'.) Check for updates

Received: 28 June 2022 | Accepted: 15 December 2022

DOI: 10.1111/gcb.16625

& Blobal Change Biology
RESEARCH ARTICLE WILEY

Is the future female for turtles? Climate change and wetland
configuration predict sex ratios of a freshwater species

H. Patrick Roberts! ©® | Lisabeth L. Willey?® | Michael T. Jones* | ThomasS. B. Akre® |
David I. King® | John Kleopfer | Donald J. Brown®’ | Scott W. Buchanan® |
Houston C. Chandler!*? | Phillip deMaynadier’® | Melissa Winters!* | Lori Erb?® |
Katharine D. Gipe!® | Glenn Johnson | Kathryn Lauer®® | Eric B. Liebgold'® |
Jonathan D. Mays® | Jessica R. Meck*® | Joshua Megyesy'* | Joel L. Mota® |
Nathan H. Nazdrowicz?® | Kevin J. Oxenrider’® | Molly Parren® | TamiS. Ransom?? |
Lindsay Rohrbaugh?® | Scott Smith®* | Derek Yorks!® | Brian Zarate®®

1Department of Environmental Conservation, University of Massachusetts, Amherst, Massachusetts, USA

2Department of Environmental Studies, Antioch University New England, Keene, New Hampshire, USA

3American Turtle Observatory, New Salem, Massachusetts, USA

“Natural Heritage and Endangered Species Program, Massachusetts Division of Fisheries and Wildlife, Westborough, Massachusetts, USA
>Smithsonian Conservation Biology Institute, Front Royal, Virginia, USA

6U.S. Forest Service, Northern Research Station, Department of Environmental Conservation, University of Massachusetts, Amherst, Massachusetts, USA
7Virginia Department of Wildlife Resources, Charles City, Virginia, USA

8U.S. Forest Service, Pacific Northwest Research Station, Amboy, Washington, USA

?School of Natural Resources, West Virginia University, Morgantown, West Virginia, USA

pjvision of Fish and Wildlife, Rhode Island Department of Environmental Management, West Kingston, Rhode Island, USA
The Orianne Society, Tiger, Georgia, USA

12Department of Fish and Wildlife Conservation, Virginia Tech, Blacksburg, Virginia, USA

BMaine Department of Inland Fisheries and Wildlife, Augusta, Maine, USA

New Hampshire Fish and Game Department, Concord, New Hampshire, USA

15The Mid-Atlantic Center for Herpetology and Conservation, Oley, Pennsylvania, USA

1pennsylvania Fish and Boat Commission, Bellefonte, Pennsylvania, USA

17Biology Department, State University of New York, Potsdam, New York, USA

18Department of Biological Sciences, Salisbury University, Salisbury, Maryland, USA

Fish and Wildlife Research Institute, Florida Fish and Wildlife Conservation Commission, Gainesville, Florida, USA
205pecies Conservation and Research Program, Delaware Division of Fish & Wildlife, Delaware, USA

2YWest Virginia Division of Natural Resources, Romney, West Virginia, USA

22Environmental Studies Department, Salisbury University, Salisbury, Maryland, USA

23Dijstrict of Columbia Department of Energy & Environment, Washington, District of Columbia, USA

?*Maryland Department of Natural Resources, Maryland, Wye Mills, USA

25New Jersey Division of Fish and Wildlife, Lebanon, New Jersey, USA

Correspondence
H. Patrick Roberts, Department of Abstract
Environmental Conservation, University
of Massachusetts, 204 Holdsworth Hall,
Amherst, MA 01003, USA. ing demographic parameters that are important for population persistence. For exam-
Email: hprobert@umass.edu

Climate change and land-use change are leading drivers of biodiversity decline, affect-

ple, scientists have speculated for decades that climate change may skew adult sex
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ROBERTS ET AL.

ratios in taxa that express temperature-dependent sex determination (TSD), but lim-
ited evidence exists that this phenomenon is occurring in natural settings. For species
that are vulnerable to anthropogenic land-use practices, differential mortality among
sexes may also skew sex ratios. We sampled the spotted turtle (Clemmys guttata), a
freshwater species with TSD, across a large portion of its geographic range (Florida to
Maine), to assess the environmental factors influencing adult sex ratios. We present
evidence that suggests recent climate change has potentially skewed the adult sex
ratio of spotted turtles, with samples following a pattern of increased proportions
of females concomitant with warming trends, but only within the warmer areas sam-
pled. At intermediate temperatures, there was no relationship with climate, while in
the cooler areas we found the opposite pattern, with samples becoming more male
biased with increasing temperatures. These patterns might be explained in part by
variation in relative adaptive capacity via phenotypic plasticity in nest site selection.
Our findings also suggest that spotted turtles have a context-dependent and multi-
scale relationship with land use. We observed a negative relationship between male
proportion and the amount of crop cover (within 300m) when wetlands were less
spatially aggregated. However, when wetlands were aggregated, sex ratios remained
consistent. This pattern may reflect sex-specific patterns in movement that render
males more vulnerable to mortality from agricultural machinery and other threats.
Our findings highlight the complexity of species' responses to both climate change
and land use, and emphasize the role that landscape structure can play in shaping

wildlife population demographics.

KEYWORDS
adaptive capacity, agriculture, climate change, land use, landscape structure, temperature,
turtle, wetland configuration

1 | INTRODUCTION

Climate change and land-use change are leading drivers of biodiver-
sity decline, affecting demographic parameters that are important
for population persistence (Selwood et al., 2015). For example, spe-
cies displaying temperature-dependent sex determination (TSD; Bull
et al., 1982) are considered particularly vulnerable to climate and
land-use change because variation or directional change in tempera-
tures experienced by developing embryos may skew sex ratios, po-
tentially triggering population decline or extirpation (Janzen, 1994a;
Schwanz et al., 2010; Valenzuela et al., 2019). In some species, land
use may also induce differential mortality among sexes (Steen &
Gibbs, 2004), which has the potential to compound—or conceal—the
effects of climate change and land use on primary sex ratio (Reid
& Peery, 2014). However, the effects of land use on sex-specific
mortality may not be straightforward, with factors such as habi-
tat configuration (i.e., spatial arrangement) potentially influencing
movement patterns among sexes (e.g., if one sex is more likely to
make inter-wetland movements), which could modulate this re-
lationship. Understanding the factors influencing population sex
ratios represents an important research priority that will facilitate

more effective conservation strategies as global change progresses
(Janzen, 1994a; Reid & Peery, 2014).

Turtles (Order Testudines) are one of the most threatened ver-
tebrate taxa in the world (Gibbons & Lovich, 2019). Most species
display delayed sexual maturity (Ernst & Lovich, 2009), low repro-
ductive output, and a type Ill survivorship curve (i.e., high juvenile
mortality, low adult mortality), and therefore lack the life-history
traits necessary to rapidly respond to critical threats (Stanford
et al., 2020). Further compounding the vulnerability of global turtle
diversity, most species exhibit TSD, and warming climates are ex-
pected to dramatically increase the proportion of females in turtle
populations (Carter & Janzen, 2021; Janzen, 1994a). However, while
there is an abundance of research regarding the effect of climate
change on primary sex ratios (e.g., Hawkes et al., 2007; Valenzuela
et al., 2019), empirical information linking adult sex ratios in the
wild to climate change has proven elusive (although see Jensen
et al., 2018), and thus the magnitude of this threat remains unclear.

In some cases, species may possess the adaptive capacity (Beever
et al., 2016) to counter the effects of climate change (Mitchell
etal., 2013; Patricio et al., 2019; Refsnider & Janzen, 2016; Telemeco
et al.,, 2009; Weishampel et al., 2008). For example, behavioral
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plasticity may allow females to place nests in cooler areas by ex-
cavating deeper nest chambers (Refsnider et al., 2013) or nesting
in shadier environments (Janzen, 1994b; Refsnider & Janzen, 2012).
Indeed, some species will nest differentially along an open-closed
canopy continuum, apparently in response to the local climate
(Ewert et al., 2005). Whether such plasticity is sufficient for turtles
to respond to climate change remains uncertain. Complicating the
challenge of linking adult sex ratios to climate change is the fact that
adaptive capacity may vary intraspecifically among populations.
For example, in turtles, some populations may lack the variation in
nesting microhabitat necessary to adequately compensate for cli-
matic extremes through plasticity in nest site selection (Refsnider
& Janzen, 2012). Therefore, attempts to understand the relationship
between climate change and adult sex ratio should not only consider
adaptive capacity, but also its potential to vary intraspecifically.
Anthropogenic land-use change can introduce novel conditions,
on both local and landscape levels, that may affect adult sex ratios
through multiple pathways. For example, the urban heat island ef-
fect has the potential to generate female-biased populations in ur-
banized settings via TSD (for species that produce females at higher
temperatures; discussed by Bowne et al., 2018). Conversely, row
crops can act as ecological traps by presenting suitable incubation
conditions during the nesting period, but producing considerably
cooler temperatures once crop growth progresses, ultimately lead-
ing to male-skewed clutches (Freedberg et al., 2011; Thompson, Coe,
Andrews, Cristol, et al., 2018; Thompson, Coe, Andrews, Stauffer,
et al., 2018). Freshwater turtles are also widely considered suscepti-
ble to differential mortality among sexes driven by land use, whereby
male-biased sex ratios are produced due to increased vulnerability
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of females during nesting forays (Aresco, 2005; Steen et al., 2006;
Steen & Gibbs, 2004). Notably, however, numerous studies have not
found such patterns (e.g., Bowne et al., 2018; Carstairs et al., 2018),
suggesting that other factors may influence relationships between
sex ratio and land use. One possibility is that variation in landscape
structure—specifically wetland configuration—may modulate sex-
specific mortality. For example, when wetlands are less aggregated
(e.g., a constellation of smaller wetlands), sexes may experience sim-
ilar mortality if they are both likely to make upland movements to
access different wetlands, thus leading to approximately equal sex
ratios (Figure 1). However, when wetlands are aggregated (e.g., a
single large wetland), males have less need to venture into uplands
(because there are fewer or no wetlands to access) while females
still need to make upland nesting forays, thus leading to male-biased
populations (Figure 1). Therefore, both land use and wetland config-
uration may represent critical determinants of adult sex ratio.

The aim of this study was to examine the combined influence
of climate change and land use on adult sex ratios of a semi-aquatic
freshwater turtle, the spotted turtle (Clemmys guttata), throughout a
large portion of its geographic range. We predicted that adult sex ra-
tios would be female biased in areas that had experienced the most
warming compared to mean historical temperature because warmer
incubation temperatures produce females (i.e., Type la TSD; pivotal
temperature = approx. 29°C; Ewert et al., 2004). Additionally, in
areas with high levels of anthropogenic land use that may increase
mortality (e.g., roads, development, agriculture), we predicted that
samples associated with aggregated wetlands would be male biased
due to increased vulnerability of females while nest-searching, but
unbiased when wetland habitat was less aggregated due to similar

Equal sex ratio with low aggregation

Sex ratio equal due to mortality associated with
inter-wetland movements by both sexes. Female
bias might occur if males make more inter-
wetland movements in search of mates
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Sex ratio male-biased due to female mortality
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FIGURE 1 Diagram depicting our predictions regarding how landscape structure and land use might influence population sex ratio of the
spotted turtle (Clemmys guttata). Photo credit: Michael T. Jones. [Colour figure can be viewed at wileyonlinelibrary.com]
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rates of mortality between sexes resulting from non-nesting inter-

wetland movements (Figure 1).

2 | STUDY AREA

This study was conducted within the spotted turtle's range in the
eastern United States from Maine to Florida. We primarily sam-
pled spotted turtle habitats within the Atlantic Coastal Plain and
Piedmont, with a small proportion of sampling conducted near the
Great Lakes in New York and West Virginia. We do not include any
spatially explicit information due to the vulnerability of turtles to
poaching for the pet trade (Sung & Fong, 2018).

3 | METHODS
3.1 | Collaborative sampling network

We conducted spotted turtle surveys in association with the Eastern
Spotted Turtle Working Group, which is a network of state, non-
profit, federal, academic, and volunteer biologists, with the common
goal of conserving spotted turtles and their habitat. Conference
calls with participating partners were held monthly during active
projects to coordinate efforts, develop and refine protocols (north
eastturtles.org), and assess progress in achieving objectives. Over
100 state, federal, academic, nonprofit biologists, and volunteers

participated in surveys from Maine to Florida.

3.2 | Turtle sampling
3.2.1 | Site selection

We sampled spotted turtles using a standardized protocol de-
veloped by the Spotted Turtle Working Group. For each spot-
ted turtle sampling site, we first viewed aerial imagery using
Google Earth or ArcGIS to identify four non-overlapping 200-m
radius sampling plots (separated by up to 400m) located within
target wetlands suitable for spotted turtles (hereafter referred
to as “plots”). Plots of this size (200m radius) were approxi-
mately 12.6 ha, which is approximately three times the size of
the average minimum convex polygon (MCP) measured by
Milam and Melvin (2001) in Massachusetts, and similar or larger
than the size of male and female MCPs reported by Litzgus and
Mousseau (2004) in South Carolina. This plot size was also sup-
ported by the state agency biologists throughout the study area
(personal observations). Therefore, while plots do not necessar-
ily represent entire populations of interbreeding individuals, their
size is intended to represent a scale that could include the move-
ments of typical individual spotted turtles, and potentially encom-

pass multiple non-overlapping home ranges. Thus, we determined

that this size is sufficient to reflect relationships between local
sex ratio and the environment. We sampled areas with suitable
habitat (generally shallow emergent, shrub, and forested wetlands
[Ernst & Lovich, 2009]; see Section 3.2.2 for more detail), many
of which were known to be occupied by spotted turtles. Due to
competing objectives of a concurrent project, we were unable to
randomly sample along a priori environmental gradients of inter-
est. We increased geographic representativeness throughout the
study area to the extent possible by encouraging participants to
select widely dispersed locations throughout each state (although
a specific separation distance was not provided).

3.2.2 | Turtle surveys

We placed five traps in wetlands within each plot. We primarily
used collapsible mesh minnow traps (61 x 30.5 cm: ProMar TR-502
or TR-503, Promar). Where mesopredators (e.g., striped skunks
[Mephitis mephitis], raccoons [Procyon lotor]) were common, and
predation risk was deemed high, we lined traps with wire mesh. We
used wire-based Jones Traps (Chandler et al., 2017) where preda-
tors were extremely abundant (Georgia and Florida; four plots
(7%) included in analyses). We have no reason to believe Jones
Traps would influence the sex ratio of these samples. The specific
locations of traps in wetlands within plots were determined by in-
dividual surveyors in the field. Surveyors generally placed traps
in shallow (0.2 m) flow channels, at the edge of thick vegetation
(e.g., sedges, grasses, shrubs) or structure (e.g., logs, debris), near
potential basking sites, and areas with high solar exposure, be-
cause these are microhabitats known to be attractive to spotted
turtles (Ernst & Lovich, 2009). We separated traps by at least 30 m,
which represents the average daily spring movement distance of
spotted turtles (Litzgus & Mousseau, 2004). We tethered all traps
to stakes and/or adjacent vegetation to prevent movement. We
placed flotation devices (typically plastic bottles or foam floats)
within traps to ensure breathing space for trapped turtles. We de-
ployed traps for one to three sampling periods of four consecutive
nights. In some instances, sites were sampled in more than 1year
(for purposes related to a concurrent project). We baited traps
with canned sardines in oil and rebaited and checked for turtles
every 24 h. Upon capture, we provided unique identifying codes
to all spotted turtles by filing notches into marginal carapace
scutes according to local notching systems (e.g., Ernst et al., 1974).
We determined the sex of adult turtles based upon the presence
(male) or absence (female) of a plastron concavity and the colora-
tion of the chin and throat (tan in males, orange in females; Ernst
& Lovich, 2009). We classified turtles as adults using growth ring
counts (adults typically have >8 growth rings) and the extent of
new growth visible on the plastron (Ernst & Lovich, 2009). While
the number of growth rings does not always correspond to years
since birth, they are nevertheless helpful in determining general

age class.
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3.3 | Environmental covariates
3.3.1 | Climate

We used 4-km resolution PRISM Climate data (PRISM Climate
Group) to estimate measures of mean annual deviation from “histori-
cal normal” for temperature (daily mean and maximum temperature)
and precipitation (daily mean precipitation) in the months of June
and July separately. We chose June and July because nests incubate
during these months across the range, and previous research has
linked hatchling sex ratio to mean July temperature (Janzen, 1994a;
Schwanz et al., 2010). We chose to examine precipitation because
it has been shown to influence incubation temperatures (Reneker &
Kamel, 2016). We defined “historical normal” as the 30-year mean
centered around 1959 (1944-1973), and estimated deviation from
normal by first (1) calculating the difference from normal for each
trapping location in each year from 1960 to 2009, then (2) calculat-
ing the mean deviation from normal across all years and traps for
each plot. We chose this 50-year temporal window from 1960 to
2009 because, while spotted turtles may live longer (Litzgus, 2006),
longevity in the wild is unknown, and we felt this period likely cap-
tured when most adult turtles included in this study hatched. We
extracted climate values for each trap location using the raster
package (Hijmans, 2019) in R statistical software version 4.0.2 (R
Development Core Team, 2020).

3.3.2 | Land cover and landscape structure

We calculated land cover variables at multiple spatial scales. “Local”
scales consisted of circular buffers ranging from 30 to 300 m at 30-m
increments and were intended to encompass the typical home range
of most individual spotted turtles. We used 30-m increments at
the local level because we expected that small differences in scales
could potentially yield very different model results. We also wanted
to examine scales with greater precision at this level because this
range of scales is highly relevant to current management practices
(e.g., land protection buffers). “Landscape” scales, which consisted
of circular buffers of 480-, 960-, 1920-, 3840-, and 7680-m radii,
were intended to reflect the broader landscape beyond a typical
spotted turtle home range while encompassing values of extreme
long-distance movements (e.g., Milam & Melvin, 2001), the scale of
predatory threats (e.g., movements by raccoons [Prange et al., 2004]),
and broader landscape-level processes such as disturbance regimes,
ecosystem function, and/or dispersal (Roberts et al., 2021). We
chose 480-m radius as the lowest “landscape” scale because this di-
ameter (960 m) roughly represents an extreme distance that spotted
turtles are capable of traveling (Milam & Melvin, 2001). We sequen-
tially doubled scale radii until reaching 7680m, which we arbitrarily
chose as the maximum scale. Buffers were applied to trap locations.

We derived land cover variables from the 2016 National
Land Cover Database (NLCD), Urban Imperviousness, and Tree
Canopy raster data layers developed by the Multi-Resolution Land
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Characteristics Consortium (Coulston et al., 2016; Jin et al., 2019;
Yang et al., 2018). Land cover variables included road density, per-
cent canopy cover, percent imperviousness, proportion developed,
proportion hay/pasture fields, and proportion cultivated crops. We
expected that each of these could potentially influence mortality or
incubation temperatures (Ewert et al., 2005; Freedberg et al., 2011,
Roberts et al., 2021; Willey et al., 2022). We excluded commercial
cranberry bogs from the cultivated crops variable because this rep-
resents an uncommon crop type throughout the range and, unlike
other cultivated crops, may provide suitable habitat for spotted
turtles (Massachusetts Natural Heritage and Endangered Species
Program, unpubl. data). Developed land included NLCD cover types
classified as “Developed, Open Space,” “Developed, Low Intensity,”
“Developed, Medium Intensity,” and “Developed, High Intensity.”
We calculated each variable at each spatial scale (buffer) for all 30-m
raster cells within the study area using the Focal Statistics tool in
ArcMap 12.5 (Environmental Systems Research Institute, Inc.). We
estimated percent canopy cover and percent imperviousness by
calculating the mean of all cells within each buffer. We estimated
the remaining variables by taking the proportion of cells within each
buffer. We extracted covariate values for each scale for each trap
location using the raster package (Hijmans, 2019) in R. We calculated
the mean across all five traps within each plot.

We calculated the degree of wetland aggregation using the
aggregation index (Al) metric in FRAGSTATS software version 4.2
(McGarigal et al., 2012). This metric characterizes the relative aggre-
gation of a given cover type and is defined as the number of alike ras-
ter cell adjacencies divided by the total possible cell adjacencies. We
measured Al from the centroid of plot trap locations and only used
wetlands that were classified as emergent, shrubland, and forested
in the National Wetland Inventory (NWI) database. These represent
the primary wetland types that spotted turtles occupy throughout
their range (Chandler et al., 2019; Ernst & Lovich, 2009; Milam &
Melvin, 2001). We converted NWI wetland shapefiles to a 30-m
raster using ArcGIS. We only estimated this class for spatial scales
2300m. In some contexts, Al can be correlated with the amount
of suitable habitat on the landscape (Neel et al., 2004); therefore,
we checked Pearson correlations for each scale, which ranged from
0.43 at 300m to 0.7 at 7680 m.

3.4 | Statistical analyses

We related adult sex ratio (the proportion of individual male
turtles) at plots to environmental covariates using generalized
linear mixed models using the “glmmTMB” package in R (Brooks
etal.,2017). Because plots were inherently spatially clustered, and
a small number of sites (groups of four plots) were placed near
each other, we included “macrosite,” which we defined as all plots
separated by <2 km, as a random effect to account for a lack of
independence among plots in close proximity. We chose the 2-km
separation distance to define macrosites because, upon visual
inspection of plot locations, this distance reflected the obvious
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spatial clustering pattern (i.e., to include more plots within clus-
ters would have required a much larger separation distance). Plots
per macrosite ranged 1-4 in analyses. We removed one plot from
analyses because wetlands were not mapped at this location in
the NWI dataset. We used a binomial error distribution with pro-
portion of individuals that were male as the response variable.
Following Steen and Gibbs (2004), we only modeled sex ratios for
plots that captured 210 unique adult turtles.

We used a multi-stage process to conduct model selection, em-
ploying Akaike's information criterion corrected for small sample
size (AICc; Burnham & Anderson, 2002) to compare the perfor-
mance of models. First, we determined the best performing local-
(30-300m) and landscape-level (480-7680m) scales (hereafter
referred to as “conceptual” levels) for each land cover variable (see
Section 3.3.2). For each spatial scale we considered models with
both linear and quadratic relationships. We also considered inter-
actions with wetland aggregation for scales at which wetland ag-
gregation was estimated (300-7680m). For each respective variable
and conceptual level, we retained the scale that had the lowest AlCc
value, performed better than the null model, and had a coefficient
with 95% confidence intervals (Cl) that did not overlap zero. Next,
to select land cover variables for consideration in final model selec-
tion, we conducted an all-subsets model comparison, and retained
the variables that appeared in models with AAICc <2 and 95% con-
fidence intervals that excluded zero (sensu Smetzer et al., 2014). For
correlated variables (r>.7), we compared univariate models and ex-
cluded the variable with the larger AICc value from consideration.

We selected climate variables (see Section 3.3.1) for consider-
ation in final model selection by comparing the performance of mod-
els with each climate differential variable alone, as well as including
an interaction with the historical normal temperature. We consid-
ered these interactions because we suspected that the relationship
between male proportion and mean deviation from historical normal
might vary depending upon typical local temperature. For example,
individuals in areas that are historically warmer (e.g., southeastern
United States) might already nest in the coolest locations (e.g., forest

or near water), and therefore not have cooler nesting locations avail-
able to maintain an ideal sex ratio. We selected climate variables for
consideration in final model selection if they appeared in models
with AAICc <2 and had 95% Cl that did not overlap zero.

Last, we conducted final model selection by comparing all vari-
able subsets using the “MuMIN” package (Barton, 2016) in R. We
examined variance inflation factor scores of top models to ensure
excessive multicollinearity (VIF > 10) was not present. We only con-
sidered models with six or fewer fixed effect covariates to limit the
potential of over-fitting models. We considered variables to be sup-
ported if they appeared in models with AAICc <2, and strongly sup-
ported if the 95% Cl excluded zero (Chandler et al., 2009).

4 | RESULTS

We sampled 531 plots between 2018 and 2020 and captured 210
individual adult turtles at 58 plots (1169 individual turtles). The
number of individual turtles per plot ranged 10-76 (x = 20.2). These
plots were distributed across 12 states, including Florida (1), Georgia
(3), Virginia (8), West Virginia (6), Maryland (7), Delaware (8), New
York (3), Rhode Island (1), Massachusetts (11), Vermont (1), New
Hampshire (3), and Maine (6). The proportion of individuals that were
males captured at these plots ranged from 0.15 to 0.90 (up = 0.57)
across the study area. To provide a sense of the land cover gradients
at these sites, we report the range for each variable (proportions un-
less otherwise noted) within 300 m: cultivated crops = 0-0.62, hay/
pasture = 0-0.52, imperviousness = 0%-14.2%, canopy = 10.9%-
91.4%, developed = 0-0.26, and road density = 0-0.14.

An interaction between mean maximum temperature differential
and historical normal maximum July temperature was strongly sup-
ported and appeared in the second-best performing model (Table 1).
Where maximum temperatures in July were historically higher, the
proportion of male individuals displayed a negative relationship with
increasing temperatures, but in historically cooler areas this relation-
ship reversed (Figure 2). An interaction between cultivated crops

TABLE 1 Coefficients (standard error) of best performing models relating the proportion of individual male turtles captured to

environmental land cover and climate covariates.

Wetland July max. July max.

aggregation® Cropsb Crops-aggregation Cropsb temp. temp. July max. temp.

(300m) (300m) interaction® (7680m) deviation®  normal® interaction’ AICc®  AAICc w"
-0.2 (0.09)* -0.06 (0.05) 0.14(0.04)* 0.16 (0.05)* 2471 0 0.58
-0.12(0.09) -0.06 (0.05) 0.12(0.04)* 0.07 (0.1) 0.1(0.08) -0.17(0.07)* 2477 0.7 0.42

Asterisks (*) indicate coefficients with 95% confidence intervals that do not overlap zero.

?Proportion cultivated crop cover within 300 and 7680m.

PInteraction between proportion crop cover and wetland aggregation within 300m.

“Mean annual deviation of maximum July temperature from 1959 30-year normal for 1960-2009.

41959 30-year normal; mean maximum temperature from 1944 to 1973.

Interaction between mean July max. temp. deviation from normal and the 1959 30-year normal.

fAkaike's information criterion corrected for small sample size.
8AICc model weights.
PIndex characterizing the degree of wetland aggregation within 300m.

85UB017 SUOWILIOD 3A 111D 3|edl|dde auy Ag pausenob a1e saple WO ‘@SN JO SaIN1 10} Aeiq18UIIUO AB|IM UO (SUOIPUD-PUR-SWIR}W0D A8 | 1M ARe1q | U1 |UO//:SONY) SUORIPUOD PUe SWiB L 83U} 89S *[£202/90/20] Uo Arelqiauljuo AB|IM ‘yoe L eIuIBIIA AQ SZ99T GOB/TTTT OT/I0p/L00 A8 | Im AReiq1BU1|UO//SORY WOy papeojumod ‘0T ‘€202 ‘98r2S9ET



ROBERTS ET AL.

2649
% GloballChange Biology %A | ]_EYJ—

Cooler Intermediate Hotter

0.81 0.81 0.81
o
g ,
€ 0561 0.6 e 0_6_\
_‘g &
8_0.4‘ 0.4 0.4
o
o

0.21 0.2 0.21

050 -025 0.00 025 050 -025 0.00 025 050 -025 0.00 025

Mean temperature deviation

Mean temperature deviation

Mean temperature deviation

FIGURE 2 Observed relationship between male spotted turtle (Clemmys guttata) proportion of captures and the mean annual deviation of
maximum July temperature (1960-2009) from the historical normal at low (10th percentile), intermediate (mean), and high (90th percentile)
historical normal temperatures. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Observed relationship between male proportion of captures and the proportion of cultivated crop cover within 300m at low,
intermediate, and high aggregation of wetlands suitable (defined at emergent, shrub, and forested wetlands combined) for spotted turtles
(Clemmys guttata). [Colour figure can be viewed at wileyonlinelibrary.com]

and wetland aggregation within 300 m was strongly supported and
appeared in all top models (Table 1). The proportion of male individ-
uals captured was negatively related to cultivated crops at low levels
of wetland aggregation, but showed only a slight positive relation-
ship with cultivated crops at high aggregation (Figure 3). Proportion
of cultivated crops within 7680 m showed a strong positive relation-
ship with male proportion for the best performing model (Table 1,

Figure 4).

5 | DISCUSSION
5.1 | Climate change

Despite speculation that climate change will skew adult sex ratios
for species with temperature-dependent sex determination (Boyle
et al., 2014; Janzen, 1994a), little empirical evidence has emerged
suggesting climate change has influenced the adult sex ratio of
freshwater turtles with TSD (although see Jensen et al.,, 2018;
Schwanz et al., 2010). We present evidence that suggests climate
change (since 1959) might be causing imbalances in the adult sex

ratio of a freshwater turtle across a large portion of its geographic
distribution. We found that the plots we studied followed the
predicted pattern of greater proportions of females with warming
trends (Janzen, 1994a), albeit only in portions of the species range
that were historically warmer. Surprisingly, in portions of the range
that were historically cooler, the relationship appeared to reverse,
with samples becoming more male-biased with increasing tempera-
tures. Because these results are correlative, we cannot definitively
conclude that climate change has caused these patterns in sex ratio.
However, it is difficult to identify an unmeasured factor during this
time period that might confound this relationship.

Adaptive capacity via phenotypic plasticity may explain at least a
portion of the observed temperature-dependent variation in the re-
lationship between climate change and adult sex ratio. Many turtles
maintain ideal incubation temperatures by locally adjusting nesting
behavior (Refsnider et al., 2014) rather than exhibiting genetically
determined variation in pivotal temperature (i.e., the temperature
at which a 50:50 sex ratio is produced). Some species place nests
deeper and closer to sources of water in hot, arid environments
(Morjan, 2003), while others appear to utilize shade from vegeta-
tion (Janzen, 1994b) to cool nests. For example, the geographically
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widespread snapping turtle (Chelydra serpentina) has been shown
to nest along an open-closed canopy gradient, apparently match-
ing relative shade to local climate (Ewert et al., 2005). Spotted
turtles appear to follow a similar pattern, nearly always nesting in
shaded (e.g., forest) conditions (Litzgus & Mousseau, 2006) and/or
near water (O'Bryan et al., 2016) in warmer portions of their range
(Chandler et al., 2022), in varying levels of shade and moisture at
intermediate climates (Ernst, 1970; Wilson, 1997), and almost al-
ways in dry and exposed (i.e., unshaded) locations in the coolest por-
tions of the range (Beaudry et al., 2010; Joyal et al., 2001; Litzgus &
Brooks, 1998; Litzgus & Mousseau, 2006; Milam & Melvin, 2001;
Rasmussen & Litzgus, 2010). Such variation in nesting suggests spot-
ted turtles behaviorally adjust to local climate throughout their range
and may therefore possess the adaptive capacity to buffer ongoing
changes in climate (Escobedo-Galvan et al., 2011). However, the abil-
ity to counter the effects of climate change may depend upon the
relative position of a population within the broader species range.
Populations that occupy the warmest areas may already nest in the
coolest potential nesting locations and therefore have no other op-
tion but to place nests in suboptimal thermal conditions, thus lead-
ing to more female-biased populations in areas experiencing greater
warming. In contrast, populations at intermediate climates may still
experience enough variation in nesting microclimate to behaviorally
adapt.

It is more challenging to explain why more males might be
present in areas experiencing warming in cooler portions of the
range. This pattern could occur if warming causes females to nest
earlier despite cool soils that lag behind air temperatures (Doody
et al., 2004). Alternatively, an extended nesting season could cause
females to produce additional clutches that incubate under cooler
conditions despite overall warming trends (Patricio et al., 2019;
Tucker et al., 2008). It is also possible that nesting females could
over-adjust to local changes in climate, but it is unclear why this
would only occur in cooler portions of the range. These findings

0.5

highlight the potentially complex effects of climate change on biota
and emphasize the importance of considering intraspecific variation

in responses to climate change (Janzen et al., 2018).

5.2 | Land use and wetland configuration

Our study suggests that agriculture—specifically cultivated crop
cover—has a complex effect on spotted turtle demographics.
Cultivated crops appear to influence sex ratio at multiple spatial
scales (300 and 7680 m), but the nature of this relationship is scale
dependent. In contrast to theory that sources of adult mortality in
the surrounding landscape should have a disproportionate effect
on females due to elevated vulnerability during nesting excursions
(Aresco, 2005; Gibbs & Steen, 2005; Steen & Gibbs, 2004), we
found that the proportion of males decreased with greater crop
cover within 300m. Notably, this relationship was only apparent
when wetland habitat was less aggregated. While all female tur-
tles must find suitable nesting habitat, which can involve extensive
and often perilous excursions away from wetlands, males often
move at similar or greater frequencies among wetlands through-
out the year (Ernst & Lovich, 2009), perhaps associated with mate-
searching (Litzgus & Mousseau, 2004). Indeed, male spotted turtles
have been shown to move greater distances throughout the year
(O'Bryan, 2014), and thus may be more likely to make inter-wetland
movements. Therefore, this sex-specific behavior may render males
more vulnerable to threats associated with agriculture, such as ma-
chinery and mesopredators, when wetland habitat is more spatially
disaggregated.

We predicted anincrease in the proportion of males at high levels
of wetland aggregation and land-use intensity due to female mortal-
ity associated with nesting and fewer upland movements by males,
yet we observed only a negligible increase at the highest levels of
wetland aggregation. While female spotted turtles occasionally
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travel substantial distances (hundreds of meters) to nest, most ap-
pear to nest very close to wetlands (<40 m; Steen et al., 2012), which
likely reduces the relative risk of females to threats associated with
crops. This finding adds to the growing number of studies that fail
to detect male-biased populations near land uses associated with
turtle mortality (Carstairs et al., 2018; Hamer et al., 2016; Reid &
Peery, 2014; Roe et al., 2011), highlighting that the effects of an-
thropogenic land use on turtle populations are likely modulated by
species life-history, sex-specific traits, and landscape context (Gibbs
& Shriver, 2002).

At the landscape level (7680m), the relationship between sex
ratio and crop cover appears to follow the opposite trend, with pro-
portion of males captured increasing with greater crop cover. This
pattern may reflect the potential cooling effect that mature crops
can have on nests (Mui et al.,, 2016; Thompson, Coe, Andrews,
Cristol, et al., 2018). Given that females typically nest near wetlands
(Beaudry et al., 2010) and rarely, if ever, travel more than a few hun-
dred meters to nest (Steen et al., 2012), this relationship may re-
flect a component of spotted turtle ecology that operates at a larger
spatial scale, such as male dispersal distance. Large landscapes with
high crop cover may produce more males across (sub)populations
and thus the number of males immigrating might closely match those
emigrating at any given location, producing a skewed adult sex ratio
similar to the hatchling/juvenile sex ratios produced. However, if the
scale of this relationship was much smaller than the scale of disper-
sal (e.g., <300m), the surrounding landscape may not have similarly
high crop cover and thus the number of males entering a popula-
tion might be lower than were produced within it, resulting in a less
skewed adult sex ratio despite producing male-biased juvenile ratios.
It should be noted that there are few, if any, records of spotted tur-
tles nesting within the uniform, exposed soils characteristic of most
crops prior to growth, and therefore it is possible that this pattern
is driven by another unmeasured factor. However, it is also possible
that spotted turtles nest at the edge of crop fields and still become
shaded by subsequent crop growth.

Notably, and in contrast to many previous studies of other spe-
cies (Aresco, 2005; Gibbs & Steen, 2005; Marchand & Litvaitis, 2004;
Steen & Gibbs, 2004), road density was not a strong predictor of
spotted turtle sex ratio. It seems likely that we simply did not sample
a broad enough range of road densities to detect a strong trend. An
additional limitation is that we were unable to account for variation
in time since land-use change (Gibbs & Steen, 2005), which could
bias our results related to roads and other cover types. Finally, if
roads cause high mortality, it is also possible there were simply not
enough turtles present (>10 adults) at sites with higher road density
to be included within analyses.

We demonstrate that the effects of anthropogenic land use on a
freshwater turtle's sex ratio were strongly dependent upon wetland
configuration, which, to our knowledge, has not previously been re-
ported. Our observation that the relationship between sex ratio and
crop cover was dependent upon the relative aggregation of wetland
habitat, indicates that existing theory related to turtle sex ratios
and anthropogenic land cover is likely too simplistic to be applied
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indiscriminately across species and landscape contexts. In particu-
lar, the prediction that populations will be male biased in contexts
where upland mortality risk is high (e.g., high road density or agricul-
ture), due to disproportionate vulnerability of females during nesting
excursions, cannot explain our results alone. This is supported by
the growing body of research that reports conflicting results even
within the same species. For example, while several studies have
linked male-biased painted turtle (Chysemys picta) sex ratios to ele-
vated road densities (Aresco, 2005; Gibbs & Steen, 2005; Marchand
& Litvaitis, 2004; Patrick & Gibbs, 2010; Reid & Peery, 2014,
Steen & Gibbs, 2004), others have found no relationship (Carstairs
et al., 2018; Dorland et al., 2014; Reid & Peery, 2014), or even the
opposite trend (Bowne et al., 2018; Buchanan, 2017). Landscape
structure may explain these discrepancies. For example, for species
where males make frequent overland movements, equal or female-
biased populations could be expected in landscapes with high wet-
land dispersion and high road density, while (although not observed
in this study) male-biased populations might occur under high wet-
land aggregation. On the other hand, for aquatic species that rarely
make upland movements, we might expect male-biased populations
regardless of the degree of wetland aggregation because only fe-
males venture into uplands. Given the influential role that landscape
structure may play in determining sex-specific patterns in mortality,
future studies should either attempt to control for influential factors
(e.g., see Dorland et al., 2014) or incorporate landscape structure
directly into analyses. Our results suggest that, when sex ratio is a
concern, resource managers and conservationists should prioritize
agricultural mitigation for spotted turtles where there is greater con-
figurational heterogeneity of wetlands.

6 | CONCLUSIONS

Our study provides evidence that suggests climate change (among
other factors) is potentially driving sex ratio imbalances of a fresh-
water turtle in a manner that varies depending upon local climate.
While warming trends were associated with greater proportions of
both females and males at warmer and cooler portions of the range
respectively, our results suggest that at intermediate temperatures,
spotted turtles may be able to buffer the effects of a changing cli-
mate. However, the rate of climate change may overcome the abil-
ity to compensate—as might be the case in the warmest portions
of the range—and an increasing number of populations may trend
toward female bias. While female bias may initially benefit popula-
tions through increased growth rates (Tomillo et al., 2015), if ratios
become severely skewed it will eventually negatively affect viabil-
ity (Hays et al., 2017), although it is unclear at what point this will
occur. While we examined only one species, we suspect that similar
intraspecific relationships with climate change could exist for other
turtles and reptiles with TSD, particularly those that occupy broad
climatic and environmental gradients.

While climate change represents a major long-term threat to
population persistence on multiple fronts (lhlow et al., 2012), our
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results, which include land cover in all top models, support the
notion that anthropogenic land use, not climate, is possibly the
predominant factor influencing adult sex ratio of spotted turtles
and other freshwater turtles (Reid & Peery, 2014). While the ef-
fect of climate change on sex ratio may present a future threat to
freshwater turtle demographics, the influence of anthropogenic
land use represents a more immediate and influential driver of sex
ratio imbalances, likely through its effect on sex-specific mortality

rates and microclimate.

ACKNOWLEDGMENTS

We thank the many biologists who contributed to data collec-
tion, without which this project would not have been possible.
We also thank the numerous landowners who granted access for
population sampling. This work was funded by Northeast's Regional
Conservation Needs Program (RCN Grant 2017-00; rcngrants.org)
and a Competitive State Wildlife Grantaward (F1I8AP00182) from the
U.S. Fish and Wildlife Service (USFWS) to 12 active partners includ-
ing Virginia Department of Game and Inland Fisheries, Smithsonian
Conservation Biology Institute, American Turtle Observatory,
Connecticut Department of Energy and Environmental Protection,
District of Columbia Department of Energy & the Environment,
Fisheries and Wildlife Division; Georgia Department of Natural
Resources, The Orianne Society, Maine Department of Inland
Fisheries and Wildlife, Massachusetts Division of Fisheries and
Wildlife, New Hampshire Fish and Game Department, Pennsylvania
Fish and Boat Commission, The Mid-Atlantic Center for Herpetology
and Conservation, and West Virginia University. H. Patrick Roberts
was partially supported by a Natural Resources Conservation
Service grant award (NR193A750023C003). Additional funding
was provided by the U.S. Fish and Wildlife Service to The Orianne
Society (FI5AC00965 Modification 3). The West Virginia Division of
Natural Resources provided additional funding. Donald Brown was
supported by the USDA National Institute of Food and Agriculture,
Mclintire Stennis project WVA00820, the West Virginia Agricultural
and Forestry Experiment Station, and the USDA Forest Service
Northern Research Station. Any use of trade, product, website, or
firm names in this publication is for descriptive purposes only and

does not imply endorsement by the U.S. Government.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

Data not available due to privacy/ethical restrictions.

ORCID
H. Patrick Roberts "= https://orcid.org/0000-0001-7846-6335
REFERENCES

Aresco, M. J. (2005). The effect of sex-specific terrestrial movements and
roads on the sex ratio of freshwater turtles. Biological Conservation,
123, 37-44.

Barton, K. (2016). MuMIn: Multi-model inference. R package version
1.15.1. http://CRAN.R-project.org/packagel/4MuMin

Beaudry, F., deMaynadier, P. G., & Hunter, M. L. (2010). Nesting move-
ments and the use of anthropogenic nesting sites by spotted tur-
tles (Clemmys guttata) and Blanding's turtles (Emydoidea blandingii).
Herpetological Conservation and Biology, 5, 1-8.

Beever, E. A., O'Leary, J., Mengelt, C., West, J. M., Julius, S., Green,
N., Magness, D., Petes, L., Stein, B., Nicotra, A. B., Hellmann, J.
J., Robertson, A. L., Staudinger, M. D., Rosenberg, A. A., Babij, E.,
Brennan, J., Schuurman, G. W., & Hofmann, G. E. (2016). Improving
conservation outcomes with a new paradigm for understanding
species' fundamental and realized adaptive capacity. Conservation
Letters, 9, 131-137.

Bowne, D. R., Cosentino, B. J., Anderson, L. J., Bloch, C. P., Cooke, S.,
Crumrine, P. W., Dallas, J., Doran, A., Dosch, J. J., Druckenbrod,
D. L., Durtsche, R. D., Garneau, D., Genet, K. S., Fredericksen,
T. S, Kish, P. A., Kolozsvary, M. B., Kuserk, F. T., Lindquist, E. S.,
Mankiewicz, C., ... Zimmermann, C. R. (2018). Effects of urbaniza-
tion on the population structure of freshwater turtles across the
United States. Conservation Biology, 32, 1150-1161.

Boyle, M., Hone, J., Schwanz, L. E., & Georges, A. (2014). Under what
conditions do climate-driven sex ratios enhance versus diminish
population persistence? Ecology and Evolution, 4, 4522-4533.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg,
C.W,, Nielsen, A., Skaug, H. J., Maechler, M., & Bolker, B. M. (2017).
glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. The R Journal, 9,
378-400.

Buchanan, S. W. (2017). The influence of altered habitat: Landscape ecol-
ogy of freshwater turtles in Rhode Island. [Dissertation]. University of
Rhode Island. https://digitalcommons.uri.edu/oa_diss/665

Bull, J. J., Vogt, R. C., & McCoy, C. J. (1982). Sex determining tempera-
tures in turtles: A geographic comparison. Evolution, 36, 326-332.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information theoretic approach. Springer.

Carstairs, S., Dupuis-Desormeaux, M., & Davy, C. M. (2018). Revisiting
the hypothesis of sex-biased turtle road mortality. Canadian Field-
Naturalist, 132, 289-295. https://doi.org/10.22621/cfn.v132i3.
1908

Carter, A. L., & Janzen, F. J. (2021). Predicting the effects of climate
change on incubation in reptiles: Methodological advances and
new directions. Journal of Experimental Biology, 224, jeb236018.
https://doi.org/10.1242/jeb.236018

Chandler, H. C., Stegenga, B. S., & Mays, J. D. (2022). Compensating for
small body size: The reproductive ecology of southern spotted tur-
tle (Clemmys guttata) populations. Ichthyology and Herpetology, 110,
268-277.

Chandler, H. C., Stegenga, B. S., & Stevenson, D. J. (2019). Movement
and space use in southern populations of spotted turtles (Clemmys
guttata). Southeastern Naturalist, 18, 602-618.

Chandler, H. C., Stevenson, D. J., Mays, J. D., Stegenga, B. S., Vaigneur,
W. H., & Moore, M. D. (2017). A new trap design for catching small
Emydid and Kinosternid turtles. Herpetological Review, 48, 323-327.

Chandler, R. B., King, D. I., & Chandler, C. C. (2009). Effects of manage-
ment regime on the abundance and nest survival of shrubland birds
in wildlife openings in northern New England, USA. Forest Ecology
and Management, 258, 1669-1676.

Coulston, J. W., Moisen, G. G., Wilson, B. T., Finco, M. V., Cohen, W. B,
& Brewer, C. K. (2016). Brewer modeling percent tree canopy cov-
er—A pilot study. Photogrammetric Engineering and Remote Sensing,
78,715-727.

Doody, J. S., Georges, A., & Young, J. E. (2004). Determinants of repro-
ductive success and offspring sex in a turtle with environmental
sex determination. Biological Journal of the Linnean Society, 81, 1-16.
https://doi.org/10.1111/j.1095-8312.2004.00250.x

51017 SUOLLLLIOD AIIES.1D 3|1 dde 3y Aq pauieob a2 oI YO 95N J0 S9IN1 10} AXei 1T 8UIIUO AB]1A IO (SUO 1 PUGO-PUB-SLLLSILLIO" B I AZRq]jou|uo//SdL) SUOIPUOD PL SLw 13U 395 *[£202/90/20] Uo ARIq1T8UIUO ABII ‘4o L BB Aq G299T GOB/TTTT'0T/I0p/W0Y" Ad |1 Aseiq]1jpul|uo//SdNy WoJy papeojumoq ‘0T ‘€202 ‘98rZG9ET


http://rcngrants.org
https://orcid.org/0000-0001-7846-6335
https://orcid.org/0000-0001-7846-6335
http://cran.r-project.org/package1/4MuMIn
https://digitalcommons.uri.edu/oa_diss/665
https://doi.org/10.22621/cfn.v132i3.1908
https://doi.org/10.22621/cfn.v132i3.1908
https://doi.org/10.1242/jeb.236018
https://doi.org/10.1111/j.1095-8312.2004.00250.x

ROBERTS ET AL.

Dorland, A., Rytwinski, T., & Fahrig, L. (2014). Do roads reduce painted
turtle (Chrysemys picta) populations? PLoS One, 9, €98414.

Ernst, C. H. (1970). Reproduction in Clemmys guttata. Herpetologica, 26,
228-232.

Ernst, C. H., Hershey, M. F., & Barbour, R. W. (1974). A new coding system
for hard-shelled turtles. Kentucky Academy of Science, 35, 27-28.

Ernst, C. H., & Lovich, J. E. (2009). Turtles of the United States and Canada.
Smithsonian Institution Press.

Escobedo-Galvan, A. H., Gonzalez-Salazar, C., Lopez-Alcaide, S., Arroyo-
Pena, V. B., & Martinez-Meyer, E. (2011). Will all species with
temperature-dependent sex determination respond the same way
to climate change? A reply to Kallimanis (2010). Oikos, 120, 795-799.

Ewert, M. A., Etchberger, C. R., & Nelson, C. E. (2004). Turtle sex-
determining modes and TSD patterns, and some TSD pattern cor-
relates. In N. Valenzuela & V. A. Lance (Eds.), Temperature-dependent
sex determination in vertebrates. Smithsonian Institution.

Ewert, M. A, Lang, J. W., & Nelson, C. E. (2005). Geographic variation
in the pattern of temperature-dependent sex determination in the
American snapping turtle (Chelydra serpentina). Journal of Zoology,
265, 81-95.

Freedberg, S., Lee, C., & Pappas, M. (2011). Agricultural practices alter
sex ratios in a reptile with environmental sex determination.
Biological Conservation, 144, 1159-1166.

Gibbons, J. W., & Lovich, J. E. (2019). Where has turtle ecology been, and
where is it going? Herpetologica, 75, 4-20.

Gibbs, J. P., & Shriver, W. G. (2002). Estimating the effects of road mor-
tality on turtle populations. Conservation Biology, 16, 1647-1652.

Gibbs, J. P, & Steen, D. A. (2005). Trends in sex ratios of turtles in the
United States: Implications of road mortality. Conservation Biology,
19, 552-556.

Hamer, A. J., Harrison, L. J., & Stokeld, D. (2016). Road density and
wetland context alter population structure of a freshwater turtle.
Austral Ecology, 41, 53-64.

Hawkes, L. A., Broderick, A. C., Godfrey, M. H., & Godley, B. J. (2007).
Investigating the potential impacts of climate change on a marine
turtle population. Global Change Biology, 13, 923-932.

Hays, G. C., Mazaris, A. D., Schofield, G., & Laloe, J.-O.(2017). Population
viability at extreme sex-ratio skews produced by temperature-
dependent sex determination. Proceedings of the Royal Society
B: Biological Sciences, 284, 20162576. https://doi.org/10.1098/
rspb.2016.2576

Hijmans, R. J. (2019). Raster: Geographic data analysis and modeling. R
package version 3.0-7.

lhlow, F., Dambach, J., Engler, J. O., Flecks, M., Hartmann, T., Nekum, S.,
Rajaei, H., & Rodder, D. (2012). On the brink of extinction? How
climate change may affect global chelonian species richness and
distribution. Global Change Biology, 18, 1520-1530.

Janzen, F. J. (1994a). Climate change and temperature-dependent sex
determination in reptiles. Proceedings of the National Academy of
Sciences of the United States of America, 91, 7487-7490.

Janzen, F. J. (1994b). Vegetational cover predicts the sex ratio of hatch-
ling turtles in natural nests. Ecology, 75, 1593-1599.

Janzen, F. J., Hoekstra, L. A., Brooks, R. J., Carroll, D. M., Gibbons, J. W.,
Greene, J. L., Iverson, J. B., Litzgus, J. D., Michael, E. D., Parren,
S. G., Roosenburg, W. M., Strain, G. F., Tucker, J. K., & Ultsch, G.
R. (2018). Altered spring phenology of north American freshwater
turtles and the importance of representative populations. Ecology
and Evolution, 8, 5815-5827.

Jensen, M. P, Allen, C. D., Eguchi, T, Bell, I. P, LaCasella, E. L., Hilton, W.
A., Hof, C. A. M., & Dutton, P. H. (2018). Environmental warming
and feminization of one of the largest sea turtle populations in the
world. Current Biology, 28, 154-159.

Jin, S., Homer, C. G., Yang, L., Danielson, P., Dewitz, J., Li, C., Zhu, Z.,
Xian, G., & Howard, D. (2019). Overall methodology design for
the United States National Land Cover Database 2016 products.
Remote Sensing, 11, 2971. https://doi.org/10.3390/rs11242971

I i ey

Joyal, L. A., McCollough, M., & Hunter, M. L., Jr. (2001). Landscape ecol-
ogy approaches to wetland species conservation: A case study
of two turtle species in southern Maine. Conservation Biology, 15,
1755-1762.

Litzgus, J. D. (2006). Sex differences in the spotted turtle (Clemmys gut-
tata). Copeia, 2006, 281-288.

Litzgus, J. D., & Brooks, R. J. (1998). Reproduction in a northern popula-
tion of Clemmys guttata. Journal of Herpetology, 32, 252-259.

Litzgus, J. D., & Mousseau, T. A. (2004). Home range and seasonal activ-
ity of southern spotted turtles (Clemmys guttata): Implications for
management. Copeia, 2004, 804-817.

Litzgus, J. D., & Mousseau, T. A. (2006). Geographic variation in repro-
duction in a freshwater turtle (Clemmys guttata). Herpetologica, 62,
132-140.

Marchand, M. N., & Litvaitis, J. A. (2004). Effects of habitat features
and landscape composition on the population structure of a com-
mon aquatic turtle in a region undergoing rapid development.
Conservation Biology, 18, 758-767.

McGarigal, K., Cushman, S. A, & Ene, E. (2012). FRAGSTATS v4: Spatial
pattern analysis program for categorical and continuous maps.
Computer software program produced by the authors at the
University of Massachusetts, Amherst. http://www.umass.edu/
landeco/research/fragstats/fragstats.html

Milam, J. C., & Melvin, S. M. (2001). Density, habitat use, movements, and
conservation of spotted turtles (Clemmys guttata) in Massachusetts.
Journal of Herpetology, 35, 418-427.

Mitchell, T. S., Maciel, J. A., & Janzen, F. J. (2013). Does sex-ratio selec-
tion influence nest-site choice in a reptile with temperature depen-
dent sex determination? Proceedings of the Royal Society B: Biological
Sciences, 280, 20132460. https://doi.org/10.1098/rspb.2013

Morjan, C. L. (2003). Variation in nesting patterns affecting nest tem-
peratures in two populations of painted turtles (Chrysemys picta)
with temperature-dependent sex determination. Behavioral Ecology
and Sociobiology, 53, 254-261. https://doi.org/10.1007/s0026
5-002-0570-3

Mui, A. B., Edge, C. B., Paterson, J. E., Caverhill, B., Johnson, B, Litzgus,
J.D., & He, Y. (2016). Nesting sites in agricultural landscapes are a
potential sink for turtle populations. Canadian Journal of Zoology,
94, 61-67. https://doi.org/10.1139/cjz-2015-0154

Neel, M. C., McGarigal, K., & Cushman, S. A. (2004). Behavior of class-
level landscape metrics across gradients of class aggregation and
area. Landscape Ecology, 19, 435-455.

O'Bryan, C. J. (2014). Persistence of a vulnerable semi-aquatic turtle in
an intensively-managed forest landscape [Masters thesis]. Clemson
University.

O'Bryan, C. J., Homyack, J. A., Baldwin, R. F., Kanno, Y., & Harrison, A.-
L. (2016). Novel habitat use supports population maintenance in a
reconfigured landscape. Ecosphere, 7,€01228.

Patricio, A. R., Varela, M. R., Barbosa, C., Broderick, A. C., Catry, P,
Hawkes, L. A., Regalla, A., & Godley, B. J. (2019). Climate change re-
silience of a globally important sea turtle nesting population. Global
Change Biology, 25, 522-535.

Patrick, D. A., & Gibbs, J. P. (2010). Population structure and movements
of freshwater turtles across a road-density gradient. Landscape
Ecology, 25, 791-801.

Prange, S., Gehrt, S. D., & Wigger, E. P. (2004). Influences of anthropo-
genic resources on raccoon (Procyon lotor) movements and spatial
distribution. Journal of Mammalogy, 85, 483-490.

PRISM Climate Group. (2021). Oregon State University. Retrieved April
2021 from https://prism.oregonstate.edu

R Development Core Team. (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Rasmussen, M. L., & Litzgus, J. D. (2010). Patterns of maternal invest-
ment in spotted turtles (Clemmys guttata): Implications of trade-
offs, scales of analyses, and incubation substrates. Ecoscience, 17,
47-58.

51017 SUOLLLLIOD AIIES.1D 3|1 dde 3y Aq pauieob a2 oI YO 95N J0 S9IN1 10} AXei 1T 8UIIUO AB]1A IO (SUO 1 PUGO-PUB-SLLLSILLIO" B I AZRq]jou|uo//SdL) SUOIPUOD PL SLw 13U 395 *[£202/90/20] Uo ARIq1T8UIUO ABII ‘4o L BB Aq G299T GOB/TTTT'0T/I0p/W0Y" Ad |1 Aseiq]1jpul|uo//SdNy WoJy papeojumoq ‘0T ‘€202 ‘98rZG9ET


https://doi.org/10.1098/rspb.2016.2576
https://doi.org/10.1098/rspb.2016.2576
https://doi.org/10.3390/rs11242971
http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.umass.edu/landeco/research/fragstats/fragstats.html
https://doi.org/10.1098/rspb.2013
https://doi.org/10.1007/s00265-002-0570-3
https://doi.org/10.1007/s00265-002-0570-3
https://doi.org/10.1139/cjz-2015-0154
https://prism.oregonstate.edu/

ROBERTS ET AL.

Refsnider, J. M., Bodensteiner, B. L., Reneker, J. L., & Janzen, F. J. (2013).
Nest depth may not compensate for sex ratio skews caused by cli-
mate change in turtles. Animal Conservation, 16, 481-490.

Refsnider, J. M., & Janzen, F. J. (2012). Behavioural plasticity may com-
pensate for climate change in a long-lived reptile with temperature-
dependent sex determination. Biological Conservation, 152, 90-95.

Refsnider, J. M., & Janzen, F. J. (2016). Temperature-dependent sex de-
termination under rapid anthropogenic environmental change:
Evolution at a turtle's pace? Journal of Heredity, 2016, 61-70.
https://doi.org/10.1093/jhered/esv053

Refsnider, J. M., Milne-Zelman, C., Warner, D. A., & Janzen, F. J. (2014).
Population sex ratios under differing local climates in a reptile
with environmental sex determination. Evolutionary Ecology, 28,
977-989.

Reid, B. N., & Peery, M. Z.(2014). Land use patterns skew sex ratios, decrease
genetic diversity and trump the effects of recent climate change in an
endangered turtle. Diversity and Distributions, 20, 1425-1437.

Reneker, J. L., & Kamel, S. J. (2016). Climate change increases the pro-
duction of female hatchlings at northern sea turtle rookery. Ecology,
97,3257-3264.

Roberts, H. P.,, Jones, M. T., Willey, L. L., Akre, T. S. B., Sievert, P.R., de-
Maynadier, P., Gipe, K. D., Johnson, G., Kleopfer, J., Marchand, M.,
Megyesy, J., Parren, S., Thompson, E., Urban, C., Yorks, D., Zarate,
B., Erb, L., Ross, A. M., Dragon, J., ... Lassiter, E. (2021). Large-scale
collaboration reveals landscape-level effects of land-use on turtle
demography. Global Ecology and Conservation, 30, e01759.

Roe, J., Rees, M., & Georges, A. (2011). Suburbs: Dangers or drought
refugia for freshwater turtle populations? Journal of Wildlife
Management, 75, 1544-1552.

Schwangz, L. E., Spencer, R.-J., Bowden, R. M., & Janzen, F. J. (2010).
Climate and predation dominate juvenile adult recruitment in a
turtle with temperature-dependent sex determination. Ecology, 91,
3016-3026.

Selwood, K. E., McGeoch, M. A, & Mac Nally, R. (2015). The effects of
climate change and land-use change on demographic rates and
population viability. Biological Reviews, 90, 837-853.

Smetzer, J. R., King, D. |., & Schlossberg, S. (2014). Management regime
influences shrubland birds and habitat conditions in the northern
Appalachians, USA. Journal of Wildlife Management, 78, 314-324.

Stanford, C. B., lverson, J. B., Rhodin, A. G. J., Paul van Dijk, P,
Mittermeier, R. A., Kuchling, G., Berry, K. H., Bertolero, A., Bjorndal,
K. A, Blanck, T. E. G., Buhlmann, K. A., Burke, R. L., Congdon, J.
D., Diagne, T., Edwards, T., Eisemberg, C. C., Ennen, J. R., Forero-
Medina, G., Frankel, M., ... Walde, A. D. (2020). Turtles and tortoises
are in trouble. Current Biology, 30, R721-R735.

Steen, D. A., Aresco, M. J., Beilke, S. G., Compton, B. W., Condon, E.
P., Kenneth Dodd, C., Forrester, H., Gibbons, J. W., Greene, J. L.,
Johnson, G., Langen, T. A., Oldham, M. J.,, Oxier, D. N., Saumure,
R. A., Schueler, F. W,, Sleeman, J. M., Smith, L. L., Tucker, J. K., &
Gibbs, J. P. (2006). Relative vulnerability of female turtles to road
mortality. Animal Conservation, 9, 1367-9430.

Steen, D. A., & Gibbs, J. P. (2004). Effects of roads on the structure of
freshwater turtle populations. Conservation Biology, 18, 1143-1148.

Steen, D. A., Gibbs, J. P., Buhlmann, K. A., Carr, J. L., Compton, B. W.,
Congdon, J. D., Doody, J. S., Godwin, J. C., Holcomb, K. L., Jackson,
D. R., Janzen, F. J., Johnson, G., Jones, M. T., Lamer, J. T., Langen,
T. A., Plummer, M. V., Rowe, J. W., Saumure, R. A., Tucker, J. K., &
Wilson, D. S. (2012). Terrestrial requirements of nesting freshwater
turtles. Biological Conservation, 150, 121-128.

Sung, Y., & Fong, J. J. (2018). Assessing consumer trends and illegal activ-
ity by monitoring the online wildlife trade. Biological Conservation,
227,219-225.

Telemeco, R. S., Elphick, M. J., & Shine, R. (2009). Nesting lizards
(Bassiana duperreyi) compensate partly, but not completely, for cli-
mate change. Ecology, 90, 17-22.

Thompson, M., Coe, B. H., Andrews, R. M., Cristol, D. A., Crossley,
D. A, Il, & Hopkins, W. A. (2018). Agricultural land use creates evo-
lutionary traps for nesting turtles and is exacerbated by mercury
pollution. Journal of Experimental Zoology, 329, 230-243.

Thompson, M. M., Coe, B. H., Andrews, R. M., Stauffer, D. F., Cristol,
D. A, Crossley, D. A., & Hopkins, W. A. (2018). Major global
changes interact to cause male-biased sex ratios in a reptile with
temperature-dependent sex determination. Biological Conservation,
222, 64-74.

Tomillo, P. S., Genovart, M., Paladino, F. V., Spotila, J. R., & Oro, D. (2015).
Climate change overruns resilience conferred by temperature-
dependent sex determination in sea turtles and threatens their
survival. Global Change Biology, 21, 2980-2988. https://doi.
org/10.1111/gcb.12918

Tucker, J. K., Dolan, C. R., Lamer, J. T., & Dustman, E. A. (2008). Climatic
warming, sex ratios, and red-eared sliders (Trachemys scripta ele-
gans) in lllinois. Chelonian Conservation and Biology, 7, 60-69.

Valenzuela, N., Literman, R., Neuwald, J. L., Mizoguchi, B., Iverson, J. B.,
Riley, J., & Litzgus, J. D. (2019). Extreme thermal fluctuations from
climate change unexpectedly accelerate demographic collapse
of vertebrates with temperature-dependent sex determination.
Scientific Reports, 9, 4254. https://doi.org/10.1038/s41598-019-
40597-4

Weishampel, J. F., Bagley, D. A., & Ehrhart, L. M. (2008). Earlier nest-
ing by loggerhead sea turtles following sea surface warming.
Global Change Biology, 10, 1424-1427. https://doi.org/10.1111/
j.1365-2486.2004.00817.x

Willey, L.L.,Jones, M. T.,Sievert, P.R., Akre, T.S. B., Marchand, M., deMay-
nadier, P., Yorks, D., Mays, J., Dragon, J., Erb, L., Zarate, B., Kleopfer,
J. D, Gipe, K. D., Parren, S., Andrews, J., Roberts, H. P., Tamplin,
J. W., Raithel, C., Johnson, L., ... Wicklow, B. (2022). Distribution
models combined with standardized surveys reveal widespread
habitat loss in a threatened turtle species. Biological Conservation,
266. 109437. https://doi.org/10.1016/j.biocon.2021.109437

Wilson, T. P. (1997). Habitat selection and nest survivorship of the spot-
ted turtle, Clemmys guttata: A preliminary report. Bulletin of the
Chicago Herpetological Society, 32, 151-152.

Yang, L., Jin, S., Danielson, P., Homer, C., Gass, L., Bender, S. M., Case,
A., Costello, C., Dewitz, J., Fry, J., Funk, M., Granneman, B., Liknes,
G. C., Rigge, M., & Xian, G. (2018). A new generation of the United
States National Land Cover Database—Requirements, research
priorities, design, and implementation strategies. ISPRS Journal of
Photogrammetry and Remote Sensing, 146, 108-123. https://doi.
org/10.1016/j.isprsjprs.2018.09.006

How to cite this article: Roberts, H P.,, Willey, L L., Jones, M T.,
Akre, T S B,, King, D 1., Kleopfer, J., Brown, D J., Buchanan,

S W.,, Chandler, H C., deMaynadier, P., Winters, M., Erb, L.,
Gipe, K D., Johnson, G., Lauer, K., Liebgold, E B., Mays, J D.,
Meck, J R., Megyesy, J. ... Zarate, B. (2023). Is the future
female for turtles? Climate change and wetland configuration
predict sex ratios of a freshwater species. Global Change
Biology, 29, 2643-2654. https://doi.org/10.1111/gcb.16625

51017 SUOLLLLIOD AIIES.1D 3|1 dde 3y Aq pauieob a2 oI YO 95N J0 S9IN1 10} AXei 1T 8UIIUO AB]1A IO (SUO 1 PUGO-PUB-SLLLSILLIO" B I AZRq]jou|uo//SdL) SUOIPUOD PL SLw 13U 395 *[£202/90/20] Uo ARIq1T8UIUO ABII ‘4o L BB Aq G299T GOB/TTTT'0T/I0p/W0Y" Ad |1 Aseiq]1jpul|uo//SdNy WoJy papeojumoq ‘0T ‘€202 ‘98rZG9ET


https://doi.org/10.1093/jhered/esv053
https://doi.org/10.1111/gcb.12918
https://doi.org/10.1111/gcb.12918
https://doi.org/10.1038/s41598-019-40597-4
https://doi.org/10.1038/s41598-019-40597-4
https://doi.org/10.1111/j.1365-2486.2004.00817.x
https://doi.org/10.1111/j.1365-2486.2004.00817.x
https://doi.org/10.1016/j.biocon.2021.109437
https://doi.org/10.1016/j.isprsjprs.2018.09.006
https://doi.org/10.1016/j.isprsjprs.2018.09.006
https://doi.org/10.1111/gcb.16625

	Is the future female for turtles? Climate change and wetland configuration predict sex ratios of a freshwater species
	Abstract
	1|INTRODUCTION
	2|STUDY AREA
	3|METHODS
	3.1|Collaborative sampling network
	3.2|Turtle sampling
	3.2.1|Site selection
	3.2.2|Turtle surveys

	3.3|Environmental covariates
	3.3.1|Climate
	3.3.2|Land cover and landscape structure

	3.4|Statistical analyses

	4|RESULTS
	5|DISCUSSION
	5.1|Climate change
	5.2|Land use and wetland configuration

	6|CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


