246752

QGIS Development Team. (2024). QGIS geographic information system (v. 
3.34.7). Open Source Geospatial Foundation Project. https://​qgis.​
org

R Core Team. (2022). R: A language and environment for statistical comput-
ing (v. 4.2.1). The R Foundation for Statistical Computing Platform.

Rosset, S. D., Baldo, D., & Haddad, C. F. B. (2009). Amphibia, Anura, 
Cycloramphidae, Odontophrynus lavillai: First record for Brazil and 
geographic distribution map. Check List, 5(1), 32–34. https://​doi.​
org/​10.​15560/​5.​1.​32

Scherrer, D., Esperon-Rodriguez, M., Beaumont, L. J., Barradas, V. L., & 
Guisan, A. (2021). National assessments of species vulnerability to 
climate change strongly depend on selected data sources. Diversity 
and Distributions, 27(8), 1367–1382. https://​doi.​org/​10.​1111/​ddi.​
13275​

Sørensen, T. (1948). A method of establishing groups of equal amplitude 
in plant sociology based on similarity of species and its applica-
tion to analyses of the vegetation on Danish commons. Biologiske 
Skrifter/Kongelige Danske Videnskabernes Selskab, 5, 1–34.

Stockwell, D. R. B., & Peterson, A. T. (2002). Effects of sample size on ac-
curacy of species distribution models. Ecological Modelling, 148(1), 
1–13. https://​doi.​org/​10.​1016/​S0304​-​3800(01)​00388​-​X

Sugai, J. L. M. M., Faggioni, G. P., Piatti, L., Lemos, A. A., Souza, F. L., 
& Prado, C. P. d. A. (2013). Lepidobatrachus asper Budgett,1899 
(Amphibia: Anura: Ceratophryidae): New country record, distri-
bution map and natural history notes. Check List, 9(1), 133–135. 
https://​doi.​org/​10.​15560/​9.​1.​133

Thuiller, W., Georges, D., Gueguen, M., Engler, R., Breiner, F., Lafourcade, 
B., & Patin, R. (2023). biomod2: Ensemble platform for species dis-
tribution modeling. R package version 4.2–4. https://​cran.​r-​proje​ct.​
org/​packa​ge=​biomod2

Tomas, W. M., Berlinck, C. N., Chiaravalloti, R. M., Faggioni, G. P., 
Strüssmann, C., Libonati, R., Abrahão, C. R., do Valle Alvarenga, 
G., de Faria Bacellar, A. E., de Queiroz Batista, F. R., Bornato, T. 
S., Camilo, A. R., Castedo, J., Fernando, A. M. E., de Freitas, G. O., 
Garcia, C. M., Gonçalves, H. S., de Freitas Guilherme, M. B., Layme, 
V. M. G., … Morato, R. (2021). Distance sampling surveys reveal 
17 million vertebrates directly killed by the 2020's wildfires in the 
Pantanal, Brazil. Scientific Reports, 11(1), 1–8. https://​doi.​org/​10.​
1038/​s4159​8-​021-​02844​-​5

UNEP-WCMC, & IUCN. (2023). Protected planet: The world database on 
protected areas (WDPA) and world database on other effective area-
based conservation measures (WD-OECM). UNEP-WCMC, & IUCN. 
http://​www.​prote​ctedp​lanet.​net

Weil, S., Gallien, L., Nicolaï, M. P. J., Lavergne, S., Börger, L., & Allen, W. L. 
(2023). Body size and life history shape the historical biogeography 
of tetrapods. Nature Ecology & Evolution, 7, 1467–1479. https://​doi.​
org/​10.​1038/​s4155​9-​023-​02150​-​5

Xin, Y., Yang, Z., Du, Y., Cui, R., Xi, Y., & Liu, X. (2023). Vulnerability of 
protected areas to future climate change, land use modification and 
biological invasions in China. Ecological Applications, 34(1), e2831. 
https://​doi.​org/​10.​1002/​eap.​2831

Zhang, J., Nielsen, S. E., Chen, Y., Georges, D., Qin, Y., Wang, S. S., 
Svenning, J. C., & Thuiller, W. (2017). Extinction risk of North 
American seed plants elevated by climate and land-use change. 
Journal of Applied Ecology, 54(1), 303–312. https://​doi.​org/​10.​1111/​
1365-​2664.​12701​

https://doi.org/10.1007/s10531-013-0605-2
https://doi.org/10.1111/jbi.13402
https://doi.org/10.1111/1749-4877.12001
https://doi.org/10.1038/s41586-023-06578-4
https://doi.org/10.1016/j.jnc.2018.07.001
https://doi.org/10.1016/j.jnc.2018.07.001
https://doi.org/10.1046/j.1365-2664.1999.00440.x
https://doi.org/10.1038/35012251
https://doi.org/10.21425/f5fbg28195
https://doi.org/10.21425/f5fbg28195
https://doi.org/10.1111/1365-2745.14139
https://doi.org/10.1111/1365-2745.14139
https://doi.org/10.1111/gcb.16979
https://doi.org/10.1111/gcb.16979
https://doi.org/10.5281/zenodo.14247800
https://doi.org/10.5281/zenodo.14247800
https://doi.org/10.3897/natureconservation.41.54265
https://doi.org/10.3897/natureconservation.41.54265
https://doi.org/10.1016/j.biocon.2015.07.028
https://doi.org/10.1038/sdata.2017.123
https://doi.org/10.1038/sdata.2017.123
https://doi.org/10.1038/s41598-017-08707-2
https://doi.org/10.1038/s41598-017-08707-2
https://cran.r-project.org/package=ncdf4
https://doi.org/10.1126/science.1246752
https://doi.org/10.1126/science.1246752
https://qgis.org
https://qgis.org
https://doi.org/10.15560/5.1.32
https://doi.org/10.15560/5.1.32
https://doi.org/10.1111/ddi.13275
https://doi.org/10.1111/ddi.13275
https://doi.org/10.1016/S0304-3800(01)00388-X
https://doi.org/10.15560/9.1.133
https://cran.r-project.org/package=biomod2
https://cran.r-project.org/package=biomod2
https://doi.org/10.1038/s41598-021-02844-5
https://doi.org/10.1038/s41598-021-02844-5
http://www.protectedplanet.net
https://doi.org/10.1038/s41559-023-02150-5
https://doi.org/10.1038/s41559-023-02150-5
https://doi.org/10.1002/eap.2831
https://doi.org/10.1111/1365-2664.12701
https://doi.org/10.1111/1365-2664.12701


    |  13NEVES et al.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Congruence among the top 30% priority areas for 
amphibian range conservation under current and future climate 
conditions. Existing Protected Areas cover 5.85% of the Upper 
Paraguay River Basin and were included within the top 30% priority 
areas for both the current climate and future scenarios (SSP245 and 
SSP585).
Table  S1. Sørensen's similarity index (Sørensen), area under the 
curve (AUC), and Boyce index (Boyce) averages for each species and 
ecological niche modelling method (ANN, artificial neural network; 
CTA, classification and regression tree; GLM, generalized linear 
models; and ENS, ensemble model across algorithms).
Table S2. Total area in square kilometre and percentage coverage of 

the potential distribution of 74 species within the 73 Protection Areas 
analysed in current and in future time under two different shared 
socioeconomic pathways (SSP)scenarios: the SSP245 representing 
the business-as-usual scenario, and the SSP585, indicating a non-
mitigation scenario. Orange background: 0% coverage.
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