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Accepted 21 August 2020 persistence of the species. We developed an ecological niche model and performed pro-

tected areas analysis to assess the current and future distribution of suitable habitat for the
globally endangered wood turtle (Glyptemys insculpta) across the northeastern U.S. portion
of its range. Our model predicts that by 2070 the suitable habitat for this species will
decrease by 29—52%, and the total area of optimal habitat will decrease by 62—86%,
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Global warming depending on emissions scenario. Furthermore, currently only 5% of suitable habitat and
Maxent 8% of optimal habitat is protected, with the total area of protected suitable and optimal
Protected areas habitat expected to decrease by 16—28% and 31—64%, respectively, by 2070. Our results

suggest that long-term wood turtle conservation efforts should be directed towards pro-
tecting habitat in higher latitudes of their range, mainly in the states of Maine, Vermont,
New Hampshire, and New York where the majority of climate refugia exist. Additionally,
management action will be required to facilitate the northward transition of southern
populations that are threatened with extinction due to rising temperatures. Along with
having important conservation implications for the imperiled wood turtle, our study also
serves as an example of how climate change assessments should be used to direct long-
term conservation efforts of other imperiled species across the globe.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Global biodiversity is currently undergoing unprecedented declines due to a myriad of anthropogenic stressors (Pimm
et al,, 1995; Hoffman et al., 2010). While direct habitat destruction and subsequent fragmentation is known to be a main
driver of species declines (Nori et al., 2013; Haddad et al., 2015), climate change exacerbates these impacts and further ac-
celerates extinction risks by creating unsuitable climatic environments (Urban, 2015; Segan et al., 2016). Under the impacts of
climate change, an increasing amount of habitat will become unsuitable for species across the globe as ecosystems are altered
or destroyed by rising temperatures and higher frequency of extreme climatic events (Keith et al., 2014; IPCC, 2019). To reduce
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current and future rates of biodiversity loss, it is critical that conservationists, land managers, and policymakers know what
constitutes suitable habitat across species’ current ranges and understand how suitable habitat will shift in the future.

Knowledge of a species’ suitable habitat coupled with active management is vital to ensuring the future viability of
populations. One of the major tools used to predict habitat suitability and guide such management practices are ecological
niche models (ENMs), also referred to as species distribution models (SDMs). The use of SDMs has grown exponentially over
the past couple of decades, with over 6000 peer-reviewed papers published in the past 20 years either using or discussing
SDMs (Aratjo et al.,, 2019). Although there are various SDM methods and algorithms, in general these approaches use
occurrence data and associated environmental variables to estimate a species’ niche in geographic and environmental space
which can then be projected into any space or time (Peterson, 2011). A popular use of SDMs is predicting global change
impacts on habitat suitability, and since the early 2000s the number of SDM studies in this major focus area has been growing
exponentially (Aradjo et al., 2019).

While anthropogenic impacts negatively affect all taxa across the globe, reptiles constitute one of the world’s most en-
dangered vertebrate clades, with an estimated 35% of species threatened with extinction (IUCN, 2019). Although habitat loss
has been the leading cause of past reptile declines, climate change is becoming one of the major threats to these species due to
a suite of life-history traits such as ectothermy, generally low dispersal ability, and temperature-dependent sex determination
(TDSD) that make them more susceptible to changes in their environment when compared to other taxonomic groups (Aratjo
et al., 2006; Ihlow et al., 2012; Jensen, 2018). Within the reptile clade, turtles are the most threatened taxonomic group, with
20% of all species listed as critically endangered and ~60% of all species classified with a risk of extinction (Rhodin et al., 2018;
Lovich et al., 2018). While habitat loss and climate change have been two of the main drivers of global turtle declines, turtle
populations are also threatened by a host of other anthropogenic factors (e.g., poaching, introduced diseases, increased
mesopredator abundance, road mortality; Lovich et al., 2018; Howell and Seigel, 2019). Due to their suite of slow life history
traits (e.g., delayed sexual maturity, long life spans, iteroparity), even slight increases in adult mortality rates caused by these
factors can lead to slow but steady declines of turtle populations (Lovich et al., 2018; Howell et al., 2019).

North America is home to 56 species of turtles and tortoises, and like turtle species around the globe, North American
turtles are rapidly declining in the face of constant habitat loss and degradation, climate change, and other anthropogenic
stressors (Mittermeier et al., 2015; Rhodin et al., 2018). Among the most imperiled North American turtles is the wood turtle
(Glyptemys insculpta; Fig. 1), a medium-bodied turtle that generally utilizes clear, fast-flowing streams and the associated
upland riparian habitat (Ernst and Lovich, 2009). Glyptemys insculpta is globally endangered according to the IUCN Red List
(van Dijk and Harding, 2011), listed on Appendix II of the Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES), listed as threatened at the national level in Canada (COSEWIC, 2007), and currently under review for
federal listing under the U.S. Endangered Species Act (Center for Biological Diversity, 2012). This species’ range extends from
as far north as Nova Scotia and New Brunswick, south to Virginia and west into Minnesota, with the majority and largest
contiguous portion of its range found in the northeastern U.S. (Ernst and Lovich, 2009). Wood turtles have been negatively
affected by stream channelization, dam construction, agricultural expansion, collection for the pet trade, and urban sprawl
(Harding and Bloomer, 1979; Ernst and McBreen, 1991; Garber and Burger, 1995; Willoughby et al., 2013), such that studies
assessing G. insculpta populations in the northeastern portion of their range have largely concluded that their populations are
dwindling (Garber and Burger, 1995; Saumurea and Bider, 1998; Ernst, 2001; Daigle and Jutrus, 2005; Saumurea et al., 2007;
Willoughby et al., 2013). While habitat loss due to urbanization and other forms of land-use change has already led to the
decline of many populations, it is likely that climate change will render additional large sections of G. inscuplta’s current range
unsuitable due to their reliance on cool, fast-flowing streams and their sensitivity to high temperatures (Ernst and Lovich,
2009). However, the extent of these projected losses has yet to be studied.

Understanding how future climate regimes will impact habitat suitability for this species will be critical to providing
management recommendations that support the long-term persistence of G. inscuplta. However, to this point, few studies

Fig. 1. Wood turtle (Glyptemys insculpta) in a small stream in central Maryland (Photo Credit: Andy Adams).
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have attempted to predict the impact of future climate change on turtle species (but see Ihlow et al., 2012; Agha et al., 2018;
Martin and Root, 2020). Here, we used ENMs to analyze current and future habitat suitability for G. insculpta in the north-
eastern U.S. Given that chelonians are known to be especially susceptible to climate change and G. insculpta is dependent on
cool, fast-flowing streams, a habitat type vulnerable to ecosystem degradation by increasing temperatures (Lynch et al., 1984;
Daufresne et al., 2003; Durance and Ormerod, 2007), we hypothesized that climate change would dramatically reduce the
future availability of suitable habitat for G. insculpta, especially in the southern extent of their range.

2. Methods
2.1. Model development

We developed a habitat suitability model for the northeastern U.S. portion of G. insculpta’s range, as the Northeast is the
largest contiguous portion of their range and their Midwest populations are geographically distinct. The Northeast and
Midwest populations are also often split into two distinct regions for other studies (Ernst and Lovich, 2009; Jones et al., 2015;
Lapin et al., 2019), and climate change is projected to impact the Northeast differently from the Midwest (Dupigny-Giroux
et al., 2018). In addition, we only modeled the U.S. portion of the range, even though populations persist in southeastern
Canada, due to the limited availability of consistent environmental data between the U.S. and Canada. However, it is unlikely
this would influence model calibration. Only a small portion of their northeastern range resides in Canada and the north-
ernmost record of G. insculpta in Canada is less than 40 km north from the highest latitude of their U.S. range (GBIF.orga, 2018).
Therefore, the Canadian portion of their range that would have been added to the model likely does not include any novel
environmental space compared to that found in the U.S. portion of their range.

Glyptemys insculpta occurrences were retrieved from the Global Biodiversity Information Facility (GBIF.orga, 2018). We
subsetted the occurrences to only include those in the northeastern U.S. portion of their range and then cleaned the
remaining coordinates by removing duplicates and using the ‘CoordinateCleaner’ package (Zizka et al., 2019) in R version 3.6.0
(R Core Team, 2019), which flags temporal and spatial errors commonly found in the GBIF database. We additionally subsetted
remaining occurrences to remove any from before 1980, so that the model would be built based on records from current
environmental conditions. The final dataset used to train the model consisted of 177 occurrences.

To create the geographic extent that the model would be calibrated on, we calculated the Euclidean distance between the
two most spatially segregated clusters of G. insculpta localities and then used half that distance as a buffer around all points (as
in Mothes et al., 2019). This results in a geographic extent that includes the area the species would have historically occurred
continuously across, or dispersed across over evolutionary time, and assumes the species would currently be present there if
habitat was suitable.

The predictor variables used in this study were modeled after those identified as important to G. insculpta occurrence in
the northeastern part of their range (Jones et al., 2015; McCoard et al., 2016). Predictor variables included distance to the
nearest stream (U.S. Geological Survey, 2014), percent canopy cover (USDA Forest Service, 2019), percent impervious surface
(U.S. Geological Service, 2019), elevation (SRTM; Jarvis et al., 2008), slope (calculated from elevation layer), and PRISM climate
variables (Daly et al., 2008) including January minimum temperature, July mean temperature, and mean annual precipitation.
Distance to the nearest stream was calculated using the “Euclidean Distance” tool in ArcMap 10.5 (Esri, Redlands, CA, USA) ata
resolution of 30 m to match the resolution of the canopy cover and impervious surface land cover layers. Thirty-year normal
climate variables were downloaded from the PRISM database, and those along with elevation and slope were disaggregated
from an original resolution of 800 m and 90 m, respectively, to 30 m to match the finer resolution of the land cover variables.

Since Maxent is a presence-only algorithm, by default it chooses random background points from within the geographic
extent to act as pseudo-absences. However, this approach does not account for sampling bias, such that background points
could randomly be chosen from areas of suitable habitat that are inaccessible, and where the presence of the species has thus
not been determined. To account for this sampling bias, we used target-group background points (Phillips et al., 2009), which
uses localities of similar species to better reflect true absences, assuming if researchers in the field identified similar species at
that locality they likely would have identified our study species if it were present. We used reptiles as our target group and
downloaded all localities from GBIF (GBIF.orgb, 2018) and cleaned them using the same methods as for the occurrence
dataset. After cleaning, the total number of unique target-group background points was 16,855.

To prevent potential overfitting of the model, we performed model selection to choose the best beta multiplier for
Maxent’s built-in regularization procedure, which balances model fit and model complexity. To identify the optimal regu-
larization multiplier, we followed Warren and Seifert (2011), running 24 models with regularization multipliers ranging from
0.2 to 1 in increments of 0.2, and integers 1—20. We chose the best model based on AIC. and ran the final model using the
selected regularization multiplier, 10-fold cross validation, and the default feature settings. All models were implemented
using the ‘dismo’ package (Hijmans et al., 2017) in R.

We used various metrics to evaluate model performance, which were all averaged across the 10 cross-validation models.
To evaluate model fit, we used the average area under the Receiver Operating Characteristic curve (AUC), which represents
the ability of the model to differentiate between suitable and unsuitable habitat. In addition, we evaluated model overfit using
threshold-dependent and threshold-independent metrics. Our threshold-dependent metric was the omission error rate,
which was calculated using the 10th percentile presence threshold, which is the value that omits 10% of calibration records
with the lowest predicted suitability values. This threshold value is commonly used in ENM studies (e.g. Radosavljevic and
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Anderson, 2014; Bohl et al., 2019), as it excludes outliers in the calibration dataset that have extremely low predicted suit-
ability values, and whose inclusion would thus make the predicted range of suitable habitat overly inclusive. For the
threshold-independent measure of overfit we calculated AUCpgr, which is the difference between the AUC value from the
training data and the AUC value from the test data (Warren and Seifert, 2011).

2.2. Habitat suitability assessments

Given that this species resides in the Northeast, the most densely populated region in the U.S. (US Census Bureau, 2017),
we wanted to assess how much of the species’ current suitable habitat is protected. To do this, we used data from the World
Database on Protected Areas, which is the most comprehensive global database on protected areas and includes all forms of
land ownership (i.e., federal, state, private, etc.). We downloaded spatial protected area data using the ‘wdpar’ package
(Hanson, 2019) in R and filtered the dataset to terrestrial areas within the species’ range. We then calculated the total area of
suitable habitat within these protected areas, converting the suitability map from a continuous map (logistic output ranging
from O to 1, with 1 being the most suitable habitat) to a binary map. We did this using the same suitability threshold value
used to calculate the omission error rate (10th percentile presence threshold), such that pixels greater than the threshold are
categorized as suitable habitat and those less than the threshold value are deemed unsuitable habitat. In addition, we
calculated the total area of highly suitable habitat that resides within protected areas, using a suitability threshold of 0.8,
which we define as ‘optimal’ habitat because that means there is a >80% chance of the species being present there.

Due to G. insculpta’s sensitivity to high temperatures, which is likely what restricts the southern limit of their range (Ernst
and Lovich, 2009; Greaves and Litzgus, 2008; van Dijk and Harding, 2011; McCoard et al., 2018), we also wanted to know how
climate change would affect future suitable habitat for this species. We used future climate layers from the Worldclim
database (Hijmans et al., 2005), using the same variables that were used to build the model (minimum January temperature,
mean July temperature, and mean annual precipitation). Mean July temperature was calculated by averaging the minimum
and maximum July temperatures, as this is the same way the PRISM dataset calculates mean July temperature. Given dis-
crepancies among different climate models, we averaged across seven different global climate models, namely BCC-CSM 1-1,
CCSM4, GISS-E2-R, HadGEM2-AO, IPSL-CM5A-LR, MRI-CGCM3, and NorESM1-M. We projected the model into two green-
house gas emissions scenarios predicted for 2070, RCP 4.5 (low emissions scenario) and RCP 8.5 (high emissions scenario). We
projected the current model into these future climate variables while keeping all other variables constant to identify the
direct impacts of climate change if the landscape were to remain unchanged. We then calculated the multivariate environ-
mental similarity surface (MESS) values to pinpoint the climate variables that were the strongest drivers of change in suit-
ability at each occurrence. To calculate changes in suitable habitat under future climate conditions throughout G. insculpta’s
northeastern range, we used the same threshold values as with the current suitability map and conducted the same protected
areas analyses.

3. Results

Our model performed well across all evaluation metrics. The AUC value was 0.85, which is classified as reasonable to high
performance in terms of differentiation between presence and absence points (Peterson, 2011). In terms of overfit, our
omission error rate was 13%, which is close to the expected omission rate of 10%, thus indicative of low model overfit
(Radosavljevic and Anderson, 2014). Our threshold-independent evaluation metric to test for model overfit (AUCpgr) was
0.016 (values close to zero indicate little difference between the calibration and evaluation datasets), which again indicates
low levels of model overfit (Warren and Seifert, 2011).

We found a drastic decrease in habitat suitability under future climate predictions within the northeastern U.S. portion of
G. insculpta’s range (Fig. 2), particularly in the southern part of their range. The total area of suitable habitat decreased by 29%
for RCP 4.5 and 52% for RCP 8.5. The total area of optimal habitat (habitat suitability > 0.8) decreased by 62% and 86% for low
and high emissions scenarios, respectively. Under current conditions, only 5% of all suitable habitat resides in protected areas,
and the total area of protected suitable habitat is predicted to decrease by 16—28% under future climate change (Fig. 3). The
proportion of optimal habitat that resides in protected areas is currently 8% and total area of protected optimal habitat is
predicted to decrease by 31—64%.

The most important variables for G. insculpta presence identified by the model in terms of percent contribution were
elevation, July mean temperature, and canopy cover, while the most important variables in terms of permutation importance
were January minimum temperature, canopy cover, and elevation (Table 1). For elevation, the highest presence probability
occurs between 200 and 300 m, which matches other reports based on G. insculpta known occurrences (Jones et al., 2015;
Fig. Ala). The highest presence probability for canopy cover is found in the most forested regions (>80% canopy cover;
Fig. A1b), which is expected based on previous knowledge of G. insculpta’s preference for streams in forested landscapes
(Ernst and Lovitch, 2009). However, there was also a spike in presence probability at low levels of canopy cover (Fig. S1B). This
could be because, at finer scales, G. insculpta are known to occur in open canopy habitats (Jones et al., 2015), and due to the
high resolution of our model (30 m) we were able to detect this effect.

From the MESS analysis, we found that January minimum temperature was the primary variable driving the change in
suitability under both future climate scenarios for the majority of occurrence sites. As both January minimum and July mean
temperature were identified as important variables to G. insculpta presence, we inspected the response curves of both
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Fig. 2. Predicted habitat suitability for Glyptemys insculpta in the Northeast portion of its U.S. range under current (a) and future (b,d) climate conditions. Climate
refugia (c,e) are defined as areas of habitat that will remain suitable under future climate conditions, with optimal habitat (habitat suitability >0.8) highlighted in
green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

variables to analyze how projected temperature changes relate to this species’ suitability thresholds. Under current and
projected 2070 conditions, we calculated the mean temperature for both variables across the species’ range and plotted those
in relation to the species’ suitability threshold, using the 10th percentile training presence threshold as before. Under future
climate conditions, average January minimum temperature remains within G. insculpta’s suitable thermal limit under RCP 4.5,
but under RCP 8.5 the average temperature is above the species’ limit by ~1.0 °C. For future July mean temperature, both
emissions scenarios result in an increase such that the average throughout the range is hotter than G. inscuplta’s suitable
thermal limit by ~1.0—2.5 °C (Fig. 4).

4. Discussion

Many studies have shown G. insculpta populations rapidly declining across the Northeast portion of their range (Garber
and Burger, 1995; Saumurea and Bider, 1998; Ernst, 2001; Daigle and Jutrus, 2005; Saumurea et al., 2007; Willoughby
et al,, 2013). While these studies demonstrated how anthropogenic disturbances such as habitat loss, fragmentation,
poaching, disease, and road mortality have led to declining population sizes and extirpations, here we present one of the first
studies showing the potential detrimental consequences climate change may have to G. insculpta persistence under both low
and high greenhouse gas emissions scenarios. The results of our model predict losses up to >50% of currently suitable climatic
habitat in the northeastern U.S., and up to 86% of what we define as optimal habitat by the year 2070.

Our model shows that increasing temperatures are the main drivers of this dramatic loss of suitable habitat, as both
minimum winter temperature and average summer temperature were identified as important variables (Table 1). Temper-
atures are predicted to warm such that averages for both variables in the northeastern U.S. will likely be outside of G.
insculpta’s suitable thermal limits (Fig. 4). Due to this species’ ectothermic nature, there are obvious direct consequences
when faced with extreme heat outside of its thermal tolerances. While it is unlikely that G. insculpta will face direct mortality
from sustained temperatures above its critical thermal maximum (41.3 °C [39.6—42.5]; Hutchinson et al., 1966), increasing
temperatures outside of its optimal thermal range may lead to adaptive behavioral responses that would have negative
consequences on survival. Individuals may be forced to spend more time in estivation, remaining underwater or burrowing to
escape extreme heat conditions (McCoard et al., 2018)., thus decreasing the amount of time available on both a daily and
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Fig. 3. Area of total suitable habitat and optimal habitat (i.e, suitability > 0.8) for current and future conditions, and the total area that resides in protected areas
for each.

Table 1
Rankings of environmental variable contributions to the model in terms of percent contribution and permutation importance. Top three
variables for each ranking are in bold.

Variable Percent contribution Permutation importance
Elevation 36.2 23

July mean temperature 269 6.9

Canopy cover 211 29.1

January minimum temperature 9.2 32.6

Distance to stream 24 25

Impervious surface 2.1 4.6

Slope 13 0.6

Precipitation 0.7 0.7

season basis for foraging and dispersal. This could cause a decrease body condition, reduce reproductive output, and delay
sexual maturity, all leading to reduced fitness and declining population growth rates (Ernst and Lovich, 2009).

In addition to direct consequences of warming temperatures, there are many indirect consequences as well. Given that
wood turtles are highly dependent on cool, fast-flowing stream ecosystems, which provide thermal refugia and serve as an
important foraging ground (Ernst and Lovich, 2009), increases in stream temperature will likely lead to widespread habitat
degradation. Increasing temperatures negatively impact the productivity and stability of stream ecosystems, change flow
patterns and fish community composition, decrease the abundance and survivorship of aquatic macroinvertebrates, and
increase the frequency of algal blooms (Lynch et al., 1984; Daufresne et al., 2003; Durance and Ormerod, 2007). Additionally,
increases in winter temperatures may decrease the number of suitable hibernacula available for overwintering due to de-
creases in dissolved oxygen, which may also have detrimental impacts on survivorship as this species is believed to be anoxia-
intolerant (Ultsch, 2006; Greaves and Litzgus, 2008). Therefore, thermal degradation caused by climate change could lead to a
widespread decline of the riparian ecosystems G. insculpta is dependent on, which in turn would have a large impact on the
persistence of this species.

Since climatically suitable habitat is imperative to G. insculpta persistence given their ectothermic nature and dependence
on thermally sensitive stream ecosystems, our results provide new information on the current and future spatial distribution
of suitable habitat that will be critical for management of long-term persistence. The management implications of our study



C.C. Mothes et al. / Global Ecology and Conservation 24 (2020) e01247 7

r T T T T T T T T (] T T T T T ]
a) 0.45 I I
o
0.40 I i
) | 5
035 & S .
5| B\
030 s i
= I rzhis
= s 1207
Q pasf o < .
© £ Is
= 8 =
S paot =l .
wn |ﬁ
015 = 1
3!
010 I I n
0.05F i i .
0.00f 1 :
1 1 I I | 1 1 [ | | I 1 I 1

-22 -20 18 16 -14 12 10 -8 -G -4 -2 ] 2 4
January Minimum Temperature (°C)

b) DaFT T T T T T T T T i ] T T a—
I
-] BT
BT gl ) i Ig l
gl = 1 ig
I v IR
- 06 = @ ] @ g
£ gl S 1S
S o5 S = N -
+= S i |
7 S I I
0.4F S —1 1
3|
|
03r g
02F 7
04 1 4
1 1 1 1 1 1 1 1 1 1 B [ 1 L

14 15 16 17 18 18 20 21 22 23 24 25 26 27 28
July Mean Temperature (°C)
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(range between RCP 4.5 and RCP 8.5) averages for each variable across the northeastern U.S. portion of the species’ range. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

include: 1) identifying where climatic refugia exist across the species range (i.e., areas of suitable habitat that will persist
under future climate change) and 2) guiding the design of new protected areas and corridors that will support long-term
persistence of the species and facilitate their transition from unsuitable to suitable habitats. Currently, our results show
that only 5% of all suitable G. insculpta habitat and 8% of optimal habitat is protected, and under future conditions these
protected habitat areas are predicted to decrease by 16—28% and 31—64%, respectively. Previous research has shown that G.
insculpta requires protected habitat with little to no human interference for breeding populations to persist (Ernst, 2001), and
that opening protected areas to public recreation has caused previously stable G. insculpta populations to decline (Garber and
Burger, 1995). Therefore, the current proportion of protected G. insculpta habitat in the U.S. is highly concerning, and even
more so considering that much of the habitat that is protected will not continue to be suitable in the future. This highlights the
necessity of incorporating climate change models into management decisions to predict where highly suitable areas will
persist in the future to appropriately guide the placement of protected areas (Pyke, 2004).
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Based on the spatial distribution of future suitable habitat, our model suggests that conservation planning should revolve
around the protection and management of suitable habitat at higher latitudes (Fig. 2). It is also important to note, as we only
modeled the U.S. portion of G. insculpta’s range, that since we find the area of climate refugia generally increases with latitude,
it is appropriate to assume that climate refugia exist in the Canadian portion of this species’ range as well. Given that the
majority of potential climate refugia occurs in the northern part of the species range, our model predicts southern populations
will need to shift northwards to avoid extirpation. If we look at the distribution of current suitable habitat, multiple pop-
ulations of G. insculpta in the southern portion of their range currently exist in areas of extremely low suitability (Fig. 2a).
While these populations have likely declined based on anecdotal evidence, G. insculpta can still be seen at these sites, likely
representing ghost populations. With lifespans of over 40 years in the wild (Ernst, 2001), it is likely that many southern
populations will continue to persist for decades without representing viable populations (Heppell, 1998; Wheeler et al., 2003;
Howell et al., 2019), demonstrating a common issue in the management and conservation of long-lived species. Therefore, in
order to avoid future extirpation, these southern populations will need to shift northwards to regions of climate refugia. Even
though G. insculpta will likely disperse through the landscape using stream corridors, facilitation of natural dispersal through
the highly urbanized matrix of the northeastern U.S. will be a logistically difficult management strategy. Habitat permeability
throughout this region will likely continue to decrease both as a function of increasing temperatures (Hamilton et al., 2018),
and due to increasing encroachment from anthropogenic disturbances, as the human population of the Northeast is expected
to grow by roughly 3 million new residents in the next 20 years (University of Virginia Weldon Cooper Center, 2018).
Glyptemys insculpta’s low dispersal capability is further complicated by increased rates of mortality from roads and agri-
cultural machinery (Saumurea and Bider, 1998; Saumurea et al., 2007; Castellano et al., 2008). These factors highlight the
need to enact management strategies that facilitate the northward shift of southern G. insculpta populations to avoid
extirpation, such as the implementation and protection of habitat corridors and active management strategies such as
assisted migration.

Our findings show that the majority of climate refugia for G. insculpta occur in the states of Maine, New Hampshire,
Vermont, and New York (~56—70%; Fig. 2c and e), none of which list G. insculpta under their state imperiled species acts.
Maine is home to one of the largest portions of current and future optimal habitat for G. insculpta (Fig. 2) but is the only state
that has no legal restrictions on the collection of wild individuals (Jones et al., 2015). Moreover, there is no legislation from any
state to protect critical habitat for this species. Our findings thus provide additional support for listing this species under the
ESA, which has been under review for nearly eight years (Center for Biological Diversity, 2012), to ensure the protection of
critical habitat to support long-term viability. The current lack of regulatory framework for protecting G. insculpta in the U.S.,
particularly in the region with the largest climate refugia, is an obvious cause for concern as this species is faced with an
increasingly inhospitable climate and disturbance-dominated landscape.

5. Conclusions

While it has previously been hypothesized that the southern range of this species may become climatically unsuitable in
the future (van Dijk and Harding, 2011), here we provide the first body of evidence to support that claim using predictive
suitability models. Our study predicts drastic range wide declines in habitat suitability for wood turtles in the northeastern
U.S., especially in the southern portion of their range, due to rising temperatures. While we only modeled the predicted
impacts of climate, the additional increases in land-use change and urbanization due to a growing human population will
likely exacerbate this predicted loss of suitable habitat. Our study adds to the growing body of literature demonstrating the
ability of global climate change to cause broad-scale declines in habitat suitability across a species’ range (Carroll, 2010;
Jueterbock et al., 2016; Hamilton et al., 2018; Mammola et al., 2018). Unfortunately, chelonian species are both one of the most
imperiled vertebrate clades and one of the most likely to be negatively impacted by future climate change (Ihlow et al., 2012;
Rhodin et al., 2018). Our study mirrors the findings of those on Blanding’s turtles (Emydoidea blandingii; Hamilton et al., 2018),
Desert tortoises (Gopherus agassizii; Lovich et al., 2014), and Bog turtles (Glyptemys muhlenbergii; Stratman et al., 2016), all
reporting widespread declines in habitat suitability, dispersal capacity, or both for these imperiled chelonian species. Utilizing
ENMs to predict changes in future habitat suitability can allow policymakers, non-governmental organizations, and land
managers to develop management and restoration plans that account for projected climate change and development. Pro-
tecting areas that will act as refugia under future climate and land-use change will be an important component of long-term
conservation strategies for this and other species, and studies such as ours are an important component to inform man-
agement actions to efficiently combat biodiversity declines across the globe.
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