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Abstract. Turtles are in decline worldwide, and the magnitude and recent acceleration of population
declines requires immediate action to inform conservation and management plans. Long-term studies of
population trends and characteristics covering multiple populations across a range of environmental contexts are needed to guide the most effective management decisions, yet such studies are uncommon. Eastern box turtle (Terrapene carolina carolina) populations have declined and require conservation action
throughout much of their range. We assessed sources of variation and temporal trends in T. c. carolina population characteristics from 39 sites spanning four ecoregions in North Carolina using capture–mark–recapture. Surprisingly, there was no evidence of population decline at any site over a ten-year period
(2008–2017). Population densities ranged from 0.2 to 6.0 turtles per hectare, decreasing with more urban
development and increasing with more wetland habitats in the surrounding landscape. Populations varied
in demographic structure but had similar sex ratios and more adults than immature turtles in each ecoregion even after adjusting for variation in encounter probability among groups and body sizes. Survivorship was similar among life stages and sexes and only weakly related to body size. After adjusting for
emigration, annual survival probability ranged from 90.7% to 96.8% for the various demographic groups
and body sizes. Growth rates decreased with increasing body size, with rates ranging from approximately
15-mm carapace length per year in the smallest individuals to near zero in the largest individuals. No
aspect of population demographic structure or vital rates was related to surrounding landscape context.
Population trends and characteristics were consistent among ecoregions, suggesting no need for regionspeciﬁc conservation or management with respect to the population characteristics examined. However,
given the high site-speciﬁc variability in nearly all estimated parameters, managers would beneﬁt from targeting local threats such as urban land development and wetland destruction to ensure local population
viability. The population characteristics reported here can serve as a useful baseline to compare population
trends at these sites as monitoring continues. Our approach could be a useful model for other regions to
follow in developing monitoring programs for this and other imperiled turtles.
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INTRODUCTION

species either threatened with or already driven
to extinction in modern times (Lovich et al.
2018). Declines are due to a number of factors,
including habitat loss and degradation,
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priority for freshwater and terrestrial turtle species (Buhlmann et al. 2009). The Eastern
Box Turtle (Terrapene carolina carolina) is a widespread and once common species of forest-dwelling turtle throughout the eastern United States.
However, a number of localized long-term studies (Stickel 1978, Williams and Parker 1987, Hall
et al. 1999, Nazdrowicz et al. 2008) and numerous anecdotal accounts have identiﬁed population declines over several decades. Threats to T.
carolina populations are similar to other turtle
species and include forest clearing, land development, road mortality, environmental pollution,
disease, climate change, commercial harvest for
the pet trade, and incidental collection (Kiester
and Willey 2015). Currently, T. c. carolina is listed
as a species of conservation priority in more than
half of the states in which it occurs (Erb et al.
2015, Kiester and Willey 2015). However, standardized assessments of population trends and
characteristics at multiple study sites over broad
geographic areas and diverse environmental contexts are lacking (but see Erb et al. 2015). Due to
the cryptic nature of T. c. carolina and their perceived historical commonness, few states have
ofﬁcial monitoring programs designed to track
population trends that could quantify population
declines, identify threats, or assess population
responses to conservation and management
actions. Terrapene carolina carolina is thus rarely
considered in local or regional land management
and conservation planning, leaving them increasingly vulnerable to further population decline
(Dodd 2006).
Here, we studied population demographic characteristics, vital rates, and temporal trends in T. c.
carolina, one of six subspecies of T. carolina, at target sites across North Carolina over a 10-year period (2008–2017) through a state-wide monitoring
effort (hereafter referred to as the Box Turtle Connection network). We hypothesized that populations would be in decline consistent with
numerous other long-term studies of T. c. carolina
(Stickel 1978, Williams and Parker 1987, Hall et al.
1999, Nazdrowicz et al. 2008). We also examined
how population characteristics varied spatially relative to ecoregion and aspects of the surrounding
landscape. We hypothesized that populations
would respond negatively (i.e., lower density, survival, growth, and altered demographic structure)
in developed landscapes due to increased

exploitation for pet and food trades, and disease
(Gibbons et al. 2000, Lovich et al. 2018). Turtles
are particularly vulnerable to such disruptions
because of their life history of slow growth,
delayed maturity, and high natural mortality in
the egg and juvenile life stages (Brooks et al.
1991, Congdon et al. 1993, 1994, Heppell 1998).
The magnitude and recent acceleration of population declines, together with life history traits
that slow population recovery rates, requires
immediate action to inform conservation and
management plans.
Comprehensive conservation plans not only
require continued monitoring to track population abundance over space and time, but also
measurement of population characteristics (e.g.,
density, demographic structure, and vital rates)
that may reveal mechanisms responsible for
changes in abundance or distribution. It is especially important to examine population trends in
long-lived animals over sufﬁciently long time
periods that capture natural and anthropogenic
disturbance and recovery processes that contribute to population regulation, which in turtles
may require several decades (Roe and Georges
2008, Keevil et al. 2018). Most long-term studies
of turtles are focused on single study sites, the
results of which are critical for assessing local
population status and informing site-speciﬁc
management. However, caution should be
applied when extrapolating results from a single
population to others when making conservation
and management decisions, especially for populations that occur in different environmental contexts. To that end, several recent studies have
sought to examine trends and characteristics in
numerous populations of a species over broad
geographic areas (Tapilatu et al. 2013, Allison
and McLuckie 2018, Bowne et al. 2018, Eisemberg et al. 2019, Van Dyke et al. 2019). Such multi-population studies are important since the
biological characteristics of a population may
vary depending on environmental context (St.
Clair et al. 1994, Rowe 1997, Litzgus and Brooks
1998, Litzgus and Smith 2010). Also, the types of
threatening processes affecting a species may
vary geographically, resulting in variable population responses that may require region-speciﬁc
management.
The southeastern United States is an area of
high turtle biodiversity and a conservation
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exposure to threatening processes, while responding positively to forested landscapes due to higher
availability and quality of suitable habitat (Kiester
and Willey 2015). Empirical information on how
populations vary according to environmental context can inform land managers and conservation
planners about threatening processes for targeted
mitigation at local and regional levels. As T. c. carolina is the only terrestrial turtle throughout much
of its range, including North Carolina, it may serve
valuable ecological roles such as seed and spore
dispersal and germination and nutrient cycling
and transport in areas where it is still common
(Rust and Roth 1981, Braun and Brooks 1987, Liu
et al. 2004, Jones et al. 2007). The decline of this
species would thus represent a signiﬁcant loss to
both turtle biodiversity and ecosystem function in
the terrestrial forest environments they inhabit.
However, rigorous data on their population status,
trends, and responses to environmental conditions
that would be useful to inform more effective
management are lacking.

resources and personnel availability. Upon capture, we measured turtle straight-line carapace
length (CL, measured along the midline) to the
nearest 0.1 mm using vernier calipers and weight
to the nearest gram using spring scales or toploading balances regularly calibrated with a
100–120 g weight. We determined sex based on
several sexually dimorphic features, with males
typically having a concave posterior plastron,
stouter and longer curved claws on hind feet, a
red iris, and thicker and longer tails compared to
females (Palmer and Braswell 1995). We classiﬁed individuals as adults if their carapace length
exceeded 115.0 mm; otherwise, they were classiﬁed as immature (Kiester and Willey 2015).
Upon ﬁrst encounter, we marked turtles using
a triangular ﬁle with a unique alphabetic or
numeric code that typically involved notching
three of the marginal scutes following a system
similar to Cagle (1939). We recorded a coordinate
position at each capture location using a GPS unit
and released turtles at their encounter location,
typically within 24 h of capture. We required all
research participants in the Box Turtle Connection
network to attend a two-day workshop where
they received training by experienced professionals in search techniques and all aspects of data collection, and we encouraged participants to attend
additional training workshops every two years.

MATERIALS AND METHODS
Study areas
We studied turtles at 39 sites in North Carolina
spanning four Level III ecoregions (Grifﬁth et al.
2002), including the Middle Atlantic Coastal
Plain (n = 4), Southeastern Plains (n = 4), Piedmont (n = 20), and Blue Ridge (n = 11) regions
(Fig. 1). For the purposes of analysis, we
grouped sites in the Middle Atlantic Coastal
Plain and Southeastern Plains into a single ecoregion referred to as the Coastal Plain (n = 8) hereafter. Study sites included state, county, and
municipal parks, recreation areas, science and
nature centers, camps, museum grounds, a military base, and private properties.

Site characteristics
We plotted turtle locations using ArcMap
10.2.2 and delineated study areas using kernel
density methods in the Geospatial Modeling
Environment (Beyer 2012) and program R (R
Core Team 2017). We used the ﬁxed kernel
method (Worton 1989) and likelihood cross-validation (CVh) smoothing parameter with 50 m
cell size output raster to estimate the size of the
area within the 95% isopleths. We chose the CVh
smoothing parameter because this method is recommended for small sample sizes (<50, Horne
and Garton 2006). We assessed 16 landscape variables at each site within a 1.5-km buffer extending from the 95% kernel density isopleths. We
selected a 1.5-km buffer because this distance
includes 95% of range length estimates observed
by radiotracking 68 individuals at three sites
(sites 6, 7, and 27, J. Roe and S. Steffen, unpublished data). We obtained land cover data from
the U.S. Geological Survey Land Cover layer

Turtle capture and data collection
From 2008 to 2017, we conducted a capture–
mark–recapture study, where turtles were
encountered (1) by road capture, (2) while mowing, (3) through active search, (4) incidentally,
and (5) by trained wildlife detection dogs. The
sampling strategy primarily relied upon participants performing normal duties at their respective sites and capturing turtles encountered
incidentally but allowed for some targeted search
efforts when feasible and depending on site
v www.esajournals.org
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Fig. 1. Locations of 39 study sites relative to Level III ecoregion classes where Terrapene carolina carolina populations were sampled from 2008 to 2017 in the Box Turtle Connection network in North Carolina.

sampling) as an estimate of temporary emigration rates.

(2011 Edition, amended 2014) and road data
from the North Carolina Department of Transportation Geographic Information Systems Unit
(2012). We clipped land cover polygons and road
polylines with site buffer polygons using the Clip
tool in ArcMap, then calculated proportional
coverage of land cover types and road density
(km/km2) for each site.

Data analyses
We performed statistical analyses with SPSS v.
25.0 (SPSS, Chicago, Illinois, USA) and program
MARK 8.2 (White and Burnham 1999). Where
appropriate, we examined the assumptions of
homogeneity of variances and normality; when
data failed to meet assumptions, we transformed
data to approximate normal distributions or equal
variances. We accepted statistical signiﬁcance at
α ≤ 0.05 unless otherwise noted. Values are
reported as mean  1 SE unless otherwise stated.
Landscape composition.—We compared landscape variables (Appendix S1: Table S1) among
ecoregions using multivariate analysis of variance
(MANOVA) with arcsin-transformed proportional
land cover types and log10 road density as dependent variables, and ecoregion as the independent
variable. In this and all subsequent analyses, we
collapsed land cover types into nine classes by
grouping low, medium, and high development
intensity into a single class (developed), deciduous, evergreen, and mixed forests into a single
class (forest), and woody and herbaceous emergent wetlands into a single class (wetland).
Encounter and survival probability models.—We
estimated encounter (p) and apparent survival

Radiotelemetry
We used radiotelemetry to evaluate how often
individuals used areas outside the study area
boundaries at three sites (sites 6, 7, and 27). We
attached radiotransmitters (RI-2B, 10–15 g,
Holohil Systems, Carp, Ontario, Canada) to the
carapace using epoxy gel and located turtles
using a receiver (R-1000, Communication Specialists, Orange, California, USA) and Yagi
antenna approximately once per week during
the active season (April–November) and once
per month during the inactive season (December–March). We initially captured all radiotracked turtles from within the delineated study
areas of each site. At each location, we recorded
the coordinate position using GPS and plotted
locations using ArcMap. We used the proportion of turtle locations outside the delineated
study area (i.e., 95% kernel density isopleths for
turtle locations in the capture–mark–recapture
v www.esajournals.org
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(ф) probabilities using Cormack-Jolly-Seber live
recapture models in the program MARK, using
only sites with at least 50 total captures and ﬁve
years of consistent data collection. Initially, we
ran one overall model using only sites that were
studied continuously from 2012 to 2017, followed by series of site-speciﬁc models. We
started with fully saturated models where
encounter and apparent survival probability
depended on time (year), demographic group
(immature, adult male, adult female), and interactions between group and time variables, followed by a series of reduced-parameter models
(Appendix S1: Table S2). For the overall model,
we included CL upon initial capture as an individual covariate, and classiﬁed turtles into demographic groups based upon their initial capture,
even though immature individuals occasionally
transitioned into adult classes at subsequent
recaptures (n = 34 overall). We tested the most
saturated model in a candidate model set for its
adequacy to describe the data with a goodnessof-ﬁt (GOF) test using the bootstrap procedure
with 100 simulations. We derived an overdispersion parameter, c-hat, by dividing the model
deviance by the mean of simulated deviances
and used c-hat values to adjust for model
overdispersion. We designated yearly time intervals and adjusted the spacing between capture
periods to account for missed sampling years
when necessary. The large number of sites and
incidental nature of encounters made sampling
effort difﬁcult to quantify, and thus, we could not
model encounter probability as a function of
sampling effort. We used Akaike Information
Criterion (AIC) to rank candidate models; if
models had AIC values of <2.0, we considered
them as having some support. When multiple
models were supported, we report model averages for all parameter estimates (except when
stated otherwise) to account for model uncertainty.
Population size and density.—We calculated
annual population sizes for each site using the
following equation:
population size ¼

1982). For sites where encounter probability was
not constant over time or among groups, we
used time- and/or group-speciﬁc encounter probability values to calculate population sizes. We
calculated annual population density by dividing
population size by the size of the study area
deﬁned by the 95% kernel density isopleths. We
did not include density values derived from
encounter probability estimates with standard
errors larger than the mean in further analyses.
We examined variation in population density
among ecoregions, over time (years) within sites,
and according to surrounding landscape context
and capture methods using linear mixed models.
In these models, log10 annual density was the
dependent variable, ecoregion was an independent variable, arcsin-transformed annual proportion dog captures and proportional land cover
types, and log10 road density were covariates, and
year (within sites) was a repeated variable. We
included dog captures in the model because wildlife detector dogs have been found to be more
effective at ﬁnding turtles than humans conducting visual encounter surveys (Cablk and Heaton
2006, Kapfer et al. 2012, Boers et al. 2017). We estimated population size for the ﬁrst encounter occasion using constant encounter probability values
when time-speciﬁc variation in encounter probability was not a supported model. For sites with
time-speciﬁc variation in encounter probability, we
used only years where annual encounter probability was estimable in analysis. We examined P values for this series of comparisons (n = 12) using
Bonferroni adjustments to α.
Survival.—We examined variation in apparent
survival using analysis of covariance (ANCOVA),
with arcsin-transformed annual apparent survival
probability as the dependent variable, ecoregion
as the independent variable, and arcsin-transformed proportion of land cover types and log10
road density as covariates. In the survival analysis,
we used values for constant apparent survival
probability to facilitate comparisons. We excluded
survival values that had standard errors larger
than the mean from analysis.
Population demographics.—We generated sizefrequency distributions for each site, then plotted
mean frequencies for each size class stratiﬁed by
ecoregion to facilitate comparisons. We examined
sources of variation in population demographics using multivariate analysis of covariance

n
p

where n is the number of individuals captured
and p is the site-speciﬁc annual encounter probability calculated in the program MARK (Seber
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RESULTS

(MANCOVA), with arcsin-transformed proportion immatures and adult females as dependent
variables, ecoregion as an independent variable,
arcsin-transformed proportion captures by dogs
and on roads as method-speciﬁc covariates, and
arcsin-transformed proportion of land cover types
and log10 road density as landscape-speciﬁc
covariates. In the demographic analyses, we only
used adult turtles in the calculation of proportion
females (sex ratio), as immature turtles (≤115 mm
CL) could not be reliably sexed. We included dog
captures in the model because wildlife detector
dogs may be more effective in ﬁnding smaller
(i.e., immature) turtles than humans conducting
visual encounter surveys (Cablk and Heaton
2006, Kapfer et al. 2012), and road captures
because female turtles are more likely to be
encountered on roads than males (Steen et al.
2006). We only used sites with ≥50 individual turtles captured in demographic analyses.
Growth.—We calculated growth rates (mm/yr)
by dividing change in CL between initial and
ﬁnal captures by the total number of days
elapsed between captures, only including days
within the approximately six-month active season each year (15 April–15 October; 184 d). We
examined relationships between growth rate
and body size using analysis of covariance
(ANCOVA), with log10 (5 + growth rate) as the
dependent variable, ecoregion as the independent variable, and log10 initial CL as the covariate. Because slopes of relationships between
growth rate and body size were similar among
ecoregions, we calculated growth rate residuals
as the difference between observed and expected
growth based on relationships between body size
and growth rate (see Results). Next, we calculated mean site-speciﬁc growth rate residuals
and examined variation in growth among ecoregions and according to surrounding landscape
context with ANCOVA, using growth rate residuals as the dependent variable, ecoregion as the
independent variable, and arcsin-transformed
proportion of land cover types and log10 road
density as covariates. In the growth analysis, we
only used sites with ≥10 recaptures from which
growth rate could be determined, and we did
not stratify data by demographic group to
increase sample size and to examine relationships between body size and growth rate across
the entire size range in a single analysis.
v www.esajournals.org

Turtle captures
We made a total of 3,762 captures of 3,082 individual T. c. carolina (680 recaptures) from 2008 to
2017 (Appendix S1: Table S3). Captures included
850 immature individuals, 1233 adult males, 840
adult females, and 159 individuals for which
demographic group could not be determined
due to lack of sufﬁcient data on body size or sexually dimorphic morphology (Appendix S1:
Table S3). Most captures (2308) were from 20
Piedmont sites, followed by 832 from the eight
Coastal Plain sites, and 621 from 11 Blue Ridge
sites. The number of years and consistency of
data collection was highly variable among sites,
with some sites reporting data for only one year,
and others reporting continuously throughout
the 10-year period. We encountered the majority
of turtles while crossing roads (43.8%) and as
incidental captures (35.3%), followed by active
search (11.5%), wildlife detection dogs (7.9%),
while mowing (0.8%), and other encounter methods (0.7%).

Landscape composition
Landscape variables within a 1.5-km buffer of
the 95% kernel density isopleths for each site differed among ecoregions (Wilks’ λ = 0.086,
F20,52 = 6.287, P < 0.001), with signiﬁcant differences identiﬁed for wetland, cultivated crops,
forest, and shrub/scrub habitats (Table 1). Wetland, cultivated crop, and shrub/scrub habitats
covered larger areas at Coastal Plain sites compared to Piedmont and Blue Ridge sites, while
forest coverage was highest in Blue Ridge, intermediate in Piedmont, and lowest in Coastal Plain
sites (Table 2). There was a trend for differences
among ecoregions in developed land, with lowest coverage in Blue Ridge, intermediate in
Coastal Plain, and highest in Piedmont
(P = 0.052, Table 2), though these differences
were not signiﬁcant at the α = 0.05 level.

Overall encounter and apparent survival
probability
We examined body size-, demographic-, and
time-speciﬁc encounter (p) and apparent survival (ф) probabilities in a single model that
included 12 sites monitored continuously from
2012 to 2017. The model with constant apparent
6
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Table 1. Comparison of land cover types among ecoregions for 39 sites monitored for Terrapene carolina carolina
in the Box Turtle Connection network.
Source

Numerator df

Denominator df

F

P

2
2
2
2
2
2
2
2
2
2

35
35
35
35
35
35
35
35
35
35

28.642
17.977
14.895
12.415
3.221
2.996
2.259
1.459
1.449
1.424

<0.001
<0.001
<0.001
<0.001
0.052
0.063
0.119
0.246
0.249
0.254

Wetland
Crops
Forest
Shrub/scrub
Developed
Barren
Open water
Road density
Grassland/pasture
Developed open

Note: Landscape variables were calculated within a 1.5 km buffer of 95% kernel density isopleths of capture locations.

Table 2. Summary of landscape variables by ecoregion
for 39 sites across North Carolina monitored for Terrapene carolina carolina in the Box Turtle Connection
network.
Variable
2

Road density (km/km )
Developed open (%)
Developed low
intensity (%)
Developed medium
intensity (%)
Developed high
intensity (%)
Barren (%)
Deciduous forest (%)
Evergreen forest (%)
Mixed forest (%)
Shrub/scrub (%)
Grassland (%)
Pasture (%)
Cultivated crops (%)
Woody wetlands (%)
Emergent herbaceous
wetlands (%)
Open water (%)

Coastal
plain

Piedmont

Blue Ridge

2.45 (0.48)
6.4 (1.3)
3.1 (1.2)

4.44 (0.81)
15.1 (3.2)
8.4 (2.5)

3.34 (0.85)
10.3 (2.7)
1.1 (0.4)

1.6 (1.1)

3.6 (1.0)

0.2 (0.1)

0.3 (0.2)

1.2 (0.5)

0.0 (0.0)

2.2 (1.4)
2.3 (1.4)
20.1 (7.0)
1.6 (0.5)
6.2 (1.5)
3.1 (1.0)
1.5 (0.8)
8.8 (3.1)
25.3 (2.5)
4.2 (2.5)

0.2 (0.1)
30.8 (3.7)
16.3 (2.4)
3.1 (0.7)
1.3 (0.3)
2.8 (0.4)
7.7 (2.4)
0.5 (0.3)
2.5 (1.1)
0.1 (0.0)

0.0 (0.0)
65.2 (3.3)
8.4 (1.1)
3.0 (0.6)
1.1 (0.3)
1.4 (0.4)
8.2 (2.3)
0.1 (0.1)
0.1 (0.0)
0.0 (0.0)

13.5 (8.3)

6.3 (2.4)

0.7 (0.3)

apparent survival probabilities were 0.850 
0.065, 0.851  0.062, and 0.860  0.061 for adult
females, immatures, and adult males, respectively. Model-averaged encounter probabilities
were 0.097  0.044, 0.104  0.044, and 0.110 
0.044 for adult females, immatures, and adult
males, respectively. Both encounter and apparent survival probabilities increased with body
size across a size range of 34.6–159.3 mm CL,
with encounter probability increasing from
0.079 to 0.120 and apparent survival probability
increasing from 0.813 to 0.874 (Fig. 2).

Site-speciﬁc encounter and apparent survival
probabilities
Consistency of data collection and number of
turtle captures and recaptures were sufﬁcient to
estimate site-speciﬁc encounter (p) and apparent
survival (ф) probabilities for 18 populations (3
Coastal Plain, 12 Piedmont, and 3 Blue Ridge;
Table 4). All sites had constant apparent survival probability as the highest-ranked model,
while models including variation among demographic groups received some support at four
sites, and no sites included time-speciﬁc variability in survival as a supported model
(Tables 4, 5). Apparent survival probabilities
were highly variable among sites, ranging from
0.370 to 1.000, and there were no consistent differences identiﬁed among immature, adult male,
and adult female turtles at sites that had variation among demographic groups as a supported
model (Table 5).
Thirteen sites had constant encounter probability as the highest-ranked model, while models

Notes: Variables were assessed within a 1.5 km buffer of
the 95 % kernel density isopleth for all capture locations at
each site. Values are mean  1SE. Landscape variables were
obtained from the U.S. Geological Survey Land Cover (2011
Edition, amended 2014) and NCMIN_TIERS (North Carolina
Department of Transportation Geographic Information
Systems Unit 2012).

survival and variation among demographic
groups in encounter probability had the most
support, but models with size-speciﬁc encounter
and group- and size-speciﬁc apparent survival
also received support (Table 3). Model-averaged
v www.esajournals.org
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Table 3. Model comparisons for overall group-, time-, and size-speciﬁc survival and encounter probabilities for
Terrapene carolina carolina from 12 sites in North Carolina monitored continuously from 2012 to 2017.
Supported models†
ɸ () p (group)
ɸ () p ()
ɸ () p () body size
ɸ () p (group) body size
ɸ (group) p ()

ΔQAICc

Weight

Model likelihood

Parameters (n)

Deviance

0.000
0.059
0.202
0.898
1.324

0.196
0.190
0.178
0.125
0.101

1.000
0.971
0.904
0.638
0.516

4
2
3
5
4

1677.58
1681.67
1679.80
1676.46
1678.91

Notes: Groups included immature, adult male, and adult female, and the time period was yearly. Coastal Plain included
sites 6, 7, and 8; Piedmont included sites 16, 18, 20, 21, 24, 27, 28; Blue Ridge included sites 38 and 39.
† Only models with ΔQAICc ≤ 2.0 are included.

Annual encounter probabilities were highly variable, with values ranging from 0.011 to 0.233
(Table 6). At sites that included variation among
demographic groups as a supported model, immature turtles had consistently lower encounter probabilities than adults, but no consistent differences
were observed between adult male and female
encounter probabilities (Table 6).
Mean annual encounter probability was
0.041  0.020 at Blue Ridge sites, 0.104  0.026
at Coastal Plain sites, and 0.139  0.022 at Piedmont sites. Mean annual apparent survival probability was 0.869  0.125 at Blue Ridge sites,
0.834  0.084 at Coastal Plain sites, and
0.788  0.057 at Piedmont sites. Survival did not
vary by ecoregion (F2,9 = 2.167, P = 0.170) or
according to any landscape covariates after Bonferroni adjustments to α of P = 0.005
(F1,9 < 4.886, P > 0.054 in all cases).

Population size and density
Mean annual population densities for the 18
populations where site-speciﬁc encounter probability could be estimated ranged from 0.17 to
5.99 turtles/ha (0.09–8.92 turtles/ha including
lower and upper standard error bounds,
Table 7). Population density depended on capture method and landscape covariates but did
not differ by ecoregion or among years within
sites (Table 8, Figs. 3, 4). Population density
increased with higher proportion of captures
made by dogs (t = 8.552, P < 0.001), decreased
with increasing proportion of developed land
(t = −3.981, P < 0.001), and increased with
higher proportion of wetland habitats (t = 3.868,
P < 0.001). Population density was independent
of all other landscape covariates after Bonferroni
adjustments to α (P = 0.004, Table 8).

Fig. 2. Mean overall annual encounter and survival
probability (solid lines) as a function of body size in
Terrapene carolina carolina from 12 sites monitored continuously from 2012 to 2017 in the Box Turtle Connection network in North Carolina. Dashed lines indicate
upper and lower 95 % conﬁdence intervals.

including variation among demographic groups
also received support at four sites, and six sites
included time-speciﬁc variability in encounter
probability as a supported model (Tables 4 and 6).
v www.esajournals.org
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Table 4. Model comparisons of Terrapene carolina carolina site-speciﬁc apparent survival (ɸ) and encounter (p)
probabilities that vary by demographic group (immature, adult male, adult female) and time (year) from 18
sites in North Carolina monitored in the Box Turtle Connection network.
Site
Coastal plain
6
7
8
Piedmont
16
18

Years

Supported models†

Δ QAICc

Weight

Parameters (n)

Deviance

2012–2017
2010–2017
2008–2017

ɸ () p ()
ɸ () p (group)
ɸ () p ()

0.00
0.00
0.00

0.519
0.634
0.668

2
4
2

40.17
77.97
53.03

2008–2017
2009–2017

2008–2017

ɸ () p ()
ɸ () p ()
ɸ (group) p ()
ɸ () p ()
ɸ (group) p ()
ɸ () p (time)
ɸ () p ()
ɸ () p ()
ɸ () p ()
ɸ () p (group)
ɸ () p ()
ɸ () p (group)
ɸ () p ()
ɸ () p (group)
ɸ (group) p ()
ɸ () p ()
ɸ () p (time)
ɸ () p (time)
ɸ () p ()
ɸ () p (time)
ɸ (group) p (time)
ɸ () p ()
ɸ (group) p ()
ɸ () p (time)

0.00
0.00
0.49
0.00
1.49
1.80
0.00
0.00
0.00
1.67
0.00
1.76
0.00
0.11
0.37
0.00
0.85
0.00
0.80
0.00
0.91
1.03
1.77
0.00

0.732
0.455
0.356
0.422
0.200
0.172
0.582
0.705
0.500
0.217
0.465
0.192
0.333
0.315
0.276
0.409
0.268
0.466
0.312
0.344
0.219
0.206
0.142
0.885

2
2
4
2
4
8
2
2
2
3
2
3
2
4
4
2
5
7
2
9
11
2
4
10

58.50
90.27
86.47
152.78
150.00
141.29
22.08
94.15
51.96
51.53
34.38
34.07
147.81
143.76
144.01
21.90
16.45
17.49
28.85
215.84
212.45
231.45
228.10
195.42

2013–2017
2009–2017
2008–2017

ɸ () p ()
ɸ () p ()
ɸ () p (time)

0.00
0.00
0.00

0.417
0.769
0.896

2
2
8

9.16
21.09
44.51

19

2009–2016

20
21
22

2011–2017
2008–2017
2009–2016

23

2008–2015

24

2008–2017

25

2009–2015

26

2008–2014

27

2009–2017

28
Blue ridge
37
38
39

Note: Only sites with at least 50 total captures and ﬁve years of consistent data collection were included in analyses.
† Only models with Δ QAICc ≥ 2.0 are included.

at Coastal Plain sites, 0.258  0.042 at Blue Ridge
sites, and 0.335  0.032 at Piedmont sites. The
proportion of the adult population that was
female (sex ratio) was 0.358  0.032 at Piedmont
sites, 0.489  0.045 at Coastal Plain sites, and
0.504  0.069 at Blue Ridge sites. Population
demographics (proportion immature and adult
sex ratio) did not vary by ecoregion (F4,18 =
1.124, P = 0.376), capture method (F2,8 < 1.103,
P > 0.377 in both cases), or according to landscape covariates (F2,8 < 2.638, P > 0.132 in all
cases).

Population demographics
Populations from all ecoregions were skewed
toward adults (>115 mm CL), even after
accounting for group- and size-speciﬁc variation
in encounter probability (Fig. 5). For all sites, the
proportion of the population that was immature
ranged from 0.00 to 0.506, while the proportion
of the adult population that was female (sex
ratio) ranged from 0.091 to 0.800 (Table 9). For
the 24 sites included in analyses with at least 50
individual turtles captured, the proportion of the
population that was immature was 0.221  0.060
v www.esajournals.org
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Table 5. Mean annual apparent survival probability (ɸ)  SE for Terrapene carolina carolina among demographic
groups from 18 sites in North Carolina in the Box Turtle Connection network.
Site
Coastal Plain
6
7
8
Piedmont
16
18
19
20
21
22
23
24
25
26
27
28
Blue Ridge
37
38
39

Constant

Immature

Adult male

Adult female

0.770  0.143
1.000  0.000
0.731  0.128

...
...
...

...
...
...

...
...
...














...
0.937  0.080
0.847  0.068
...
...
...
...
0.832  0.084
...
...
0.802  0.047
...

...
0.875  0.121
0.821  0.077
...
...
...
...
0.902  0.061
...
...
0.831  0.043
...

...
0.839  0.106
0.877  0.068
...
...
...
...
0.870  0.068
...
...
0.858  0.053
...

...
...
...

...
...
...

...
...
...

0.942
0.908
0.847
0.370
0.724
0.966
1.000
0.876
0.390
0.785
0.813
0.834

0.082
0.080
0.058
0.188
0.079
0.144
0.000
0.057
0.119
0.185
0.035
0.032

0.619  0.355
0.988  0.217
1.000  0.000

Notes: Model-averaged survival probability is reported for sites that had group-speciﬁc survival as a supported model;
otherwise, values for constant survival probability are reported. Ellipses indicate sites without support for group-speciﬁc variation in survival. In such cases, values are equal to the constant. Only sites with at least 50 total captures and ﬁve years of consistent data collection were included in analyses.

Growth

Radiotelemetry and emigration

We recaptured 404 turtles (37 Blue Ridge, 68
Coastal Plain, 299 Piedmont) across a size range of
35–152 mm CL from which individual growth
rates could be calculated, with a mean time
between recaptures of 3.9 growth years. Growth
rates ranged from −3.0 to 25.2 mm/yr, with
growth rates dependent on body size (F1,398 =
42.143, P < 0.001) but not ecoregion (F2,398 =
2.579, P = 0.077) or the ecoregion and body size
interaction (F2,398 = 2.641, P = 0.073), indicating
the slopes of the relationship between body size
and growth rate were similar among ecoregions
(Fig. 6). Growth rate decreased with increasing
body size (t = −15.316, P < 0.001) according to
the equation log10 growth rate (mm/yr) = −1.199
× log10 CL (mm) + 3.261, explaining 37.6% of the
variation (R2 = 0.376; Fig. 6). Using growth residuals derived from the above equation in analysis,
growth rates were similar among ecoregions
(F2,3 = 0.738, P = 0.549) and independent of landscape covariates (F2,3 < 1.952, P > 0.257 in all
cases).

At site 27 in the Piedmont ecoregion, we
located 12 turtles (4 immature, 4 adult male, 4
adult female) 46.3  8.4 times each, of which
5.1  4.6% were outside of the study area. At site
6 in the Coastal Plain ecoregion, we located 30
turtles (2 immature, 15 adult male, 13 adult
female) 62.8  6.9 times each, of which 6.4 
3.3% were outside of the study area. At site 7 in
the Coastal Plain ecoregion, we located 26 turtles
(13 adult male, 13 adult female) 61.4  7.1 times
each, of which 16.8  4.7% were outside of the
study area. Taken together, a mean of 9.4% of
locations were for turtles that had either temporarily or permanently emigrated outside the
study areas deﬁned by the 95% kernel density
isopleths for capture locations.

v www.esajournals.org
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This study is among the largest capture–
mark–recapture efforts for any turtle species in
terms of the number of populations sampled, the
10

February 2021

v Volume 12(2) v Article e03378

ROE ET AL.
Table 6. Mean annual encounter probability (p)  SE for Terrapene carolina carolina among demographic groups
for 18 sites in North Carolina in the Box Turtle Connection network.
Site
Coastal Plain
6
7
8
Piedmont
16
18
19
20
21
22
23
24
25
26
27
28
Blue Ridge
37
38
39

Constant

Immature

Adult male

Adult female

0.151  0.062
0.100  0.016
0.060  0.029

...
0.021  0.024
...

...
0.139  0.028
...

...
0.078  0.022
...














...
...
...
...
...
0.028  0.017
0.036  0.012
0.130  0.041
...
...
...
...

...
...
...
...
...
0.034  0.018
0.040  0.013
0.170  0.044
...
...
...
...

...
...
...
...
...
0.034  0.018
0.040  0.013
0.171  0.052
...
...
...
...

...
...
...

...
...
...

...
...
...

0.068
0.134
0.203
0.143
0.197
0.031
0.042
0.159
0.208
0.043
0.233
0.205

0.031
0.042
0.041
0.118
0.058
0.017
0.012
0.037
0.100
0.028
0.032
0.029

0.093  0.093
0.020  0.020
0.011  0.003

Notes: Model-averaged encounter probability is reported only for sites that had group-speciﬁc encounter probability as a
supported model; otherwise, values for constant encounter probability are reported. Ellipses indicate sites without support for
group-speciﬁc variation in encounter probability. In such cases, values are equal to the constant. Only sites with at least 50 total
captures and ﬁve years of consistent data collection were included in analyses.

providing little evidence that T. c. carolina warrants region-speciﬁc management or conservation practices in North Carolina. These data not
only provide a rich comparison of T. c. carolina
populations across a broad range of environmental contexts, but also set a baseline for comparison to the same sites over time in the coming
decades. Long-term studies are essential for
tracking population dynamics and understanding mechanisms responsible for population
changes in long-lived vertebrates such as turtles
(Roe and Georges 2008, Dodd et al. 2012, Tuberville et al. 2014, Allison and McLuckie 2018, Keevil et al. 2018, Van Dyke et al. 2019). Such
information is critical to guide the most effective
conservation and management strategies (Congdon et al. 1993, 1994, Enneson and Litzgus 2008,
Tutterow et al. 2017).

broad geographic coverage and wide range of
environmental contexts, the numbers of turtles
encountered, and the long duration of study. This
analysis provides the ﬁrst broad-scale assessment of T. c. carolina population trends, demography, and critical vital rates that shape population
dynamics and structure in the southeastern part
of its range. While our data do have several limitations that require caution when interpreting
(discussed below), the results provide numerous
novel and important insights into T. c. carolina
population biology, conservation, and management including that (1) population sizes
appeared to be stable over the 10-year period of
study; (2) population density, but not demographic structure or vital rates, varied according
to land cover types in the surrounding landscape; (3) population structure and critical vital
rates were within the range of T. c. carolina populations elsewhere and revealed no evidence of
broad-scale negative responses to threatening
processes; and (4) populations across ecoregions
occurred at similar densities and exhibited
similar population structure and vital rates,
v www.esajournals.org
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Several long-term studies of T. c. carolina have
detected signiﬁcant population declines, including a 77% decline in Maryland over 40 yr (Stickel
1978, Hall et al. 1999), a 75% decline in Delaware
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over 34 yr (Nazdrowicz et al. 2008), and a 47%
decline in Indiana over 20 yr (Williams 1961,
Williams and Parker 1987). A study of Terrapene
carolina bauri (Florida box turtle) documented
population growth over a 16-yr period on
Egmont Key, Florida, throughout various natural
and anthropogenic disturbances (Dodd et al.
2012), but this population too has recently
declined from an estimated 1480 individuals in
2006 to 238 in 2018 (a decline of 83%) following a
catastrophic wildﬁre and introduced predators
(M. Jones, public communication). From these
studies, it is clear that T. carolina populations are
in decline throughout much of their geographic
range. However, prior to this study, only limited
systematic monitoring programs have been conducted on multiple populations to detect longterm and broad-scale population trends in T. c.
carolina, with the exception of a state-wide project in Massachusetts in the initial stages of monitoring (Erb et al. 2015). Contrary to our
hypotheses informed by declining trends in other
areas, we found no evidence of T. c. carolina population declines over as many as 10 yr of continuous monitoring at numerous sites, with
population densities (and thus population sizes
within stable study areas) ﬂuctuating from year
to year but remaining largely temporally stable
throughout the study period.
The apparent stability of T. c. carolina populations in this study may indicate that threatening

Table 7. Population density estimates (no./ha) for
Terrapene carolina carolina and study site sizes from
18 sites in North Carolina monitored as part of the
Box Turtle Connection network.
Site
Coastal Plain
6
7
8
Piedmont
16
18
19
20
21
22
23
24
25
26
27
28
Blue Ridge
37‡
38‡
39

Area (ha)

Mean ( SE)

Range†

202.3
207.7
316.0

0.93 (0.06)
1.67 (0.25)
1.30 (0.17)

0.66–1.59
1.18–2.33
0.87–2.55

48.7
29.5
18.9
750.5
103.2
728.3
114.9
86.9
417.5
1254
47.3
131.5

1.83 (0.69)
3.35 (0.33)
4.75 (0.88)
0.17 (0.02)
0.74 (0.10)
0.81 (0.07)
5.99 (0.66)
1.33 (0.16)
0.76 (0.19)
0.53 (0.10)
3.32 (0.23)
1.21 (0.10)

1.25–3.40
2.55–4.92
3.44–7.88
0.09–1.03
0.57–1.05
0.52–1.84
4.51–8.92
1.04–1.87
0.41–1.69
0.31–1.47
2.59–4.70
0.91–1.92

184.5
615.9
1373.8

0.90 (0.27)
1.05 (0.33)
0.63 (0.08)

...
...
0.45–1.20

Note: Only sites with at least 50 total captures and ﬁve
years of consistent data collection were included in analyses.
Ellipses indicate sites where uncertainty in encounter probability was too high to calculate acceptable population size
and density ranges.
† Calculated as the mean  SE for annual lower and
upper density estimates.
‡ Could not calculate due to high variability in encounter
probability.

Table 8. Sources of variation in population density for Terrapene carolina carolina across 18 sites in North Carolina
monitored as part of the Box Turtle Connection network.
Source
Ecoregion
Time
Dog captures
Developed
Wetland
Shrub scrub
Open water
Road density
Developed open
Grassland/pasture
Forest
Cultivated crops

Numerator df

Denominator df

F

P

2
9
1
1
1
1
1
1
1
1
1
1

83.639
9.012
67.577
86.134
87.373
85.272
87.453
87.333
93.056
84.133
88.483
88.872

2.000
0.476
73.139
15.851
14.960
8.324
7.317
6.025
3.093
0.874
0.783
0.192

0.142
0.858
<0.001***
<0.001***
<0.001***
0.005
0.008
0.016
0.082
0.353
0.378
0.663

Notes: Signiﬁcant differences after Bonferroni adjustments (α ≤ 0.004) are indicated by three asterisks. Variables in the linear
mixed effects model include ecoregion (Coastal Plain, Piedmont, and Blue Ridge), time (year), capture method (proportion of
turtles captured by dogs), and landscape measures (road density and proportion coverage of land cover types within a 1.5-km
buffer of 95% kernel density isopleths of capture locations). Only sites with at least 50 total captures and ﬁve years of consistent
data collection were included in analyses.
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Fig. 3. Temporal trends in Terrapene carolina carolina population density (mean  SE) from Coastal Plain (left
panel) and Blue Ridge (right panel) sites monitored via the Box Turtle Connection network in North Carolina.
Site number is indicated in the upper left corner. Filled circles represent years when encounter probability could
not be estimated, and in such cases, population density was approximated using models where encounter probability was held constant. Error bars are not shown for sites where uncertainty in encounter probability was too
high to display for the scale of the y-axis.

decades (Stickel 1978, Gibbons 1987), and the
slow somatic growth rates, delayed sexual maturity, and high and variable early life-cycle mortality rates characteristic of most turtle species
slows a population’s response to environmental
changes (Brooks et al. 1991, Congdon et al. 1993,
1994, Heppell 1998). For these reasons, longer
study durations are typically required to accurately describe population dynamics in turtles in
response to environmental changes. Second, sites
selected for monitoring were included in part
because of known T. c. carolina presence, and
many are under some form of local natural
resource management. This relative protection
may partially insulate study populations from
processes that threaten T. c. carolina populations

processes negatively impacting turtle populations and communities elsewhere such as habitat
loss and fragmentation (Patrick and Gibbs 2010,
Guzy et al. 2013), road mortality (Aresco 2005,
Steen et al. 2006, Ferronato et al. 2016) collecting
and commercial harvest (Garber and Burger
1995, Nickerson and Pitt 2012), invasive species
(Fordham et al. 2007, Van Dyke et al. 2019), and
disease (Dodd 1988, Spencer et al. 2018) are currently minimal at the monitored study sites.
However, the evidence in support of current
population stability in these study systems is
preliminary and should be interpreted with caution for several reasons. First, even a 10-year
study is short relative to the potential lifespans of
individual turtles, which can live for several
v www.esajournals.org
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Fig. 4. Temporal trends in Terrapene carolina carolina population density (mean  SE) from Piedmont sites monitored via the Box Turtle Connection network in North Carolina. Site number is indicated in the upper left corner.
Filled circles represent years when encounter probability could not be estimated, and in such cases, population
density was approximated using models where encounter probability was held constant.

vary between years and thus inﬂuence turtle
detection during surveys (Erb et al. 2015, Boers
et al. 2017, Parlin et al. 2019). Even when conditions are optimal, human observers and wildlife
detection dogs vary in their effectiveness of
detecting turtles depending on experience level
(Erb et al. 2015, Boers et al. 2017). As the majority
of turtles were encountered incidentally, and
given the large number of volunteers to coordinate across numerous sites, measures of how
methodological variables inﬂuenced encounter
probabilities could not be incorporated into models to make appropriate adjustments to

more generally. Consequently, the population
trends documented here should not be extrapolated too broadly to populations elsewhere in
other environmental contexts across the range of
T. c. carolina, including nearby unprotected sites
in North Carolina. Finally, encounter probability
estimates were highly uncertain at some sites,
making it difﬁcult to discern methodological artifacts from actual changes in population size. Terrapene carolina carolina activity is highly
dependent on temperature, humidity, rainfall,
and other environmental conditions that can
change over the course of a day or season and
v www.esajournals.org
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Table 9. Body size and population demographic variables for Terrapene carolina carolina from 38 sites in
North Carolina monitored in the Box Turtle Connection network.

Site
Coastal plain
1
3
4
5
6
7‡
8
Piedmont
9
10
11
12
13
14
15
16
17
18
19
20
21
22‡
23‡
24‡
25
26
27
28
Blue Ridge
29
30
31
32
33
34
35
36
37
38
39

Fig. 5. Size-frequency distributions for populations
of Terrapene carolina carolina in Coastal Plain, Piedmont,
and Blue Ridge ecoregions studied at 24 sites by the
Box Turtle Connection Network in North Carolina.
The dashed lines indicate approximate size at maturity
(115 mm carapace length). Values are mean  SE corrected for size-speciﬁc variation in encounter probabilities. Only sites with at least 50 turtle captures are
included.

population size and density. The ability to incorporate site- and time-speciﬁc encounter probabilities into density estimates in part addresses this
limitation. However, future studies would beneﬁt from collecting data on search effort and
environmental or methodological factors that
could inﬂuence search effectiveness, allowing for
more rigorous estimates and comparisons of
v www.esajournals.org

Turtles
(n)

Carapace
length range
(mm)

Immature
(%)

Adult
female
(%)†

22
45
58
70
143
138
225

102.0–159.3
69.9–160.4
43.0–159.0
59.3–150.0
35.0–159.3
34.7–155.0
65.0–157.0

4.8
14.0
5.2
15.7
18.2
36.7
34.7

31.3
31.4
45.8
48.2
35.9
63.7
50.7

6
8
9
10
11
15
19
50
78
83
92
123
111
137
163
128
169
185
195
195

116.5–135.6
85.0–135.0
112.0–133.0
110.4–137.0
102.4–135.4
57.0–146.0
113.0–135.1
68.3–136.3
81.0–146.0
34.6–140.0
48.3–143.6
53.5–162.3
52.8–143.8
46.0–151.0
55.5–146.0
43.0–151.2
64.0–167.0
47.0–144.7
36.0–145.8
35.4–145.0

0.0
25.0
44.4
20.0
36.4
26.7
10.5
40.4
11.7
50.6
43.5
37.4
27.9
28.2
47.1
35.6
19.6
30.3
42.1
21.0

16.7
20.0
80.0
40.0
26.8
9.1
41.2
48.5
50.0
61.0
47.0
30.4
42.5
26.3
26.1
36.5
31.8
47.5
22.7
30.3

9
13
18
31
37
43
42
58
71
94
153

83.0–142.0
49.0–137.0
70.7–145.8
35.0–152.0
99.0–151.4
66.0–143.0
60.0–144.0
79.2–143.8
61.0–142.9
58.7–142.5
43.4–145.0

44.4
15.4
5.9
6.9
8.1
27.9
14.6
22.4
21.1
33.0
37.9

60.0
36.4
60.0
55.6
39.4
51.7
60.0
50.0
46.7
53.6
41.9

† Calculated as the percentage of adult turtles (>115 mm
CL) that are females.
‡ Adjusted for demographic group-speciﬁc encounter
probability.

population size and density within and among
sites. Despite these limitations, the population
sizes and densities reported here can serve as a
15
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including survivorship, reproduction, growth,
movements, and other variables with population-level implications (Van Horne 1983). Terrapene carolina carolina occurred at multi-year
mean population densities between 0.2 and
6.0 turtles/ha, or between 0.1 and 8.9 turtles/ha
for single year estimates. Such density estimates
are similar to those reported for T. carolina populations elsewhere in North Carolina (1.7–
4.0 turtles/ha, Kapfer et al. 2012), Massachusetts
(1.7 turtles/ha, Erb et al. 2015), Delaware (0.8–
3.6 turtles/ha, Nazdrowicz et al. 2008), Missouri
(1.9–4.1 turtles/ha, O’Connor et al. 2015), and
Indiana (2.7–5.7 turtles/ha, Williams and Parker
1987), and generally lower than densities from
some populations in Maryland (9.9–12.4 turtles/
ha, Stickel 1950), Tennessee (14.0–15.5 turtles/ha,
West and Klukowski 2016), and Virginia (16.0
turtles/ha, Wilson and Ernst 2005). The highest
densities are reported for T. c. bauri populations
in Florida (2.7–18.5 turtles/ha, Langtimm et al.
1996, Pilgrim et al. 1997, Verdon and Donnelly
2005, Jones et al. 2016). Wide variation in population density is expected for species that cover
such broad geographic areas and diverse environmental contexts as T. carolina, but some of the
variability is also likely a result of differing survey and analytical methods and the wide timespan (1944–2017) over which populations were
studied. It should be noted that population abundance estimated via capture–mark–recapture is
sensitive to capture or search methods and may
underestimate actual population size and density
in turtles (Koper and Brooks 1998). Indeed, the
use of wildlife detection dogs was positively
associated with turtle population density estimates in this study and others (Cablk and Heaton 2006, Kapfer et al. 2012, Boers et al. 2017),
underscoring the necessity to account for such
methodological biases in analyses. Nevertheless,
there is no evidence that population densities
surveyed in the Box Turtle Connection network
are outside of the normal range for T. c. carolina,
but the current population densities at the
monitored study sites may not reﬂect historic
abundance before forest clearing, urban and
agricultural development, road construction, and
other anthropogenic activities signiﬁcantly
altered the landscape.
Despite wide variation in population density,
surprisingly few of the landscape variables

Fig. 6. Relationship between body size and somatic
growth rate for 404 Terrapene carolina carolina recaptured from 25 sites studied in the Box Turtle Connection network in North Carolina.

useful baseline with which to compare population trends at these same sites in the future.

Population density
Assessing temporal trends in abundance provides information on how populations are
responding to spatio-temporal variation in environments, but changes in population size alone
give no information on the mechanisms driving
population dynamics. Measurements of additional population characteristics, such as population density, demographic structure, and vital
rates, can provide useful information on the
causes responsible for population changes
v www.esajournals.org
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relationship between population density and forest habitats, is at ﬁrst surprising given that T. c.
carolina is a nominally terrestrial forest-dwelling
species. Even though T. c. carolina prefers predominantly forested habitats throughout its
range (Rittenhouse et al. 2008, Kapfer et al. 2013,
Greenspan et al. 2015, Parlin et al. 2017, Roe et al.
2018), forest edges, early successional, and other
open habitats are seasonally and perhaps regionally important for basking, nesting, and foraging
(Reagan 1974, Dodd 2001, Filtz and Mullin 2006,
Fredericksen 2014, Kiester and Willey 2015, Parlin et al. 2017). Large expanses of continuous forest may thus not support the highest densities of
T. c. carolina, but mosaics of forested and open
habitats may be most optimal (Nazdrowicz et al.
2008, Erb et al. 2015, O’Connor et al. 2015). The
positive relationship between wetland habitats
and population density suggests aquatic habitats
are also important for T. c. carolina populations.
Terrapene carolina carolina populations often maintain close associations with aquatic environments
such as bottomlands, wetlands, streams, and
nearby mesic forests (Rossell et al. 2006, Rittenhouse et al. 2008, West and Klukowski 2016, Roe
et al. 2018). Wetland habitats may be especially
important during drought (Donaldson and
Echternacht 2005), for refuge from ﬁre (Platt
et al. 2010, Roe et al. 2018, 2019), and for smaller
individuals and early life stages (Jennings 2007,
Roe et al. 2018). Terrapene carolina carolina would
beneﬁt from a complementary approach to habitat conservation, where management practices
are directed at maintaining wet areas in close
proximity to terrestrial forests to support higher
population densities. It should be noted that sites
were not intentionally chosen to target particular
landscape gradients (e.g., urban to rural, terrestrial to aquatic), limiting our ability to examine
how landscape variables inﬂuenced T. c. carolina
density and other population characteristics.

examined were signiﬁcant predictors of population density, with two exceptions. Consistent
with our hypotheses, T. c. carolina population
density was lower in areas with more urban
development in the surrounding landscape,
likely reﬂective of the numerous challenges turtles face in urbanized areas. Land development
results in the reduction of natural habitats into
smaller isolated fragments (Rubin et al. 2001,
Edwards et al. 2004, Nazdrowicz et al. 2008) that
can reduce movements (Iglay et al. 2007, Patrick
and Gibbs 2010). Land development also reduces
or degrades the quality of nesting habitat (Marchand and Litvaitis 2004) and leads to increased
mortality from subsidized predators (Marchand
et al. 2002) and vehicular collisions (Dodd et al.
1989, Gibbs and Shriver 2002, Ferronato et al.
2016). Increased use of parks and recreation
areas in more populated urban areas may also
lead to turtle population declines through collection and other behavioral disturbances (Garber
and Burger 1995). This combination of threats
may reduce population abundance through
decreased survival, recruitment, and inter- and
intra-population movements in T. c. carolina, even
when core areas of habitat are protected but surrounded by urban development. Declines in T. c.
carolina population density and even local population extirpation have been associated with
urban land development (Dodd 2001, Nazdrowicz et al. 2008, Kiester and Willey 2015), but prior
to this study, evidence has been largely anecdotal
and based on single study sites. While only correlative, these data are the strongest yet linking
urban land development with low population
density in T. c. carolina. This trend is concerning
given the increasing rates of urbanization
throughout the southeastern United States (Grifﬁth et al. 2003, Alig et al. 2004, Gallant et al.
2004) and suggests reduction and mitigation of
urban threats should be a conservation priority
for T. c. carolina. However, that no changes in survival, somatic growth rates, or population demographics were detected along the developed land
gradient makes it difﬁcult to identify any mechanistic causes that are currently operating on
urban populations for targeted mitigation.
The only habitat class associated with
increased population density in T. c. carolina was
wetlands. This positive association with wetlands, together with the lack of a signiﬁcant
v www.esajournals.org

Population demographic structure
Measurements of population demographic
structure can provide information on both the
history of processes operating on a population
and its future viability. For example, low numbers of immature individuals in a population
may indicate consistent past recruitment failures
as well as limitations on future population
growth (Gerlach 2008, Van Dyke et al. 2019).
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reproductively mature females are rare (Doak
et al. 1994). Several threatening processes can
alter sex ratios in turtles, including female mortality from vehicular collisions during nesting
migrations (Aresco 2005, Gibbs and Steen 2005,
Steen et al. 2006), rising temperatures in nest
environments for species with temperature-dependent sex determination (Ewert and Nelson
1991, Janzen 1994, Bowne et al. 2018), environmental contamination (Willingham 2005), and
mortality from introduced or subsidized predators (Seigel 1980, Tucker et al. 1999, Feinberg and
Burke 2003). Despite wide variation in sex ratios
among sites, there was no overall adult sex ratio
bias in either direction for T. c. carolina in this
study, nor were any signiﬁcant relationships
identiﬁed relating sex ratio to any of the landscape variables examined. The only ecoregional
trend was for higher male-biased sex ratios in
Piedmont sites, though this was not statistically
signiﬁcant. The Piedmont was associated with
more urban land development and higher road
densities, pointing to a possible link between
these threatening processes and altered sex ratios
in T. c. carolina as has been found in some turtle
species (Marchand and Litvaitis 2004, Aresco
2005, Gibbs and Steen 2005, Steen et al. 2006),
but not others (Roe et al. 2011, Bowne et al.
2018). This is the ﬁrst broad-scale examination of
trends in sex ratios in T. c. carolina, and more targeted sampling of sites along rural to developed
land gradients would be required to further
explore relationships between urbanization and
population demographic structure in this species.

Size-frequency distributions for T. c. carolina from
the majority of sites were skewed toward adults
in the 115–145 mm CL size classes. Turtle populations are usually comprised of more adults
than immature individuals, which is typically
attributed to increased mortality in early life
stages coupled with high survival and long lifespans of adults that result in the accumulation of
multiple age cohorts in the adult size classes
(Tuberville et al. 2014). It has also been suggested
that the low detectability of smaller (and presumably younger) individuals contributes to their
under-representation in turtle population samples (Roe et al. 2009), but variable detection probability among demographic groups and body
sizes was of minimal importance for T. c. carolina
in this study. Immature turtles had lower
encounter probabilities than adults at only four
sites, and encounter probabilities for immature
turtles were within 1% of those of adults in the
overall model. Encounter probability increased
with body size from 0.079 to 0.120, a difference
of only 4%, across a size range of 35–159 mm CL.
Even after adjusting for these minor demographic and size-speciﬁc differences in encounter
probability, smaller turtles were still relatively
uncommon, suggesting that actual population
structure is adult-biased and not a simple artifact
of age- or size-speciﬁc variation in detectability.
Immature turtles accounted for 22.1%, 25.8%,
and 33.5% of the populations in the Coastal
Plain, Blue Ridge, and Piedmont ecoregions,
respectively, values similar to T. c. carolina populations elsewhere (26.5–46%, Kiester and Willey
2015). No conclusion can be made as to whether
this number of juveniles reﬂects recruitment rates
adequate to maintain viable populations, but it is
apparent that recruitment has been consistently
occurring over the past decade in all ecoregions.
Terrapene carolina carolina reaches size at sexual
maturity (~115 mm CL) at approximately 10 yr
of age in North Carolina (Budischak et al. 2006),
and there were no major gaps in immature size
classes from hatchling size to subadult in our
population samples.
Another important measure of population
demographic structure is sex ratio. Skewed sex
ratios may indicate chronic sources of sex-speciﬁc mortality (Gibbs and Steen 2005, Steen et al.
2006) that may also affect recruitment and
threaten population persistence, particularly if
v www.esajournals.org

Vital rates
Survivorship is a vital rate of clear signiﬁcance
to turtle populations, with even minor additional
chronic mortality or major episodic mortality
events resulting in long-term impacts to populations (Brooks et al. 1991, Congdon et al. 1993,
1994, Heppell 1998, Keevil et al. 2018), including
in box turtles (Dodd et al. 2016). It should be
noted that commercial or incidental collection
would have the same effect as mortality given
that collected individuals are permanently
removed from the population. Prior to this study,
direct estimates of T. c. carolina survival were
restricted to only a few populations, with values
of 81.3–97.7% for four populations in Delaware
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of size-, age-, and sex-speciﬁc resolution on survival probabilities (Congdon et al. 1993, 1994),
yet prior to this study, such demographic information was largely lacking for T. c. carolina. Most
estimates of survivorship in T. c. carolina are for
adult and subadult individuals over a limited
body size range (Nazdrowicz et al. 2008, Currylow et al. 2011, Roe et al. 2019). In this study, survival differences among demographic groups
(immature, adult male, adult female) were small
and inconsistent. This lack of variation in survival among demographic groups is consistent
with most T. carolina populations elsewhere
(Dodd et al. 2006, Nazdrowicz et al. 2008, Currylow et al. 2011), with the exception of sex-speciﬁc
variation in two populations (Roe et al. 2019).
However, the division of individuals into such
broad demographic classes overlooks potentially
important body size variation among individuals
within and across categories. Survival is considered to be strongly dependent on body size in
most species of turtles, in part because smaller
individuals without fully ossiﬁed shells are vulnerable to a wider range of predators (Gibbons
1987, Janzen 1993, Janzen et al. 2007, Nagy et al.
2011). Surprisingly, body size was only a weak
predictor of survival in our study, with apparent
survival estimates only increasing from 81.3% to
87.4% (90.7–96.8% true survival) over the entire
body size range of 34.6–159.3 mm CL. Nevertheless, the detailed estimates of demographic- and
size-speciﬁc survival for T. c. carolina reported
here are useful for wildlife management and conservation planning (Doak et al. 1994, Benton and
Grant 1999, Mitro 2003, Enneson and Litzgus
2008).
Somatic growth rates in reptiles can vary
according to intrinsic attributes such as life stage,
body size, sex, and genetics, as well as in
response to temporally dynamic extrinsic environmental factors such as habitat quality, season,
and disturbance (Andrews 1982, Willemsen and
Hailey 2002, Nagy et al. 2015). Growth affects
body size and thus survivorship (Janzen et al.
2007), reproductive output (Congdon and Gibbons 1985), mating success (Niblick et al. 1994),
and age of sexual maturity (Congdon and van
Loben Sels 1993, Frazer et al. 1993) in turtles, all
of which have population-level and conservation
implications. Several studies have examined patterns of growth in box turtles across their range,

(Nazdrowicz et al. 2008), 85.8–91.3% for two
populations in North Carolina (Roe et al. 2019),
and 96.3% for a population in Indiana (Currylow
et al. 2011). Annual survival in a closely related
subspecies, T. c. bauri, was 87–89% in a Florida
population (Dodd et al. 2006). Before comparing
and interpreting survivorship values, however, a
distinction must be made between apparent vs.
true survival. The Cormack-Jolly-Seber mark-recapture models used here yield apparent survival estimates, which combine both survival
and emigration, as no distinction can be made
between death and permanent or temporary emigration from the study area (Gilroy et al. 2012).
Mortality and emigration have very different
outcomes for population dynamics, as individuals that leave the study site may again return or
still contribute to population or metapopulation
regulation and gene ﬂow in the broader area
(Kimble et al. 2014). Terrapene carolina carolina can
traverse large home ranges (Currylow et al. 2012,
Greenspan et al. 2015, Roe et al. 2020) and move
long distances in the case of possible transient
individuals (Kiester et al. 1982). As expected, turtles in this study were not conﬁned to study area
boundaries, with an emigration rate estimated
by radiotelemetry of 9.4%. Apparent annual survival estimates from the overall model ranged
from 85% to 86% for the various demographic
groups, which after adjusting for emigration
increases true survival estimates to 94.4–95.4%,
values toward the higher end of the range of T.
carolina populations elsewhere (81.3–96.3%;
Dodd et al. 2006, Nazdrowicz et al. 2008, Currylow et al. 2011, Roe et al. 2019). Likewise, mean
annual survival for the three ecoregions adjusted
for emigration ranged from 88.2% to 96.3%.
Some populations in the site-speciﬁc models had
low and unsustainable annual survival rates
(e.g., 37.0% apparent survival, or 46.4% true survival) of some concern for local population viability, but the high uncertainty associated with
some of these estimates limits the inferences that
can be drawn and requires further sampling to
validate. However, it is not our intention to
examine sources of variation on site-speciﬁc
cases, but rather to investigate general temporal
and spatial trends.
While overall survival estimates are informative, understanding and projecting population
trends can improve with more detailed estimates
v www.esajournals.org
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including a T. c. bauri population from Florida
(Dodd and Dreslik 2008), a Terrapene carolina triunguis population in Oklahoma (St. Clair 1998),
and T. c. carolina populations in New York
(Nichols 1939), Maryland (Stickel and Bunck
1989), and North Carolina (Budischak et al. 2006,
Roe et al. 2019). The negative relationship
between somatic growth rate and body size in
this study is consistent with other T. carolina populations (op. cit.), but most of these studies
report predictive relationships between age and
growth. However, turtles in the youngest age
class (0–4 yrs) grew at 15–20 mm/yr, while turtles from the oldest age class (15–20+) grew at
close to zero mm/yr in a North Carolina population (Budischak et al. 2006). These values are consistent with growth rates observed in this study,
which ranged from approximately 15 mm/yr in
the smallest (and presumably youngest) individuals and decreased with body size to near zero in
the largest (and presumably oldest) individuals.
Even after correcting for body size, growth was
variable among populations but did not vary
according to ecoregion or landscape factors,
which is surprising given that T. carolina growth
and body condition can vary spatially between
habitats of different quality (Budischak et al.
2006) and temporally in response to disturbance
(Dodd and Dreslik 2008, Howey and Roosenberg
2013). However, the complex intrinsic and extrinsic environmental factors that interact to inﬂuence growth in turtles and other reptiles, along
with the high variability among individuals
within a population, may confound attempts to
identify consistent patterns or trends (Plummer
1977, Andrews 1982, Cox et al. 1991, Loehr et al.
2007, Nagy et al. 2015). It is also possible that the
omnivorous foraging strategy of T. carolina
(Dodd 2001) and low metabolic costs (Penick
et al. 2002) in part buffer individuals from drastic
changes in nutritional status compared to dietary
specialists, as stored energy is not depleted
quickly and temporary shortages in particular
food resources only require a shift to other
locally available food types.

types, climate, hydrology, and the frequency and
intensity of natural and anthropogenic disturbances. In such cases, land managers and conservation planners would beneﬁt from an
understanding of biological responses to such
environmental heterogeneity for target species. A
regional approach to management has been used
for several turtle species to track population
trends, identify variable behaviors, threatening
processes, and knowledge gaps, and ultimately
to implement more effective conservation and
management solutions across broad geographic
areas (Chaloupka et al. 2008, Wallace et al. 2010,
Averill-Murray et al. 2012). However, there has
been limited systematic effort to identify potential variability among T. carolina populations
across a spectrum of geographic contexts (but see
Erb et al. 2015, Habeck et al. 2019). Surprisingly,
in our study, no aspect of T. c. carolina population
characteristics varied along an environmental
gradient of distinct ecoregion types that differed
in numerous natural habitat types (e.g., forest
coverage and hydrology) and anthropogenic
stressors (e.g., agriculture and urban development). This evidence suggests that T. c. carolina
population trends and structure are consistent
among ecoregions and that underlying population regulatory processes are operating similarly
across protected areas in North Carolina. Consequently, there is no need for ecoregion-speciﬁc
conservation or management across the state at
this time with respect to the population characteristics examined here. The similarity of T. c. carolina populations across ecoregions may simply
highlight the species ﬂexibility to successfully
inhabit a wide range of environmental contexts.
However, our ability to detect ecoregional variation may have been confounded by high uncertainty in some estimates and the unequal
distribution of sampling among ecoregions, especially in the Coastal Plain and Blue Ridge areas.
Despite ecoregional similarities, populations
exhibited high site-speciﬁc variability in nearly
all estimated parameters, and managers would
beneﬁt from targeting and mitigating local
threatening processes. In particular, urban land
development and wetland destruction are two
threatening processes that land managers should
attempt to mitigate to ensure local population
viability. While population densities were lower
in urbanized areas, it is encouraging that

Management implications
For species with broad geographic ranges,
populations occur in environments that vary in
several extrinsic factors such as the spatial distribution and availability of resources, habitat
v www.esajournals.org
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population sizes tended to be temporally stable
at all monitored sites with sufﬁcient data, and
that population structure and critical vital rates
were not affected by landscape context and were
in the range of expected values for T. c. carolina.
Despite this optimistic outlook, we encourage
population monitoring to continue at these sites
to detect longer-term trends and responses to
threatening processes, some of which (e.g., disease) can emerge rapidly and decimate local populations (Adamovicz et al. 2018, Spencer et al.
2018). We also recommend sampling additional
sites in unprotected areas for comparison.
Although there are some limitations to the data,
the Box Turtle Connection network has provided
the broadest scale assessment of T. c. carolina
population characteristics of any study to date,
serving as a potential model for other regions to
follow in developing monitoring programs for
this and other imperiled turtle species.
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