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ABSTRACT

Aim: The goals of this study were to (1) identify how climate change impacts the distribution of amphibian species and high-
priority conservation areas (HPCA) in the drylands of the Southwest United States and Northern Mexico, (2) describe the rela-
tionship between environmental variables and spatial configurations of HPCA and (3) explore how climate change will impact
the distribution of HPCA and investigate the relationship between HPCA and protected area (PA) network.

Location: Southwest United States and Northern Mexico.

Taxon: Amphibians.

Methods: We used distribution maps for 209 amphibian species to estimate surrogates of amphibian diversity, assessed by rarity-
weighted richness (RWR), site importance (Zonation) and species richness. Then, we used species accumulation curves to assess
their efficiency in representing amphibians in the least number of sites. Next, we used the most effective surrogate to identify
HPCA for amphibians. We used environmental variables, usually related to amphibian distribution, and random forest models
to assess the impact of climate on the spatial configuration of HPCA in the current and future times. We also used PA networks
to assess their representation.

Results: RWR produced a similar spatial configuration of HPCA as Zonation but could not depict the same level of connectivity.
HPCAs were observed mainly across California, central Texas and western Mexico. The spatial distribution of HPCA was mostly
influenced by precipitation, temperature and solar radiation. Climate change will influence the future distribution of HPCA. The
overlay between HPCA and PA is weak.

Main Conclusion: Climate change is becoming an ever-increasing issue for conservation efforts, especially in dryland eco-
systems where natural resources are already scarce for native species. Results show an alteration in the spatial configuration of
amphibian HPCA, and much is still needed to protect and manage them.

1 | Introduction environmental pollution, invasive species, disease, anthro-

pogenic habitat alteration and climate change (Lannoo 2005;

The decline in amphibian population and abundance has
been staggering in the last three decades, with 40.7% of am-
phibian species globally threatened (Pounds 2001; Stuart
et al. 2004; Lannoo 2005; Luedtke et al. 2023). Many threats
have been linked to amphibian population declines, including

© 2025 John Wiley & Sons Ltd.

Blaustein and Kiesecker 2002; Beebee and Griffiths 2005;
Albuquerque, Bateman, et al. 2024; Albuquerque, Bateman,
Ryan, et al. 2024). Climate change is amongst the most signif-
icant threats to amphibian diversity (Steigerwald 2021), espe-
cially in North American drylands (Albuquerque, Bateman,
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et al. 2024; Albuquerque, Bateman, Ryan, et al. 2024),
areas often characterised by areas that receive less precip-
itation inputs (water scarcity) yet with a high biodiversity
(Safriel et al. 2005).

Recent studies have shown that changes in extreme tempera-
tures and precipitation regimes will modify the availability
of suitable habitats across drylands, especially for amphibi-
ans (Griffis-Kyle et al. 2018). Albuquerque, Bateman, Ryan,
et al. (2024) investigated the potential impacts of climate
change on the geographical range of amphibians in drylands
of North America, and they reported a significant loss of
suitable habitat in the future. For example, many abundant
species such as canyon treefrogs (Hyla arenicolor) and water
frogs (family Ranidae) and specialised stream-breeding am-
phibians such as the Arizona toad (Anaxyrus microscaphus)
are tied to water availability and may decrease when streams
are regulated and diverted or base flows are reduced (Tockner
et al. 2006; Railsback et al. 2016; Bateman et al. 2024;
Albuquerque, Bateman, et al. 2024). The loss of suitable habi-
tat has been considered a significant threat to the persistence
of amphibian populations (Cushman 2006).

One way to identify suitable areas for conservation for imperilled
species, such as amphibians, is to highlight potentially highly
suitable areas for conservation (Albuquerque and Beier 2015b).
High-priority conservation areas (HPCA) are essential to iden-
tifying crucial conservation areas for safeguarding species
(Albuquerque and Beier 2015a). Their identification often relies
on habitat suitability, species occurrence and richness and al-
gorithms based on complementarity, rather than expert opin-
ions, to prioritise sites for conservation (Moilanen et al. 2009;
Albuquerque and Beier 2015b). Complementarity-based algo-
rithms identify optimal or near-optimal sets of sites that collec-
tively represent species in a small area (Moilanen et al. 2009).
Because of amphibians' microhabitat requirements and bipha-
sic cycle (aquatic and terrestrial), changes in habitat suitability
can significantly reduce their distributional range, especially in
drylands (Albuquerque, Bateman, Ryan, et al. 2024). Therefore,
identifying HPCA can help provide information and data to
prioritise and conserve amphibians' habitats (Albuquerque,
Bateman, Ryan, et al. 2024).

Nevertheless, HPCA lack conservation actions (Le Saout
et al. 2013; CBD 2022), such as protected areas (PAs). PAs are
critically important in conserving biodiversity and preventing
extinction (Le Saout et al. 2013). Lindenmayer (2024) reported
that PA coverage was still inadequate to conserve all biodiversity
and highlighted the need to expand them to prevent biodiver-
sity loss. They also noted that more efforts were needed to meet
the conservation for biodiversity target by 2030 (protect 30% or
more of the Earth's surface). Despite the evidence of the lack
of PA coverage in different parts of the Globe (e.g., Assuncao-
Albuquerque et al. 2012; Le Saout et al. 2013; Lindenmayer 2024;
Dinerstein et al. 2024), the assessment of the efficiency of PA
in representing HPCA for amphibians in the Southwest United
States and North Mexico is still pending.

The delineation of HPCA depends on ensuring that most species
are included in the conservation solution (representativeness;
Watson et al. 2011). However, a major limitation to building a

comprehensive HPCA network is the incomplete knowledge
of species' geographical distribution (i.e., Wallacean shortfall,
Lomolino 2004) and ecological needs. Since wall-to-wall inven-
tories are not available in drylands, scientists use proxies for
biodiversity, also known as biodiversity surrogates (Williams
et al. 2006). Surrogates are accurately mapped environmental
or taxonomic groups such as soil types, climatic conditions,
or easily observed occurrences of species in the planning area
(Rodrigues and Brooks 2007; Beier and Albuquerque 2016;
Albuquerque and Gregory 2017). Examples of common biodi-
versity surrogates include the importance of areas for conserva-
tion, often expressed by complementarity-based solutions such
as Zonation (Moilanen et al. 2009), rarity-weighted richness
(RWR, Williams et al. 1996) and species richness.

Zonation is a spatial prioritisation solution often used to
identify priority areas to support conservation actions (i.e.,
most important locations to retain biodiversity, Moilanen
et al. 2009). Zonation produces a hierarchical priority ranking
of geographic grid cells for each taxon from zero to one. It re-
moves cells that are not indispensable to preserve biodiversity.
Zonation is widely used to design and evaluate PA networks
and plan for their expansion. It can also be used for habitat
restoration and maintenance (Moilanen et al. 2009). Similarly,
RWR seeks to represent the maximum number of species in a
given number of sites (Williams et al. 1996). RWR is a sum-
mation of the scores calculated as the inverse of the number of
species occurrences in one site (Albuquerque and Beier 2015b;
Williams et al. 1996). Rarity scores can be a dependable
method for representing species occurrences (Albuquerque
and Beier 2015b). RWR is an alternative spatial conservation
planning tool that assigns higher priority rankings to sites of-
fering rare or endemic species. Species richness, often defined
as the number of species within an area, is a common surrogate
of biodiversity frequently used to prioritise areas for conserva-
tion (Albuquerque and Beier 2015b). However, its efficacy is
questioned since, in most cases, richness has failed to preserve
all biodiversity when compared to null models (Albuquerque
and Beier 2015b; Astudillo-Scalia and de Albuquerque 2019;
Astudillo-Scalia and Albuquerque 2020). In previous stud-
ies, solutions provided by Zonation and RWR surrogates
represented the most species across sites when financial or
resource limitations do not allow for every site to be sampled
(Church et al. 1996; Williams, Gibbons, Margules, Rebelo,
Humphries, et al. 1996; Moilanen et al. 2009; Albuquerque
and Beier 2015a, 2015b).

Another essential goal of designing HPCA is to ensure effec-
tiveness in representing species in the current time that will
persist in the future (Watson et al. 2011). Albuquerque and
Beier (2015a) investigated the global distribution of HPCA in
vertebrates, including amphibians, birds and mammals. They
reported that climate-related predictors were major drivers
of the spatial configuration of HPCA. Since climate change
is expected to influence amphibian distribution (Luedtke
et al. 2023), it is crucial to determine whether changes in the
geographical distribution of amphibians will also impact the
spatial configuration of their HPCA. Understanding the poten-
tial impacts of climate change on priority habitats is crucial
for developing and implementing effective conservation and
management plans.
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Herein, we evaluate which proxy for biodiversity (Zonation,
RWR and species richness) is most effective for identifying
HPCA. Our research objectives are to (1) identify HPCA for
amphibians in drylands of the Southwest United States and
Northern Mexico, (2) investigate the potential impacts of climate
change on the spatial configuration of HPCA and (3) assess if
PAs represent HPCA.

2 | Methods
2.1 | Study Area

Our study area includes the Southwest United States and
Northern Mexico (Figure 1), comprising one of the largest con-
tinuous dryland areas experiencing a major multi-year drought
(Hughes and Diaz 2008). We used the Convention on Biological
Diversity (CBD), the United Nations Convention to Combat
Desertification (UNCCD) and Map (UNEP-WCMC 2007) to
define the dryland ecosystems across the study area. They are
usually determined by the ratio between precipitation and po-
tential evapotranspiration (P/PET) and encompass four dry-
land subtypes: hyper-arid, arid, semi-arid and dry sub-humid.
Dryland subtypes encompass 41.3% of land coverage on Earth
and are defined by increasing aridity and decreasing moisture.
They display varying levels of biodiversity and species richness
(Safriel et al. 2005).

2.2 | Data Preparation
2.2.1 | Estimating Presence and Absence

We obtained global distribution range maps for 7209 amphib-
ian species from the International Union for the Conservation
of Nature (IUCN) Red List spatial data (TUCN 2022). The ITUCN
distribution maps are established by considering known taxon
occurrences, habitat, elevation limits and insights from ex-
perts regarding the taxon and its range (IUCN 2018). Ficetola
et al. (2014) reviewed and assessed the quality of range maps in
predicting the distribution of known amphibians and reported
that range maps predicted their distribution well. We created
a grid cell of about 10X 10min in R (R Core Team 2023) with
the same extent as our study area and overlaid each amphibian
range map to create a matrix of presence and absence. We re-
moved records that lacked a coordinate system, did not overlap
with our study area and had errors, missing values, or incom-
plete data. We considered presence by having each grid cell
overlap with the species range. Cells without overlapping ranges
were deemed absences. Next, we utilised the expert range maps
provided by AmphibiaWeb (2023) to identify species likely to be
year-round residents in the study area. Expert range maps are
generally compiled from books or assessment reports, such as
those offered by TUCN (please see AmphibiaWeb 2023 for more
details on expert range maps), and illustrate the extent of species
occurrences over time (e.g., 10-30years—AmphibiaWeb 2023).

Drylands
l:l Presumed drylands
[ Dry subhumid

[ semiarid N

- Arid w¢5

- Hyperarid s

B)

330 165 0 330 Km
I

FIGURE1 | Geographic depiction of drylands in the Southwest United States and Mexico (A) and their location related to North America (B). The
drylands delineations were obtained from the UNEP-WCMC (2007). The map also includes presumed drylands—an area with the precipitation/po-

tential evapotranspiration (PET) ratio > 0.65. Intended size of reproduction.
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This process resulted in 209 amphibian species within our study
area for our analysis.

2.2.2 | Environmental Variables

We selected 34 environmental variables to investigate the re-
lationship between environmental changes and HPCA for am-
phibians. These included 19 bioclimatic variables and 12 solar
radiation measurements, expressed as monthly values, from
WorldClim (Fick and Hijmans 2017). We then used these solar
radiation values to calculate the annual solar radiation’'s mean,
minimum, maximum and standard deviation. Both bioclimatic
and solar radiation variables are at a 10-min resolution. We also
obtained 10 topographic measures from EarthEnv (Amatulli
et al. 2018), representing median and standard deviations of ele-
vation, slope, roughness, topographic position, topographic rug-
gedness and topographic wetness index (TWI) from Marthews,
Dadso, Lehner, Abele, et al. (2015) and Marthews, Dadson,
Lehner, Abele, et al. (2015). We used R (R Core Team 2023)
and the aggregate (Hijmans 2024) function to rescale the topo-
graphic variables to 10-min cells.

2.3 | Estimating Surrogates of Biodiversity

We used the grid cell and presence/absence matrix to estimate
species richness and RWR (Williams et al. 1996). We estimated
richness by summing the species occurrences in each grid cell.
We estimated RWR values by calculating the inverse of the num-
ber of cells where each species occurs (individual scores). Then,
we summed the individual scores of all species within each grid
cell (Williams et al. 1996). For example, if a species occurs in
1000 grid cells, its score would be 1/1000 or 0.001, whereas a
species occurring in one grid cell would receive a score of 1.

We used the core area zonation (CAZ) marginal loss rule from
Zonation software (Zonation 5v2.2—Moilanen et al. 2022) to es-
timate priority rank values. The algorithm minimises biological
loss by identifying cells with low species occurrences and giving
a high priority value (Moilanen et al. 2009). The CAZ rule em-
phasises high complementarity and seeks to retain core areas for
all species (Moilanen et al. 2009, 2022). Zonation often produces
near-optimum solutions for target-based planning to meet the
lowest cost targets (Moilanen 2007).

2.4 | Surrogate Evaluation

We built species accumulation curves to evaluate the efficacy
of our surrogates in representing the maximum number of spe-
cies in a minimum number of sites. This process consisted of
the following five steps: (1) we created a data frame with all
surrogates (richness, RWR and priority rank values) and the
presence and absence values for resident amphibians, (2) we or-
dered each solution from the highest to the lowest value, (3) we
counted the number of species accumulated across sites, (4) we
built a random solution that consisted of counting the number of
species accumulated across cells (randomly ordered) and (5) we
used the surrogate and random solutions to estimate the Species
Accumulation Index (SAI).

SAT is commonly used to assess and contrast surrogates repre-
senting species (Rodrigues and Brooks 2007). SAI is defined by
(SAI=S—-R/O—R). S represents the total species count repre-
sented by the richness and RWR solutions. R refers to the av-
erage species count represented by a random solution after 999
iterations. O indicates the maximum species count that can
be represented at least once across the sites indicated by the
Zonation solution (Albuquerque and Beier 2015b). SAI values
are rated from negative to positive infinity, with positive SAI
values indicating the percent effectiveness of the surrogate. A
negative SAI yields results worse than the random solution, and
a zero SAI yields results no better than the random selection.
We measured the effectiveness of each solution across 30 targets
from 0.5% to 30%, increasing incrementally by 1% (Beier and
Albuquerque 2016).

2.5 | Identifying HPCA

After identifying the surrogate (richness, RWR and priority-
rank values) that yielded the best solution to select the maximum
number of species in a minimum number of sites, we identified
the top 30% of its value to identify HPCA for amphibians. We
chose this percentage because the CBD expects 30% of natural
areas to be protected by 2030 (CBD 2022).

2.6 | Identifying Drivers of HPCA Distribution

First, we reduced the dimensionality of the environmental data
by implementing a varimax-rotated principal component anal-
ysis (PCA). PCA highlights sets of uncorrelated environmental
variables and describes environmental gradients within the
data (Albuquerque and Beier 2015a). We utilised the Kaiser rule
(Kaiser 1960) to select components or factors to maintain in the
PCA analyses. The Kaiser rule drops any component with eigen-
values or variance less than one. We identified the variables with
the highest loadings for each chosen principal component. We
used the Spearman correlation to relate variables with the high-
est loadings to the surrogate solution that yielded the best site
representation results. We selected the variable that was most
correlated with the surrogate. These were used as independent
variables in the random forest model (selected variables).

We used random forest models to investigate the relationship be-
tween the surrogate values and the selected environmental vari-
ables, as indicated by the PCA (Albuquerque and Beier 2015a;
Astudillo-Scalia and Albuquerque 2020). Random forest models
were successfully used to model species distributions (Prasad
et al. 2006) and the spatial configuration of HPCA in terres-
trial (Albuquerque and Beier 2015a) and marine ecosystems
(Astudillo-Scalia and Albuquerque 2020). The random forest
approach uses multiple decision tree outputs to reach a single
result (Breiman 2001). Specifically, the algorithm uses about
1/3 of the cases left out of the sample, also known as out of bag
(OOB) data (Breiman 2001). OOB data are used as an estimator
of variable importance. We ran our random forest model with
the selected variables from the PCA and correlation analyses
and the mean decrease in accuracy approach to investigate their
importance in the model. This last was computed from a permu-
tation of the OOB data (Liaw and Wiener 2002). In this process,
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the prediction error of the OOB data was estimated for each tree
after the permutation of each predictor (Liaw and Wiener 2002).
We used the mean square error (MSE) to evaluate the predictive
performance of the random forest model. MSE was defined as
the sum of the squared residuals divided by the number of trees
(500). In general, MSE values close to 0 imply high-accuracy
forecasts (Chicco et al. 2021). We used the randomForest pack-
age in R to run the random forest models and estimate the MSE
(Liaw and Wiener 2002; R Core Team 2023). Models were set
using the default model parameters.

2.7 | Investigating the Impact of Climate Change
on the Distribution of HPCA

We used 10 global circulation models (GCMs, Table S1) ob-
tained from Worldclim (n.d.) and the results from the random
forest models to evaluate the impact of climate change on the
distribution of HPCA. The GCMs include averaged values over
2081-2100years. Each GCM includes future projections across
four shared socioeconomic pathways (SSPs), each representing
a different future scenario with varying emissions predictions:
SSP 126 represented low emission scenarios, SSP 245 and SSP
370 represented intermediate emission scenarios and SSP 585
represented high emission scenarios (O'Neill et al. 2014). For
each SSP scenario, we produced 10 predictions, 1 for each GCM.
We then averaged the projected values for each SSP to obtain a
map of predicted complementarity values. We followed the same
procedure to define the current HPCA and identify the projected
HPCA for amphibians. We finally overlaid the maps with cur-
rent and projected HPCA to identify areas of change and refuges
(i.e., areas that are HPCA in the present and projected to con-
tinue in the future).

2.8 | Assessing the Coverage of HPCA by PAs

We used the World Database on Protected Areas (WDPA,
UNEP-WCMC and IUCN 2024), the most comprehen-
sive PAdatabase for terrestrial and marine realms (UNEP-
WCMC 2019), to investigate the relationship between PA and
HPCA in current and future times. To do so, we overlaid the
HPCA layers to the WDPA and calculated the percentage of
HPCA covered by PA.

3 | Results

The PCA analysis and the Kaiser criteria identified six axes
with eigenvalues greater than one (Table S2). The first axis in-
cluded topographical variables, and the second represented a
combination of temperature and elevation. The third and fifth
encompassed mostly temperature, precipitation and solar ra-
diation variables. The fourth axis included measures of tem-
perature and solar radiation. Altogether, the axes explained
90% of the environmental variance. Amongst the selected
PCA axes, the variables most correlated with complementar-
ity were mean diurnal range, annual precipitation, minimum
temperature of coldest month, temperature annual range, pre-
cipitation of coldest quarter and median of the terrain rugged-
ness index.

Patterns of priority-rank values expressed by Zonation displayed
high values throughout contiguous HPCA (corridors) across
California, central Texas and western Mexico (Figure 2A).
Zonation revealed isolated areas of high values in New Mexico,
Arizona, Nevada and Utah. RWR produced similarly high val-
ues as priority-rank values but could not depict the same level
of connectivity between high-value RWR areas (Figure 2B).
Richness displayed high values in central Texas and along the
Southwestern border of Mexico in our study area (Figure 2C).
Secondary spots of high richness were also shown in Sinaloa,
Tamaulipas and San Luis Potosi (Mexico).

The Zonation solution proved to be the best solution for repre-
senting amphibians in the dryland systems of the Southwest
United States and Northern Mexico (Figure 2D). RWR per-
formed nearly as well as Zonation in selecting the most species
within the fewest sites. Species richness, however, was a poor
solution for selecting species with richness, performing no better
than the random solution simulations of our model (Figure 2D).
Since Zonation was more efficient in selecting the most species
in the smallest number of sites, the results thereafter are based
on the abovementioned solution (Figure 2D).

The spatial distribution of HPCA shows a high concentration
of priority areas in California, Northeast and Northwest Mexico
and Texas (Figure 3). Secondary HPCA spots were also observed
in New Mexico, Arizona, Colorado and Nevada (Figure 3).
According to random forest models, measures of precipitation
and temperature were the most influential variables in explain-
ing the spatial distribution of priority-rank values and HPCA
(Figure 4). The top four most influential variables were precip-
itation of the coldest quarter, annual precipitation, mean diur-
nal range and minimum temperature of the coldest month. The
environmental variables explained 77.2% of the variance within
our model (Figure 4). The MSE value was low (0.018, Figure S1).

The climate change scenarios displayed overall changes in the
HPCA for all four scenarios for 2081-2100 (Figure 5). The great-
est changes in HPCA were observed for SSP 370 (22%) and SSP
585 (23%). The most loss of HPCA was seen in the isolated dry-
land sites of Nevada, Utah, New Mexico and Arizona (Figure 5).
The greatest gains of HPCA were seen along the western coast
of Mexico and central Texas across all SSP (Figure 5). A high
overlap between the current and the predicted future HPCA was
also observed. The highest values were observed for the most
optimistic scenarios, with an 82% (SSP 126) and 80% (SSP 245)
overlap of suitable habitat between the current and future sce-
narios. The lowest overlap was noted in the most pessimistic
scenarios (SSP 370—78% and SSP 585—77%). The overlap be-
tween HPCA and PA was low. Only 10.25% and 9.89% (average)
of the PA covered HPCA at the current and future times, respec-
tively (Figure 6).

4 | Discussion

Our findings are important to help fill gaps in information on
the conservation of amphibians across North American dry-
lands. Ours is the first attempt to evaluate the effectiveness of
amphibian surrogates in this often-overlooked biome. We sum-
marise the spatial configuration of priority conservation areas
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FIGURE 2 | Geographic distribution of (A) priority rank values, estimated by Zonation, (B) rarity-weighted richness (RWR) and (C) species rich-
ness. The (D) species accumulation curves (SAC) depicting Zonation, RWR, richness and random solutions are also displayed. SAC shows the num-
ber of sites each solution needed to reach the target number of amphibian species in the study. Intended size of reproduction.

HPCA of ampihibians

FIGURE 3 | Geographic distribution of high-priority conservation
areas (HPCA) for amphibians in Southwest drylands according to the
Zonation solution. HPCA represent the top 30% of the priority-rank val-
ues. Intended size of reproduction.

and their drivers and identify the potential impacts of climate
change on HPCA.
4.1 | Surrogate Analysis

Our results showed that Zonation was the most successful
surrogate for identifying the HPCA for amphibians within the

Variance explained = 77.2%

Precipitation of Coldest Quarter o

Annual Precipitation o

Mean Diurnal Range o

Min Temperature of Coldest Month o

Terrain ruggedness index- median o

Temperature Annual Range o

T T T T T T T T
90 100 110 120 130 140 150 160

%IncMSE

FIGURE4 | Variable importance for the random forest model, iden-
tifying which variables were most important to the spatial configura-
tions of important conservation areas for amphibians in drylands of the
Southwest United States and Mexico. %IncMSE—mean decrease accu-
racy. Results also indicate how the model accuracy decreases when that
variable is removed. Intended size of reproduction.

dryland systems of the Southwest United States and Northern
Mexico. The efficiency of Zonation has been tested in several
scenarios, including biomes, extents and spatial resolution.
For example, Beier and Albuquerque (2015) investigated the
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FIGURE 5 | Future geographic distribution of high-priority conservation areas for amphibians in Southwest drylands. Red cells represent a pre-
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dicted loss, white cells represent no HPCA, green cells represent no change and blue cells represent a predicted gain. Intended size of reproduction.
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FIGURE 6 | Geographic distribution of gaps in high-priority conservation areas (HPCA) for amphibians in current and project times (shared so-
cioeconomic pathways SSP 126, SSP 245, SSP 370 and SSP 585). Orange areas represent HPCA, not represented by protected areas. The percentage
of unrepresented HPCA is also displayed. Intended size of reproduction.
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efficiency of biotic and abiotic surrogates for species repre-
sentation in eight terrestrial datasets, including animals and
plants. They reported that Zonation provided efficient solu-
tions to represent species in a minimal number of sites in all
cases. Its success in prioritising species might be related to
how Zonation selects core areas for all species and its heuristic
algorithm and process of iteratively removing the least valu-
able cells and keeping the most important ones until the end
(Moilanen et al. 2005).

Another powerful approach was RWR as an efficient surrogate
of amphibians in the drylands southwest of the United States
and Mexico (Figure 2). The efficiency of RWR as a surrogate
for species representation has been assessed in previous stud-
ies in terrestrial (e.g., Albuquerque and Beier 2015a, 2015b;
Albuquerque and Gregory 2017) and marine realms (Astudillo-
Scalia and de Albuquerque 2019). They reported that RWR out-
performed richness because the latter seeks to prioritise sites
with the highest number of species (greedy algorithm). At the
same time, RWR selects sites with a higher number of rare spe-
cies and species composition (non-greedy algorithm). These
studies also reported that RWR can be an efficient surrogate for
biodiversity when optimising conservation efficiency and offers
alternative solutions to Zonation.

According to our SAI results, identifying HPCA through
richness was less efficient at representing amphibians. Our
results show that richness performed worse than Zonation,
RWR and random solutions at selecting species (Figure 2).
Our results are in tandem with previous studies that richness
is not a viable metric to predict or identify areas for conserva-
tion (e.g., Albuquerque and Beier 2015b; Astudillo-Scalia and
Albuquerque 2020). The poor performance of richness could
be explained by the homogeneity of the species assemblage
in areas with high species richness, meaning areas with high
species richness have greater numbers of overlapping species
with other sites. Richness is a historic statistic for conserva-
tion planning. Still, its simplicity results in the spatial overlap
that can cause an under-representation of species compared to
Zonation and other rarity index approaches (Astudillo-Scalia
and Albuquerque 2020).

4.2 | Biogeography

The spatial configuration of HPCA for amphibians displayed
two continuous corridors from California to Baja California and
from southern Arizona along the western coast of Mexico, across
the southern border of the study area and back up the eastern
coast of Mexico through central Texas. The spatial configura-
tion of HPCA might be related to environmental constraints to
amphibian distribution, since our results indicate that climate
conditions, especially water availability, are the primary drivers
of the spatial configuration of HPCA in this study. Our results
provide support for the tenet that environmental variables, and
climate in particular, strongly influence the priority rank values
and spatial configuration of HPCA in terrestrial (Albuquerque
and Beier 2015a; Albuquerque et al. 2019) and marine (Astudillo-
Scalia and Albuquerque 2020) realms. The relevance of water-
related variables to explain the spatial distribution of HPCA in
amphibians could be related to their life history in several ways.

For example, precipitation is linked to the changes in amphibi-
ans' timing of cyclical events (phenology). Dalpasso et al. (2023)
investigated the impact of precipitation change on the phenol-
ogy of Pelobates fuscus (Common Spadefoot toad), and they
reported that precipitation and temperature changes may af-
fect P. fuscus migration patterns towards an earlier start of the
breeding migrations. Rainfall patterns also affect amphibians'
seasonal activity through toads' emergence from underground
(Marquez et al. 2016).

Water is vital toamphibian life history due to their semi-permeable
skin, which lacks structures to prevent water loss (Thorson 1955).
It is also essential for amphibians that perform cutaneous (skin)
respiration (Wake and Vredenburg 2008). Desiccation threatens
amphibians living in drylands, especially those in the Southwest
United States, which has been experiencing intense drought con-
ditions for the past decade and is predicted to continue (Seager
et al. 2007). However, many dryland amphibians have developed
unique adaptations such as becoming fossorial, covering their
bodies in wax, etc., allowing amphibian persistence in a hostile
environment (Shoemaker 1988). Besides their adaptations, the
United States and Northern Mexico's dryland systems harbour
unique habitats that contain rich pockets of biodiversity (Gudka
et al. 2014) that dryland amphibians can exploit.

The high importance of energy-related variables in explaining
the spatial distribution of HPCA could be related to amphibi-
ans' physiology. Amphibians are ectothermic vertebrates that
require environmental inputs, such as air temperature, to aid
them in thermoregulation. As ectotherms, they are suscepti-
ble to temperature changes, both high and low, in their envi-
ronment (Huey 1982). Body temperature influences amphibian
metabolic rates and activity (Buckley et al. 2012).

4.3 | Potential Impacts of Climate Change

Our results identified changes in the HPCA spatial configura-
tion from the current model to the future model under simu-
lated climate change, which indicates that climate change may
influence overall amphibian habitat suitability. Any change in
habitat suitability is critical for dryland amphibian conservation
due to the lack of currently available habitat suitability that the
taxa face in arid environments (Dayton and Fitzgerald 2006).
Despite the potential changes in the spatial configuration of
HPCA, results show substantial overlap between the current
and the predictive future HPCA, displayed as areas of no change
in Figure 5. Depending on the climate change scenario, the over-
lap varied from 77% (SSP 585) to 82% (SSP 126), showing that
the overlap decreased with more pessimistic scenarios. This
overlap between the current and future scenarios is important
because it displays suitable habitats for dryland amphibians that
will remain after simulated climate change (Refugia areas). The
mismatch between the current and future spatial configuration
of HPCA indicates that conservation plans should consider cli-
mate change.

Spatial analysis tools have allowed scientists to predict how cli-
mate change will impact habitat suitability and how it will im-
pact species distributions. However, climate change may also
cause previously PAs to no longer efficiently protect species as
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a changing climate drives species’ distribution to alter from
their historical ranges (Albuquerque, Bateman, et al. 2024;
Albuquerque, Bateman, Ryan, et al. 2024). Conventional
conservation practices do not always account for changes in
habitat suitability and species range over time in light of cli-
mate change, and we advocate the integration of a dynamic
complementarity-based conservation approach that accounts
for these predicted shifts (Aratjo 2009). This study provides
evidence that climate should be regarded as a potential indica-
tor for future amphibian conservation projects in the drylands
of North America.

4.4 | Implications for Conservation

Identifying HPCA for amphibians can help managers and
conservationists fill gaps in amphibian conservation and
propose strategies for reinforcing conservation plans in PAs
(Albuquerque and Beier 2015a). The spatial configurations
of HPCA are important because they can act as a broad-scale
framework for conservation managers to identify the most im-
portant areas to begin finer-scale conservation attempts.

Despite the impacts of climate change, the proposed HPCA
framework predicted no significant changes in the habitat suit-
ability of the two continuous corridors highlighted at the current
time (Figures 3 and 5). These corridors could act as refugia for
dryland amphibian species and offer connectivity amongst suit-
able habitats. Interestingly, the models also show potential areas
of gain of habitat suitability that are well connected to the current
corridor. The integration of future gain areas into core portions
of unaffected corridors (Figure 5) could allow for the migration
of at-risk amphibian populations to more suitable habitats.

Another significant finding of our study is the low represen-
tation of HPCA by PAs, since only 11.6% of HPCA are repre-
sented by the PA network. These results show that much is still
needed to protect and manage at least 30% of the Earth's land
(CBD 2022). Similar to the discoveries by Lindenmayer (2024)
and Dinerstein et al. (2024), we demonstrate that PAs are in-
adequate in representing biodiversity. In our case, results may
represent a significant loss in the fight against amphibian de-
cline. This mismatch may indicate that the establishment of PAs
in the drylands of North America does not account for HPCA
for amphibians. Our results can help managers and conserva-
tionists identify sets of complementary priority areas to expand
the current PA network, provide adequate representativeness of
amphibians and conserve their habitat.

We understand that identifying PAs is not the only step to halt
biodiversity loss (Lindenmayer 2024). By identifying the mini-
mum number of sites collectively representing most or all am-
phibians, our results can help managers and conservationists
minimise the cost of expanding PA to conserve at least 30% of
amphibians’ HPCA.

4.5 | Limitations of the Study

Since knowledge of amphibian occurrence distribution is still
incomplete, our models used coarse occurrence data, expressed

by range maps, for most amphibian species within our study
area. Because range maps may lead to an overestimation of spe-
cies protection level when planning PAs (Di Marco et al. 2016),
we acknowledge that the spatial resolution of our analysis can
mask our PA results. The low overlap between HPCA and PA
can also be influenced by our study's spatial extent and resolu-
tion, since PA networks are not necessarily designed at the same
scale at which HPCA was proposed.

Our approach also did not account for important factors for spa-
tial conservation prioritisation, such as disturbance, landscape
connectivity, and biotic interactions (Lannoo 2005; Moilanen
et al. 2009). Although these models are not designed to be tools
for local conservation efforts due to the scale, they represent
a valid approach to understanding how suitable habitats can
change under future climate scenarios over a broad extent,
especially when the study area extends to multiple countries.
Effective conservation plans are created at local and regional
levels, requiring stakeholders and government bodies to enact
pertinent policies (Fleishman and Brown 2019). Our study aims
not to replace local conservation efforts but to support them.
Further research is needed at the local level for effective conser-
vation policy to be enacted (Epele et al. 2021).

It is important to highlight that climate change is not the sole
threat to amphibians. Factors like chemical pollution, invasive
species, and disease have been linked to amphibian decline and
extinctions and, therefore, play a key role in shaping the proposed
refuge areas (Figures 4 and 5). For example, Chytridiomycosis,
a disease caused by an aquatic fungus (Batrachochytrium den-
drobatidis), has devastated amphibian populations around the
globe, including North America (Cheng et al. 2011). In this
sense, when the information is available, these factors should
be incorporated into the HPCA process to reach a more precise
prioritisation analysis.

4.6 | Conclusion

In contrast to Zonation and RWR solutions, which performed
considerably better than random solutions, richness was the
worst-performing method for selecting amphibians. We advo-
cate for conservation managers to implement complementarity-
based solutions, such as Zonation or RWR, rather than richness
when selecting conservation areas to best protect amphibians
in the drylands of the Southwest and Northern Mexico. Our
results demonstrate that environmental variables strongly
influence the spatial configurations of amphibian HPCA.
Water and energy variables, specifically precipitation, solar
radiation, and temperature, proved to be the most influential
variables in determining these spatial configurations. Our re-
sults display changes in the HPCA distribution due to climate
change. Finally, we show that the proposed HPCA of amphib-
ians in the drylands of North America is far from achieving
the 30% protection target established by the CBD. It is import-
ant to highlight that we used coarse data to assess the impact
of climate on HPCA and that conservation actions are mostly
applied at a local scale. Despite its limitations, it is imperative
to understand its novelty and utility. It is the first to offer a
conservation tool for amphibian conservation in the drylands
of the Southwest United States and Northern Mexico.
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