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ABSTRACT

We assessed changes in fundamental climate-niche space for lizard and snake species in western North America under modeled
climate scenarios to inform natural resource managers of possible shifts in species distributions. We generated eight distribution
models for each of 130 snake and lizard species in western North America under six time-by-climate scenarios. We combined the
highest-performing models per species into a single ensemble model for each scenario. Maps were generated from the ensemble
models to depict climate-niche space for each species and scenario. Patterns of species richness based on climate suitability and
niche shifts were calculated from the projections at the scale of the entire study area and individual states and provinces, from
Canada to Mexico. Squamate species' climate-niche space for the recent-time climate scenario and published known ranges were
highly correlated (r=0.81). Overall, reptile climate-niche space was projected to move northward in the future. Sixty-eight per-
cent of species were projected to expand their current climate-niche space rather than to shift, contract, or remain stable. Only
8.5% of species were projected to lose climate-niche space in the future, and these species primarily occurred in Mexico and the
southwestern U.S. We found few species were projected to lose all suitable climate-niche space at the state or province level, al-
though species were often predicted to occupy novel areas, such as at higher elevations. Most squamate species were projected to
increase their climate-niche space in future climate scenarios. As climate niches move northward, species are predicted to cross
administrative borders, resulting in novel conservation issues for local landowners and natural resource agencies. However,
information on species dispersal abilities, landscape connectivity, biophysical tolerances, and habitat suitability is needed to
contextualize predictions relative to realized future niche expansions.

1 | Introduction

Reptiles are a diverse (Tingley, Meiri, and Chapple 2016; Roll
et al. 2017) but relatively understudied group of vertebrates that
are likely to respond to changing climates because of their ec-
tothermic physiology, relatively small body size, and limited
dispersal capabilities (Ceia-Hasse et al. 2014; Winter et al. 2016;
Diele-Viegas et al. 2020). In western North America, the highest
reptile diversity occurs in the south, where they are well adapted

to the hot, dry desert environments (Pilliod et al. 2020; Whiting
and Fox 2021). However, reptiles also occupy nearly all ecosys-
tems from Canada to Mexico, apart from some of the highest el-
evations and latitudes (i.e., reptiles currently do not occur north
of 60° north latitude).

As ectotherms, reptiles are strongly associated with, and
highly sensitive to, environmental temperatures (Whiting and
Fox 2021). Thus, upper elevation limits and northern boundaries
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of species’ ranges are often established because excessive cold
or temperature variability limit successful reproduction and
survival (Sperry et al. 2010; Hoffmann, Chown, and Clusella-
Trullas 2013), or because climate interacts with other factors
(e.g., prey, predators, behavior) to restrict ranges (Wilson and
Cooke 2004). Hence, if a reptile species has an innate adaptive
capacity, whereby it can either persist-in-place or shift-in-space
(e.g., Thurman et al. 2022) in response to a warming climate,
then climate-based changes to species distributions may be
variable but predictable. This enables modeling and mapping
of species distributions at broad spatial extents and predicting
changes in distributions under future climate change scenar-
ios. Such information can be used by Tribal, state, provincial,
and federal natural-resource managers who are responsible for
the management and conservation of these non-game wildlife
species or their habitats. Species-level assessments of potential
shifts in distribution may provide an early warning for agencies
managing for squamate species persistence, informing them
how they might alter management to account for projected spe-
cies gains (via colonization, translocation) or losses (local extir-
pation, extinction).

Like most other vertebrates, reptiles are experiencing elevated
extinction risk in the Anthropocene, when human activities
have significant effects on the global environment (B6hm,
Williams, et al. 2016). Changes in species’ distributions and
abundance have been attributed to a complex mix of inter-
acting factors (Saha et al. 2018). Global threats to reptiles
include habitat loss and degradation, introduced invasive spe-
cies, pollution, disease, unsustainable use and exploitation,
and climate change (Gibbons et al. 2000). Climate change
is particularly concerning because reptiles are ectothermic
animals with life-history functions and corresponding diel-
and-seasonal behaviors that are highly sensitive to changes
in environmental temperature; climatic shifts will variably
affect populations directly through changing climate regimes
and indirectly by creating ecological mismatches, novel or
vacant niches, and ecological traps (Cadby et al. 2010; Dell,
Pawar, and Savage 2014; Ockendon et al. 2014; Hale and
Swearer 2016; Winter et al. 2016). For example, temperature
has been documented to alter the phenology of offspring
production (e.g., Ockendon et al. 2014), which may shift to a
suboptimal time of year that does not align with foraging op-
portunities (Sinervo et al. 2010; Dell, Pawar, and Savage 2014;
Vafidis, Smith, and Thomas 2019) or seasonal weather trends
(Wheeler et al. 2015).

Concern for reptiles in western North America is increasing
because the region has been susceptible to prolonged drought
and is currently experiencing increasing temperatures and
altered moisture patterns as the climate changes (Huang
et al. 2017, Williams et al. 2020). Recent estimates suggest
that at least 20% of all snake and lizard species are highly vul-
nerable to climate change (Sinervo et al. 2010; Case, Lawler,
and Tomasevic 2015; Bohm, Cook, et al. 2016; Jezkova and
Wiens 2016; Griffis-Kyle et al. 2018). Some species may be
particularly vulnerable because their close affiliation with
specific substrates for thermoregulation and reproduction
and relatively limited dispersal abilities can result in small
or patchy distributions. For example, a study of 48 Sceloporus
lizard species across 200 populations in Mexico reported a

12% population-level extinction rate between 1975 and 2009
(Sinervo et al. 2010). The authors suggested these local extinc-
tions may be the result of altered thermal niches, whereby liz-
ards were unable to forage adequately to permit viable growth
and reproduction (Sinervo et al. 2010).

To begin understanding the potential effects of climate change
on snake and lizard species in western North America, we first
projected the current climate niche of each species and then as-
sessed how the locations of those niches may change in the fu-
ture. We used species occurrence points and climate variables to
model the geographic distribution of each species’ fundamental
or potential climate-niche space under current or recent climate
conditions and projected these relationships using past and fu-
ture climate scenarios. Under each scenario, we generated maps
depicting overall species richness and richness change (i.e.,
on the basis of climate suitability) between climate scenarios.
We evaluated each species for future range changes and sum-
marized information at the range-wide level and for each of 47
state or provincial jurisdictions in western North America from
Canada to Mexico. Given existing models and known reptile
climate sensitivities, we hypothesized that: (1) species climate-
niche space would exhibit patterns of northern expansion and
southern contraction in future scenarios, and (2) species would
be more likely to occupy higher elevations in the future owing
to warming temperatures and changing precipitation regimes
(Cunningham et al. 2016).

2 | Methods
2.1 | Reptile Occurrence Points

We acquired snake and lizard occurrence points from open-
source data when available and from government-owned data
sets accessible through data-sharing agreements (Appendix 1).
Data were formatted and combined using ArcGIS software
(ESRI, Redlands, CA, USA). We used Crother (2017) for spe-
cies nomenclature, and we grouped sub-species because of
the potential for unreliable identification across time and ob-
servers. We filtered the dataset to include only data from the
years 1981 to 2018. We removed redundant data by location
(i.e., 1-km climate grid cell) and species (i.e., identical spe-
cies records from different data sources or multiple captures
of the same species from a specific grid cell). We flagged and
discarded records within the United States (U.S.) that fell
>200km from their documented Gap Analysis Project (GAP)
range polygons (U.S. Geological Survey 2013b, 2018b), when
available. We also discarded records that fell within 300m of
a state or county centroid (i.e., geographic center of a poly-
gon) because examination found that the centroid coordinates
had been used as an approximate location by various data
sources for records without specific location information. We
discarded records that did not have a year attribute and those
with uncertain location or quality.

Candidate reptile species were selected for modeling if we had
> 50 occurrence points (133 of 195 species: 68.2%; Appendix 2).
Data-deficient species that were not included in analyses
were primarily found in the southern and on the eastern edge
of our study extent (e.g., Mexico and southeastern U.S.). We
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combined four Hypsiglena species into one species group (i.e.,
genus) because of taxonomic uncertainty of historical records
(Crother 2017), which resulted in 129 species and 1 genus for
modeling (Appendix 2). Hereafter, we refer to these as 130 taxa
as “species” for convenience.

2.2 | Climate Data

We used the ClimateNA v5.5 tool to generate climate surfaces
from a Digital Elevation Model (DEM) raster (U.S. Geological
Survey and ESRI 2005; Wang et al. 2016). For each 1-km grid
cell across western North America, we generated average
monthly temperature and precipitation values, resulting in 24
variables (Appendix 3). The climate variables were generated
for four periods: past (1901-1930), recent (1981-2010), future
mid-century (2040-2069), and future late-century (2070-
2100). Future climate was derived using a 15-model ensemble
approach under two future emission scenarios (RCP 4.5 and
RCP 8.5; Wang et al. 2016). Thus, six time-by-climate scenar-
ios were examined for each species (one past, one recent, and
four future). The tabular output data from ClimateNA were
converted into rasters for subsequent climate niche modeling
procedures.

2.3 | Climate Niche Modeling

We performed the followinganalysesin R 3.4.3-3.5.1 and RStudio
1.1.383 (RStudio Team 2016; R Core Team 2017). We used the
R package “biomod2 3.3-7” for species modeling (Thuiller
et al. 2009, 2016; Guisan, Thuiller, and Zimmermann 2017).
Because of the size of the datasets and computations required
for this analysis, we processed all models with the Yeti computer
cluster (i.e., “supercomputer”) hosted by the USGS Core Science
Systems Advanced Research Computing center (https://www.
usgs.gov/advanced-research-computing). We chose to exclude
geographic (e.g., latitude), topographic (e.g., elevation, slope, as-
pect), and biophysical (e.g., soils, rock outcrops, vegetation cover
types) variables in our models for the following reasons: (1)
temperature and precipitation covary with many of these vari-
ables (Bonan 2002; Daly et al. 2008; Harrison, Spasojevic, and
Li 2020); (2) not all variables will change under future climate
scenarios and those that do are mostly not currently available
across our study area (Rigge et al. 2023); (3) the intent of this
research was to assess species climate niches and predict future
climate suitability, not to develop the best-fitting species distri-
bution models; and (4) we required datasets of commonly de-
rived attributes that were available from Mexico to Canada. We
ran 32 single models and one ensemble model for each species,
resulting in 4290 total model runs.

We generated two replicates of pseudo-absences using 50,000
random points for each species from our presence-only data-
set. For model evaluation, we withheld 30% of the occurrence
points for each species’ model run. This process was conducted
twice for each of the two pseudo-absence generations, resulting
in four runs for each analytical technique. We modeled the cli-
mate niche for each species using eight analytical techniques,
including artificial neural networks (ANN), classification tree
analysis (CTA), functional data analysis (FDA), generalized

additive model (GAM), generalized linear model (GLM), mul-
tivariate adaptive regression splines (MARS), random forest
(RF), and surface range envelope (SRE). We evaluated the sin-
gle models based on their true skill statistic (TSS). To reduce
model-based bias, we created a single ensemble model for each
species by scenario combination using a weighted means ap-
proach. We included models in the aggregating procedure when
they had TSS > 0.7 (Guisan, Thuiller, and Zimmermann 2017).
Ensemble model performance was evaluated by the TSS score,
specificity, and sensitivity. Variable importance values for the 24
climate variables were extracted for each species from the en-
semble model.

2.4 | Climate-Niche Space Projections

We generated binary projections for all six climate scenarios with
the ensemble models using the default methodology within “bio-
mod2,” which selects a threshold that will maximize specificity
and sensitivity. When available, we correlated our recent (1981-
2010) climate-niche space projections with published range and
distribution information (U.S. Geological Survey 2013a, 2013b,
2018a, 2018b) to identify any modeling anomalies. We evaluated
species’ range changes by comparing the binary projection of
suitable climate-niche space for each of the six climate scenar-
ios. We used the biomod_rangesize function to create a sum-
mary table of projection comparisons for each species.

2.5 | Changes in Species’ Climate-Niche Space

For each species and scenario comparison, we identified whether
its climate-niche space: (1) had a net increase of at least 10%; (2)
had a net decrease of at least 10%; or (3) remained stable with
a change between —10% and 10%. We then compared the re-
cent (1981-2010) climate-niche space to the late-century future
RCP 8.5 (2070-2100) scenario to evaluate if a species’ suitable
climate-niche space was projected to expand (little loss of suit-
able locations, with gains elsewhere), contract (loss of suitable
locations, without gains elsewhere), remain stable (little change
in suitable locations), or shift (expand or contract, while losing
suitable locations). The predicted climate-niche space centroid
for each scenario was calculated using the R package “sdmtools
1.1-221” and cogravity function (VanDerWal et al. 2014). We as-
sessed range shifts between recent and future scenarios by eval-
uating the percent of pixels occupied in the recent scenario that
were no longer predicted to be occupied in the future scenario
in conjunction with the angle and distance between centroids
of scenarios.

We then generated potential species richness rasters by stack-
ing and summing the binary projections of climate-niche space
for each species. These maps represent the cumulative climate
suitability locations of all modeled reptiles in our dataset and
not true estimated species richness. However, for ease of com-
munication we refer to the maps as potential richness maps and
we generated one for each of the six climate scenarios to visual-
ize changes through time and under different climate-change
outcomes. To evaluate richness change, we subtracted richness
rasters between time steps. We identified “hotspots” and their
changes visually.
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2.6 | Species Management Within and Across
Jurisdictional Boundaries

We summarized which species were predicted to occur within
each of 47 U.S. and Mexico states and districts and Canadian
provinces (hereafter, “states”) per climate scenario. Presence
was defined as having > 50 pixels of predicted suitable climate-
niche space within a state. For U.S. states, we compared our
model-derived, predicted state occurrence to those reported
by Partners in Amphibian and Reptile Conservation (PARC;
Pilliod and Wind 2008, Jones, Halama, and Lovich 2016),
which are derived from Nature Serve (natureserve.org), re-
gional herpetological expert opinion, and state biologist
consultation. Changes in suitable climate area and location
between scenarios were calculated as previously described.
We then quantified elevation shifts within state boundaries by
comparing elevation distributions within the predicted suit-
able locations between scenarios. Specifically, we compared
the 25th and 75th percentile values to establish significance
(Tukey 1977). For simplicity, in this paper, we focus on com-
parisons between the recent (1981-2010) and late-century fu-
ture RCP 8.5 (2070-2100) scenarios, but comparisons between
all scenarios are available for download or interactive visual-
ization (Jeffries et al. 2024a, 2024b).

3 | Results
3.1 | Climate Niche Modeling and Projections

All 130 species yielded at least three single models with a TSS
>0.7; thus we created ensemble models for all 130 species for
six climate scenarios: past (1901-1930), recent (1981-2010),
mid-century future RCP 4.5 (2040-2069), mid-century future
RCP 8.5 (2040-2069), late-century future RCP 4.5 (2070-2100),
and late-century future RCP 8.5 (2070-2100) (Figure 1la,b;
model performance summaries: Appendices 4 and 5; Jeffries
et al. 2024a, 2024b). The top three climate variables across all
models tended to include January average temperature (aver-
age variable importance +SD: 0.21+0.14), June average tem-
perature (average variable importance +SD: 0.20+0.21), and
June average precipitation (average variable importance +SD:
0.19+0.18; Appendix 6; Jeffries et al. 2024a).

3.2 | Changes in Species’ Climate-Niche Space

Summaries of suitable climate area and change in location
between scenarios are available for each species in Jeffries
et al. (2024a, 2024b, https://geonarrative.usgs.gov/reptilecli
mateniche). Relative to the recent (1981-2010) climate-niche
projections, 68% of species are predicted to gain climate-niche
space regardless of time or climate scenario. On average, by
late-century (2070-2100), these species are predicted to gain
an additional 70% (range: 20%-732%) of suitable climate space
relative to their recent climate niche under the RCP 4.5 sce-
nario and 116% (range: 10.5%-1513%) under the RCP 8.5 sce-
nario. Conversely, only 8.5% of species are projected to lose
climate-niche space in all future climate scenarios. On aver-
age, by late century, these species are predicted to lose 41%
(range: 13%-100%) of their recent climate-niche space under

the RCP 4.5 scenario and 65% (range: 17%-100%) under the
RCP 8.5 scenario. Only six species (4.6%) are projected to
maintain stable climate-niche space under all future emission
scenarios.

When we accounted for whether recently suitable climate space
was maintained through time and climate scenario, we found
that under the late-century future RCP 8.5 scenario, most species
(85/130) are predicted to expand their climate space by at least
10%, while maintaining at least 50% of their original niche space
(e.g., Figure 2a). In contrast, nine species are predicted to in-
crease suitable space by at least 10%, but also to lose at least 50%
of their recently suitable area (i.e., shift; Figure 2b). Twenty-one
species are predicted to decrease suitable space by at least 10%
while losing at least 50% of their original niche space (i.e., con-
tract; Figure 2d, Table 1). Two additional species are projected to
have range reductions of at least 10% overall, but also to lose less
than 50% of their recently suitable area (i.e., contract; Figure 2c).
Five species had stable climate-niche area sizes, but shifting
centroid locations (i.e., Figure 2d near the x-axis). The remain-
ing eight species had relatively stable climate-niche sizes and
centroid locations (i.e., Figure 2b near the x-axis). The centroid
values of suitable climate distributions largely shifted north-
ward an average of 313 +18km. To visualize these patterns, we
show examples using the Gila Monster (Heloderma suspectum)
as a species that is predicted to have an expanding climate-niche
space (Figure 3a), the Variable Sandsnake (Chilomeniscus stra-
mineus) as a shifting species (Figure 3b), the Blainville's Horned
Lizard (Phrynosoma blainvillii) as a stable species (Figure 3c),
and the Northern Rubber Boa (Charina bottae) as a species that
is predicted to lose suitable climate area (Figure 3d).

In the recent projection of richness, the highest values were
found in southern Arizona and northern Mexico (Figure 1). By
mid-century, under the RCP 8.5 emission scenario, richness
shifts northward, with increases in northern Arizona and north-
ward. The trend continued in the late-century future scenario,
with richness losses being most evident in southern Arizona and
northern Mexico, as species richness expands and shifts north-
ward. The largest increases in species richness are projected in
northeastern Arizona, southeastern Utah, western Utah, north-
western New Mexico, and southwestern Colorado. In contrast,
fewer new climate-niche spaces expand into Canadian prov-
inces (Figure 1).

3.3 | Species Management Within and Across
Jurisdictional Boundaries

Species occurrence patterns within geographically defined ju-
risdictions were complex, thus here we report comparisons only
between the recent (1981-2010) and late-century future RCP
8.5 (2070-2100) scenarios. Modeled species occurrences for the
recent scenario were correctly predicted in a state an average
of 83.1% of the time. When species were predicted to occur in
the recent scenario, they were also predicted to occur (based
on climate suitability) in that state in the future scenario 86%
of the time (Figures 4b and 5b), and we designated those spe-
cies as having a stable occurrence in the state (e.g., gray por-
tions in Figures 4b and 5b). Those “stable-occurrence species”
lost an average of 38+1.08% (median: 28.7, range: 0-100) of
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FIGURE1 | Binary climate-niche rasters were combined across all species to create overall species richness and its geographic change between

climate scenarios. Climate-niche species-richness map for (a) the recent climate scenario (1981-2010) and (b) late-century future RCP 8.5 climate

scenario (2070-2100). Climate-niche species-richness change between the late-century future RCP 8.5 climate scenario (2070-2100) and the recent

scenario (1981-2010) assuming (c) no dispersal ability for any species into novel areas, versus (d) full dispersal ability for any species into novel areas.

their originally occupied climate-niche space but had an aver-
age overall change of 1231 +173% (median: 34%, range: —99 to
72,053) of suitable area in those states. In addition, 26% of the
stable-occurrence species/state combinations are predicted to
significantly increase in elevation within the state. In contrast,
the majority (72%) are predicted to occupy significantly similar
elevations, and only 2% were predicted have suitable climate
ranges that decreased in elevation (Figure 6).

The 14% of species-by-state combinations where the spe-
cies was predicted to occur recently and subsequently pre-
dicted to have no suitable climate in future scenarios tended
to have small areas of suitable climate recently (i.e., fewer
recent occurrence pixels: mean: 2594+ 534, median: 523,
range: 54-72,678) than those species predicted to persist
(mean: 20,066 =800, median: 9194, range: 51-137,774). This
value (14%) represents 176 of 1251 species predicted to occur
in a state (note that 1251 is greater than the total number

of distinct species modeled [i.e., 130] because most species
occur in more than one state). Most species in Baja California
Sur, Mexico, are expected to lose suitable climate area in the
state during the future scenario, and half of those species
had very small areas of suitable climate (< 500-occurrence
pixels or about 1.8% of the state) recently. Some currently
widespread species are also predicted to lose all suitable
climate-niche space in a few states. For example, the Pygmy
Short-horned Lizard (Phrynosoma douglasii) is projected to
lose its entire climate-niche space in Alberta, Canada, and the
U.S. states of California, Idaho, Montana, Nevada, Oregon,
Utah, and Wyoming, while retaining only a small portion in
Washington, USA and British Columbia, Canada. The North
American Racer (Coluber constrictor) is projected to lose its
entire climate-niche space in Baja California, Mexico, Nevada,
and Utah, but maintain suitable areas in 10 other states. The
Dunes Sagebrush Lizard (Sceloporus arenicolus) was pre-
dicted to lose all suitable climate-niche space across the entire
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of their original pixels. Percent change of the climate-niche size for each species between the recent (1981-2010) and late-century future RCP 8.5

climate scenario (2070-2100) is on the y-axis and the percent of the pixels from the recent scenario that are no longer predicted as viable in the future
scenario is on the x-axis. Arrows indicate general direction of the centroid shift between the recent and future scenario (up is north, down is south,
left is west, and right is east). Arrow color represents the distance of the centroid shift. The dashed line at 50% turnover was added to highlight groups
of species. An interactive version of this figure is available (Jeffries et al. 2024a).

study area, though its persistence in Texas, to the east of the
study area, was not modeled (U.S. Geological Survey 2018a,
2018b; Jeffries et al. 2024a). This species was recently listed
as Endangered by the U.S. Fish and Wildlife Service (Federal
Register 2024).

Overall, 40 states (85%) are predicted to lose at least one spe-
cies under the future climate scenario. Sonora and Chihuahua,
Mexico, are predicted to lose suitable areas for the largest num-
bers of species (18 and 16, respectively). Conversely, nearly all
states (89%) are predicted to gain suitable areas for additional
species in the future. In the U.S., Idaho and Colorado are
predicted to gain suitability for the most species, 40 and 38,
respectively.

4 | Discussion

Lizards and snakes are an understudied group of tetrapods in
North America, which creates a challenge for natural-resource
managers tasked with managing species, habitats, and plan-
ning mitigation actions in response to myriad threats including
changing climate. By taking a taxonomically comprehensive
approach to assessing recent and potential future reptile niches
in western North America, we aimed to provide useful infor-
mation to inform natural-resource managers across 47 geo-
graphically defined jurisdictions that have responsibility for
species-conservation and habitat-management decisions. Our
findings are congruent with several other studies suggesting
a northward or upward climate-based shift for many species
(Araujo, Thuiller, and Pearson 2006; Barrows 2011; Morena-
Rueda et al. 2012). Furthermore, in western North America,
our results suggest potentially widespread changes in squamate
species distributions with species-scale losses and gains at state
and provincial scales. With an uncertain capacity for individual

lizard and snake species to persist-in-place or shift-in-space in
response to climate change (Thurman et al. 2022), our results
may help inform natural resource agencies within specific juris-
dictional boundaries to prepare for new species arriving, current
species extirpation, possibly assisted migration, and shifts in
species distributions within jurisdictions, including into areas
at higher elevations.

We identified several species with a shifted or contracted
climate-niche space within the next 50years, which could cre-
ate new species-conservation challenges (Table 1). Interestingly,
some of these species have not been previously identified as par-
ticularly rare and climate sensitive, thus they have not drawn
management attention in prior assessments using different anal-
ysis approaches and spatial scales (e.g., Phrynosoma douglassi,
Sceloporus graciosus, Charina bottae, Coluber constrictor: Mims
et al. 2018). Hence, the current analyses identify potentially un-
derappreciated broad-scale effects of climate change. Although
range shifts and distributional changes are common over the
evolutionary history of most species (Kafash et al. 2020), many
species exist in isolated habitat “islands” (Jones, Kepner, and
Martin 1985). Furthermore, the modern world has new barriers
to dispersal due to anthropogenic activities that reduce land-
scape connectivity (Tan, Herrel, and Rodder 2023), and thus
species that are predicted to shift-in-space from their current
range may not be able to disperse into new areas of suitable cli-
mate because of anthropogenic barriers (Driscoll 2004; Lasky,
Jetz, and Keitt 2011; Kay et al. 2016; Brehme, Hathaway, and
Fisher 2018; Paterson et al. 2019). Even if species can disperse,
they may not be able to find climate refugia or meet basic
physiological requirements when dispersing through subopti-
mal habitat conditions (Hillman et al. 2014; Boyle et al. 2016).
Despite dispersal limitations, some squamate species have been
documented to shift their range with shifting climate regimes
(Frishkoff et al. 2019). A meta-analysis of several species found
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TABLE 1 | Twenty-one species projected to lose at least 10% of their suitable climate-niche space and lose most (>50%) of their original range
between the recent (1981-2010) and late-century future climate RCP 8.5 climate scenario (2070-2100).

Percent change

in future
Scientific name Range size scenario Range
Common name Current Future Loss Gain Maintain Lost Gained change
Sceloporus arenicolus 4322 0 4322 0 0 100.00 0.00 —100.00
Dunes Sagebrush Lizard
Phrynosoma douglasii 188,650 4897 184,792 1039 3858 97.96 0.55 —97.40
Pygmy Short-horned Lizard
Anniella pulchra 28,923 3722 25,896 695 3027 89.53 2.40 —87.13
Northern Legless Lizard
Thamnophis couchii 76,300 18,958 58,877 1535 17,423 77.17 2.01 -75.15
Sierra Gartersnake
Aspidoscelis flagellicauda 36,205 10,057 31,429 5281 4776 86.81 14.59 —72.22
Gila Spotted Whiptail
Sceloporus virgatus 22,963 6606 21,362 5005 1601 93.03 21.80 —-71.23
Striped Plateau Lizard
Crotalus pricei 46,652 17,456 38,514 9318 8138 82.56 19.97 —62.58
Twin-spotted Rattlesnake
Crotalus willardi 21,943 8226 19,176 5459 2767 87.39 24.88 —62.51
Ridge-nosed Rattlesnake
Sceloporus jarrovii 178,006 68,042 133,645 23,681 44,361 75.08 13.30 —61.78
Spiny Lizard
Sceloporus slevini 25,788 12,126 22,968 9306 2820 89.07 36.09 —52.98
Slevin's Bunchgrass Lizard
Aspidoscelis uniparens 70,471 33,148 64,910 27,587 5561 92.11 39.15 —52.96
Desert Grassland Whiptail
Crotalus lepidus 130,401 63,573 93,115 26,287 37,286 71.41 20.16 —51.25
Rock Rattlesnake
Sceloporus graciosus 458,409 245,176 367,842 154,609 90,567 80.24 33.73 —46.52
Common Sagebrush Lizard
Charina bottae 440,424 248,029 339,587 147,192 100,837 77.11 33.42 —43.68
Northern Rubber Boa
Crotalus molossus 321,340 230,966 190,524 100,150 130,816 59.29 31.17 —28.12
Western Black-tailed Rattlesnake
Aspidoscelis sonorae 47,145 36,709 26,835 16,399 20,310 56.92 34.78 —22.14
Sonoran Spotted Whiptail
Senticolis triaspis 86,733 69,096 67,975 50,338 18,758 78.37 58.04 —20.34
Green Ratsnake
Phrynosoma mcallii 15,033 12,475 13,200 10,642 1833 87.81 70.79 —17.02
Flat-tailed Horned Lizard
Elgaria kingii 115,286 96,979 65,054 46,747 50,232 56.43 40.55 —15.88
Madrean Alligator Lizard
Lampropeltis splendida 119,582 106,743 81,925 69,086 37,657 68.51 57.77 —10.74
Desert Kingsnake
Coluber constrictor 454,753 406,524 309,533 261,304 145,220 68.07 57.46 —-10.61

North American Racer

Note: Species are ordered by range change (%). Size values represent the count of pixels with a 1-km grid size. Current range sizes include the pixels predicted to

be occupied in the recent (1981-2010) scenario, whereas the future sizes are those predicted to be occupied in the late-century future RCP 8.5 scenario. Loss is the
number of pixels no longer predicted to be occupied in the future scenario. Gain represents pixels not predicted to be occupied in the first scenario but are occupied
in the future scenario. Maintain pixels are predicted to be occupied in both scenarios. Percent lost is the percent of currently occupied pixels that are lost (Loss/
(Loss +Maintain)). The percent gained is the percent of new pixels in relation to the current range size (Gain/(Loss + Maintain)). Species Range Change is calculated
by subtracting the percent gained from the percent lost. These data are available for all species and scenario comparisons and within the interactive graphical

supplement (Jeffries et al. 2024a, 2024b).

7 of 23

85U801 7 SUOWILLOD BAIERID 3ot (dde ay) Aq peusenob a2 ssjone O ‘8sn 0 Sa|n. Joj Akeiq 18Ul UO 8|1 LD (SUONIPUOD-PUE-SWSIALI0Y A8 | ARIq1 U IUO//SANL) SUONIPUOD PUe WIS | 81 89S *[Z0Z/0T/ST] Uo AriqiTauliuo A8|IM * A%Iq1T 801AS 159104 DTN - UOS|O uUesq Aq 62£0/'€998/200T OT/I0p/W0d" A | Im Ake.d Ul |uo//sdny wouy pepeojumod ‘0T ‘v202 '86L.SH0T



@ Centroid Locations.
Climate Niche

Y 5 {
o\ 135 270 540 A
. { Kilometers

Climate Niche
Gained
I Lost

B vaintained

4 —

" dilomete
Base from ‘USA Topo Maps' and ‘World Terrain Base’ from Esri and its licensor:

I I Lost

| || I vaintainea

@ Centroid Locations
Climate Niche

W Gained

T Lost

B wmaintained

@ Centroid Locations
Climate Niche
Gained

FIGURE 3 | Four species exemplifying the climate-niche space that is maintained, gained, or lost when comparing the recent (1981-2010) to
the late-century future RCP 8.5 climate scenario (2070-2100). (a) Gila monster (Heloderma suspectum) is an example of an expanding species. (b)
Variable sandsnake (Chilomeniscus stramineus) represents a shifting species. (c) Blainville's horned lizard (Phrynosoma blainvilli) is a generally
stable species. (d) Northern rubber boa (Charina bottae) is a contracting species. These illustrations are available for all modeled species (Jeffries

et al. 2024b).

shifts occurring at the rate of 6.1-19.9km/decade (Parmesan
and Yohe 2003; Chen et al. 2011). In addition to distance, eleva-
tion shifts have also been observed