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Turtles are among the most vulnerable vertebrate group to declines, extirpations, and extinctions, especially those
species with specific habitat requirements. The Bog Turtle (Glyptemys muhlenbergii) is listed as federally Threatened in
the United States, but the southern population of the species does not receive full habitat protection under the
Endangered Species Act. To understand Bog Turtle demographics within the southern population, we applied Cormack-
Jolly-Seber and multistate models in program MARK and calculated annual adult, sex-specific, and juvenile survival for
intensively sampled (19–180 sampling days) Bog Turtle populations in North Carolina. The most parsimonious model
indicated that adult survival remained constant over time for all populations, but was relatively low when compared to
other species of turtles. Adult survival estimates varied between 0.86 and 0.94 among the sites, all below the 0.96 adult
survival estimate documented for northern Bog Turtle populations. To evaluate variation in juvenile survival, we
focused on three populations: the two largest known populations and an intensely studied, but critically declining
population. The two largest populations had a greater proportion of juveniles than other populations and higher
juvenile survival (0.68 and 0.67) than the declining population (0.50). Thus, conservation efforts targeting juvenile
survival and recruitment, such as nest protection and habitat enhancement, are important to ensure population
stability. Furthermore, our estimates of adult and juvenile survival indicate that North Carolina populations are likely
declining and without stronger protection measures, local and regional extirpations of the species may occur.

S
IGNIFICANT reptile declines have been documented

on a global scale (Gibbons et al., 2000; Böhm et al.,

2013). Turtles surpass other major vertebrate taxa, such

as birds, mammals, and amphibians, in terms of species

recognized as Threatened and Endangered under IUCN

criteria (e.g., approximately 51% of turtle species are

considered Threatened compared to 41% of amphibian

species, another highly at risk vertebrate group; Turtle

Taxonomy Working Group, 2014). Certain life-history traits

likely make turtles more sensitive than other taxa to

anthropogenic disturbance. Turtles are characterized by

delayed sexual maturity and typically high egg and juvenile

mortality, necessitating high adult survival to maintain stable

populations (Congdon et al., 1993; Pittman et al., 2011).

Thus, implementing management plans that improve and

maintain survival, such as preserving and restoring suitable

habitat or protecting nests, could help to ensure the

persistence of turtle populations (Sirois et al., 2014; Reid et

al., 2016).

Bog Turtles (Glyptemys muhlenbergii) are small and cryptic

semi-aquatic turtles that are federally listed as Threatened in

the United States primarily as a result of habitat fragmenta-

tion and degradation (USFWS, 1997). They occupy small

tracts of open canopy meadows, bogs, and fens conducive to

basking and burrowing under mud (Herman and Tryon,

1997). Bog Turtles occur in the eastern U.S. in two

geographically distinct population networks: a northern

population network extending from New York and western

Massachusetts to Maryland and a southern population

network extending from Virginia to northern Georgia (Ernst

and Lovich, 2009). While Bog Turtles in the northern U.S.

receive full protection under the Endangered Species Act

(ESA), Bog Turtles within the southern population network

are listed as Threatened due to their ‘‘similarity in appear-

ance’’ to the northern population network. Thus, federal

regulations prohibit the collection of Bog Turtles throughout

their range, but only Bog Turtles in the northern U.S. are

federally protected from destructive activities affecting their
habitat, such as wetland draining (USFWS, 1997).

In North Carolina, Bog Turtles are found in the western
portion of the state, concentrated in a montane region
known as the Blue Ridge, with the exception of a few isolated
populations in the Piedmont. Wetland draining for agricul-
tural use of land within the Bog Turtle’s range has resulted in
a 90% loss of North Carolina mountain bogs (Weakley and
Schafale, 1994; Noss et al., 1995). In addition to habitat loss
and fragmentation, poaching may be a factor contributing to
declines of certain Bog Turtle populations (USFWS, 1997).
Bog Turtles are highly sought after for the pet trade because
of their rarity and are considered one of the most valuable
turtle species native to the United States (Herman and Tryon,
1997; USFWS, 1997).

To create effective management strategies that improve
Bog Turtle population viability and maintain stable popula-
tions, underlying demographic questions need to be ad-
dressed, especially for the less-intensely studied southern
population network. Considering that North Carolina con-
tains the majority (63.9%) of the Bog Turtle’s geographic
range in the southeast (G. Graeter, unpubl. data), the state’s
populations are likely fundamental to the overall viability of
the southern network. Ultimately, key vital rates of well-
studied populations known to be stable could serve as
benchmarks for assessing the viability of other populations.
Thus, our objective was to evaluate Bog Turtle demography at
11 sites in the mountains and Piedmont of North Carolina.
Although measures of fecundity and recruitment are impor-
tant to consider when evaluating the overall viability of
populations, nesting studies have yet to be completed at
these North Carolina populations. Considering the large
contribution of adult and juvenile survival to population
growth in freshwater turtles relative to the input from
fecundity or recruitment (Congdon et al., 1993; Heppell,
1998), we believe that examining these vital rates is critical to
begin understanding demographic differences among popu-
lations. Thus, we used open population modeling to calculate
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adult, juvenile, and sex-specific survival, and examined age
and sex structures to describe patterns in Bog Turtle captures
over entire sampling periods.

MATERIALS AND METHODS

We used individual mark-recapture records from a long-term
dataset (.10 years) maintained by the North Carolina
Wildlife Resources Commission and Project Bog Turtle
(hereafter referred to as the NC Bog Turtle Database).
Experienced researchers with Project Bog Turtle completed
many of the Bog Turtle population surveys and worked
closely with private landowners (Somers, 2000). We chose 11
well-studied sites from the NC Bog Turtle Database to
examine age and sex structures and used the eight most-
intensively sampled sites for modeling survival. The NC Bog
Turtle Database contained records of all population surveys
completed at the 11 sites between 1975 and 2014. We
provided each site with a letter name based on the number of
marked turtles (i.e., A is the site with the greatest number of
marked turtles and K is the site with the fewest number of
marked turtles) and did not disclose precise locations or exact
site names because of concerns about the potential for
poaching.

We used a combined total of 2,240 captures of 810 Bog
Turtles at the 11 sites to determine demographic factors
affecting Bog Turtle survival. The number of marked turtles,
number of captures, number of sampling events, and
sampling periods varied considerably among sites (Table 1).
Active search methods, such as probing with wooden sticks
and visual encounters, accounted for nearly all Bog Turtle
captures. Population surveys varied in sampling time and
effort, but surveys included an average of three hours per
person, and 2–34 (median of 3) surveys occurred during
sampling years. During population surveys, researchers
typically searched an entire site area. Traps were used some
years at Site E to supplement probing efforts. Consult
Pittman et al. (2011) for a detailed description of sampling
techniques at Site E.

To examine patterns of captures over the entire sampling
history of a site, we described the sex and age structure as the
proportion of males or females in the adult population and
the proportion of juvenile or adult initial captures, respec-
tively. Juvenile turtles were aged by counting scute rings, but
because scute ring counts are inaccurate for mature individ-
uals (Brooks et al., 1997; Litzgus and Brooks, 1998), adult ages
were estimated (e.g., .7 years of age) or calculated from the

NC Bog Turtle Database for recaptured turtles. We deter-
mined an age cutoff for the adult class by querying the NC
Bog Turtle Database for the youngest gravid female, yielding
several gravid females aged 7 years. Thus, we considered
individuals aged 7þ years as adults. We used all captures for
the sex and age structures for each site, and thus these
structures may not reflect the sex and age distributions of the
current populations. We used simple linear regressions to
examine the relationship between the proportion of female
captures and adult survival estimates, and the relationship
between the proportion of juvenile initial captures and adult
survival estimates. In other words, we examined whether the
sex and age structures of the more robust populations (i.e.,
populations that harbored a greater number of turtles and
exhibited higher survival) differed from populations exhib-
iting the lowest survival.

Statistical analyses.—To calculate adult and sex-specific
survival, we used an open population Cormack-Jolly-Seber
(CJS; Lebreton et al., 1992) model in MARK, a program which
can estimate year-specific apparent survival (U) and recapture
(p) parameters using mark-recapture records (Version 6.2;
White and Burnham, 1999). Each sampling interval was
annual and included captures from all spring, summer, and
fall sampling occasions because few turtles were captured
during a given season at many sites. Each site was sampled
with varying amounts of effort, with some sampled multiple
times in a given year and others sampled more sparingly.
Years with minimal effort (i.e., only one occasion in a year)
were excluded from the capture histories because we did not
consider one occasion sufficient to effectively sample a Bog
Turtle population. Accordingly, we adjusted the intervals
between sampling in program MARK to reflect any gaps in
years sampled. Because most sites were sampled in different
years, we first calculated survival for each Bog Turtle
population individually. In MARK we considered four
candidate models for each site, including the fully time-
dependent global model U(t)p(t). We separately included sex
as a factor in the adult survival model set to test for
differences in survival between males and females (refer to
Supplements 1–6 for descriptions of each sex-specific model;
see Data Accessibility). We did not test for differences in
apparent survival between male and female juveniles because
sex was not known for all juveniles.

We focused on sites A, B, and E to identify key differences
in demography among more robust Bog Turtle populations
(such as sites A and B) and declining populations (such as Site

Table 1. Sampling data from 11 Bog Turtle sites in North Carolina, USA. Site name, site code from the NC Bog Turtle Database, total number of
marked turtles, total number of turtle captures, total number of sampling events, and sampling period. Sites are labeled A–K, according to the
number of marked turtles, from greatest to least.

Site name Site code Total # of marked turtles Total # of captures Total # of sampling events Sampling period

A 108 228 496 40 1995–2014
B 110 156 483 72 1996–2014
C 26 144 187 79 1975–2012
D 131 72 155 37 2002–2014
E 88 57 335 180 1992–2014
F 113 47 126 45 1996–2013
G 69/75 40 58 24 1990–2013
H 87/91 32 110 30 1992–2014
I 76 33 158 64 1990–2013
J 136 29 72 20 2000–2014
K 141 29 60 19 2002–2014
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E). Sites A and B had the greatest number of marked turtles

(i.e., A and B are most likely the largest populations), and Site
E was the most intensively sampled (Fig. 1). However, the Site

E Bog Turtle population has declined dramatically since the
1990s, with no new adult captures since 2006 (Pittman et al.,

2011). In contrast, at Site A there was an average of 15.666.8
new turtle captures per year from 2008–2014, the time period

when sampling was most consistent from one year to the
next; at Site B there was an average of 2.161.7 new turtle

captures per year from 2008–2014. In addition to the adult
survival analyses (described above) that were run individually
for each site, we pooled adult capture histories for sites A, B,

and E from 1996–2014 (the period during which 12 sampling
years from each site overlapped) to test for the effect of site

on adult survival. We considered eight models, including the
global model U(site(t))p(site(t)), representing time-varying dif-

ferences in survival and recapture probabilities among the
sites A, B, and E. We made the assumption that recapture

probability varied over time as a result of variation in
sampling effort among years. Subsequent nested models

differed in time and site effects in the survival parameter.

To estimate juvenile survival for sites A, B, and E, we used

multistate capture-recapture models (Lebreton and Pradel,
2002) that allowed individuals to transition from the juvenile

(1–6 years) to the adult (7þ years) stage during each annual
sampling period. Multistate models have been used in

multiple contexts (White et al., 2006), including metapop-
ulation dynamics (Roe et al., 2009; Spendelow et al., 2016),

but we applied the multistate model to account for stage class
transitions over time. Our models included three fundamen-

tal parameters: annual survival probabilities (U), recapture
probabilities (p), and transition probabilities (w) for each

state. We used our results from the adult survival analyses to
inform our selection of candidate models for juvenile

survival. We considered the models U(stage(.))p(t)w(ja(.)) and
U(stage(.))p(stage(t))w(ja(.)), both specifying constant survival for

juveniles and adults over time (U(stage(.))), time-varying
recapture probabilities (set equal [p(t)] or unequal [p(stage(t))]

for the age classes depending on the model), a constant
transition probability from the juvenile to adult stage (w(ja(.))),

and a fixed transition probability of 0 from the adult to
juvenile stage (w(aj)). We tested for differential detectability of

juveniles with the model U(stage(.))p(stage(t))w(ja(.)). Mark-recap-
ture data were analyzed separately by site.

We included entire capture histories (1996–2014) for sites
A and B in the juvenile survival analyses, but excluded years

with low sampling effort (i.e., a single occasion in a given
year). To allow us to compare juvenile survival of these more

robust populations to a small, intensively sampled popula-
tion with few recaptured juveniles, we estimated juvenile

survival at Site E over the time period corresponding to when
juveniles were most frequently captured at that site (1992–

1998). We could not fit fully parameterized multistate models
for Site E across all sampled years because of the precipitous

decline in juvenile captures over time. For example, the
number of turtles initially captured as juveniles and

recaptured in subsequent years declined from eight juveniles
(of 17 total juveniles) from 1992–1998 to one juvenile (of
three total juveniles) from 2001–2014. Thus, we considered

the same model set described for sites A and B, but restricted
our analysis to mark-recapture data from 1992–1998 for Site

E. Too few and infrequent captures of juveniles prevented us
from estimating juvenile survival at other sites.

Goodness of fit.—We used the bootstrap goodness of fit test to
evaluate the fit of the global, most parameterized model
[U(t)p(t); U(site(t))p(site(t)); U(sex(t))p(sex(t)); U(stage(.))p(stage(t))w(ja(.))]
for all demographic factors (Burnham and Anderson, 2002).
We ran 1,000 simulations and noted the placement of the
observed deviance of the global model compared to the
simulated deviances; we expected the observed deviance to
fall approximately at the halfway point among the simulated
deviances ranked in increasing order. We calculated a c-hat
value for each global model by dividing the observed
deviance by the mean of the simulated deviances. We used
Akaike’s Information Criterion adjusted for small sample
sizes (AICc) and corrected for overdispersion when the c-hat
value was greater than 1, resulting in DQAICc values
(Burnham and Anderson, 2002). We selected the model with
the lowest DQAICc value as the most parsimonious model.
When more than one model was supported for the sex-
specific model set (with an Akaike weight of at least 0.2), we
used model averaging, which considered the weight of
evidence for each model when calculating survival estimates,
taking model uncertainty into account (Burnham and
Anderson, 2002).

RESULTS

Sex and age structures.—The sex structure revealed that for
ten of the 11 sites, more females were captured than males
(Fig. 2A). Accordingly, there was no relationship between the
proportion of female captures and adult survival estimates (r2

¼ 0.08, P ¼ 0.50). Age-class structure, or the proportion of
each population first captured as juveniles (age 1–6) or adults
(age 7þ), varied among populations (Fig. 2B). There was a
positive relationship between the proportion of juvenile
captures and adult survival estimates, but the trend was not
significant (r2 ¼ 0.33, P ¼ 0.14). Sites with more marked
turtles also had a greater proportion of turtles first marked as
juveniles than other sites (r2¼ 0.64, P ¼ 0.02). Sites A and B
had the greatest proportion of initial juvenile captures, with
42.5% juvenile captures from Site A and 54.0% juvenile
captures from Site B. Other sites had proportionately fewer
juveniles represented in their populations, and no juveniles
were captured at Site G.

Adult survival.—The results from the CJS models are estimates
of apparent survival because the loss of marked individuals
from each population could potentially be attributed to
either mortality or emigration; however, these survival
estimates may be representative of the true survival of the
populations as Bog Turtles infrequently move among discrete
wetlands (Morrow et al., 2001; Pittman and Dorcas, 2009).
The best supported model of adult survival for five of eight
sites indicated a constant survival probability and a recapture
probability that varied with time, and no effect of sex for
either parameter (U(.)p(t); refer to Supplements 7–14 for
descriptions of the model of best fit for each site; see Data
Accessibility). Estimates of annual adult survival for these
eight North Carolina Bog Turtle populations ranged from
0.86 (95% CI¼ 0.74–0.93) at Site H to 0.94 (95% CI ¼ 0.90–
0.97) at Site A (Fig. 3). Generally, sites with more marked
turtles had higher annual adult survival (r2¼ 0.79, P¼ 0.01).
Models showed more variation in the survival estimates
calculated for sites F, H, I, and J because of their small
population sizes. For example, Site J—one of the smallest
populations—had a relatively high annual adult survival
estimate (0.92) with respect to the other sites, but also had a
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Fig. 1. The number of Bog Turtles captured each year, both adults (light gray) and juveniles (dark gray), as well as the number of sampling events
per year (solid line with filled circles) at sites A, B, and E in North Carolina, USA.
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wide 95% confidence interval (0.78–0.98). Of the five sites
that supported a model with a sex-specific difference in
survival (QAICc weight � 0.2), the sex-specific model had a
lower QAICc weight than the best supported model, one
with survival unaffected by sex (refer to Supplements 1–6 for

descriptions of each sex-specific model; see Data Accessibil-
ity). After model averaging, we found marginal differences in
survival point estimates between males and females, but with
overlapping confidence intervals. Thus, there was no
detectable difference in survival between males and females
across all sites. Only Site A supported a model (QAICc weight
0.33) specifying a sex-specific difference in the recapture
probability, but with overlapping confidence intervals
among all sampling intervals.

The pooled capture histories from sites A, B, and E
supported (AICc weight 0.77) site-specific variation in adult
survival (Supplement 15; see Data Accessibility). The most
parsimonious model U(site(.))p(site(t)) indicated a constant
difference in survival and a time-varying difference in
recapture probability among the sites. Adult survival was
highest at Site A (0.94; 95% CI¼0.90–0.96), with lower point
estimates calculated for sites B (0.88; 95% CI ¼ 0.83–0.91)
and E (0.87; 95% CI ¼ 0.80–0.91).

Juvenile survival.—A total of 80 juveniles were captured at Site
A from 1996–2014, 72 juveniles at Site B from 1996–2014,
and 17 juveniles at Site E from 1992–1998. Sites A, B, and E
supported the model U(stage(.))p(t)w(ja(.)), indicating a constant
difference in the survival probability between juveniles and
adults, but no difference in the time-varying recapture

Fig. 2. (A) The sex ratio, the propor-
tion of male and female Bog Turtles
represented in each population A–K
in North Carolina, USA. (B) Age
structure and proportion of Bog
Turtles first captured as juveniles
(age 1–6) or adults (age 7þ) at sites
A–K in North Carolina, USA. The sites
are ordered by number of marked
turtles, from greatest to least. All
captures were used and thus the
sex and age structures may not reflect
the current population.

Fig. 3. Adult survival (age 7þ) of eight Bog Turtle populations in North
Carolina, USA. The sites are ordered by number of marked turtles, from
greatest to least. The height of the bars indicates the estimated annual
survival probability (U), the data labels are the adult survival point
estimates, and error bars are 95% confidence intervals.
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probability between the age classes (Supplements 16–18; see
Data Accessibility). Point estimates of apparent juvenile
survival were high for Site A (0.68; 95% CI ¼ 0.54–0.79)
and Site B (0.67; 95% CI¼0.54–0.78), but considerably lower
(0.50; 95% CI ¼ 0.24–0.76) at Site E (Fig. 4). Because of the
variability in juvenile captures, 95% confidence intervals
were wide.

DISCUSSION

In this study we estimated Bog Turtle survival rates—adult,
sex-specific, and juvenile survival—and determined that
adult survival varied among the most intensively studied
sites. We observed that sites with a greater number of turtles
generally had higher adult survival than smaller populations,
had a greater proportion of individuals first captured as
juveniles, and had higher juvenile survival than a declining
population (i.e., Site E). Species with long generation times
typically have high adult survival, but adult survival
estimates for sites B–K were relatively low for maintaining
stable turtle populations. For example, Enneson and Litzgus
(2008) used a stage-classified projection matrix for Spotted
Turtles (Clemmys guttata) and determined that annual adult
survival below 0.93 resulted in population declines. Because
Spotted Turtles are closely related to Bog Turtles and share
similar life-history characteristics, we used 0.93 as the adult
survival threshold for stable Bog Turtle populations. In this
context, only Site A is above the 0.93 potential marker of a
stable population.

Estimates of Bog Turtle survival have been reported for
adults from an isolated population in North Carolina (the
same population referred to as Site E in this study), for adults
from two sites in Massachusetts that differed in habitat
quality, and adults and juveniles from populations in New
York and Massachusetts (Pittman et al., 2011; Shoemaker et
al., 2013; Sirois et al., 2014). Sirois et al. (2014) estimated
adult survival at 0.99 for a site in Massachusetts with high
quality habitat, and Shoemaker et al. (2013) estimated adult
survival at 0.96 for a complex of populations along the
border of New York and Massachusetts. Both studies from the
northern population network reported adult survival esti-
mates higher than any estimates from the North Carolina
populations in this study (0.86–0.94).

Elasticity analyses examining the proportional contribu-
tion of a life stage to the population growth rate revealed that
small changes in adult survival can greatly impact population
growth for freshwater turtles (Congdon et al., 1993; Heppell,
1998; Bowen et al., 2004). Although we did not observe a
clear difference in adult survival among the more robust and
smaller populations when we analyzed sites separately, when
we modeled adult survival for the intensively sampled sites A,
B, and E collectively, the best supported model indicated
differences in survival among the sites. Therefore, variation
in adult survival could potentially account for the observed
differences in age structure among Bog Turtle populations.

The sex structure of the populations revealed a female bias,
a pattern also described by Shoemaker et al. (2013). However,
we did not find a sex-specific difference in the survival or
recapture probability. One biological explanation for the
female bias is temperature-dependent sex determination
(TSD). Although the pattern of sex determination has not
been described for Bog Turtles, the Bog Turtle’s congener
Wood Turtle (Glyptemys insculpta) has genetic sex determina-
tion (Ernst and Lovich, 2009). Thus, it is unclear why females
are more frequently captured, but we suggest an alternative

hypothesis that supports our observations. Male-biased
dispersal has been documented for Bog Turtles (Lovich et
al., 1992) and other turtle species (Tuberville et al., 1996;
Sheridan et al., 2010). If male juvenile Bog Turtles are
dispersing and are consequently at a higher risk of mortality,
we would expect to observe female-biased sex ratios, but not
document differences in adult survival between the sexes.

Low fecundity (i.e., females lay 1–6 eggs) and relatively low
adult survival in comparison to other turtle species may make
Bog Turtle populations more sensitive to changes in juvenile
survival (Ernst and Lovich, 2009). The only other source for
Bog Turtle juvenile survival rates calculated age-specific
estimates, making direct comparisons to our results difficult.
For turtles aged 1–6, survival estimates ranged from 0.48 for
yearling turtles to approximately 0.85 for six-year old turtles
(Shoemaker et al., 2013). Juvenile Bog Turtles are not as well
understood as adults, and thus we primarily rely on juvenile
data from other species to discuss Bog Turtle juvenile survival
estimates. Juvenile survival for freshwater turtles ranges from
0.72 for Mud Turtles (Kinosternon subrubrum) to 0.78 for
Blanding’s Turtles (Emydoidea blandingii) and to 0.82 for
Spotted Turtles (Frazer et al., 1991; Congdon et al., 1993;
Enneson and Litzgus, 2008). Apparent juvenile survival for
Site A (0.68; 95% CI¼ 0.54–0.79) and Site B (0.67; 95% CI¼
0.54–0.78) was consistent with estimates reported for the
other freshwater turtle species, but Site E was much lower
(0.50; 95% CI ¼ 0.24–0.76).

Additionally, adults were disproportionately represented in
the populations of all sites except for Site B (46.0% adults).
However, the adult bias we observed could be partly
explained by lower detectability of juvenile Bog Turtles
compared to adults because of their small size and poorly
understood behavior patterns. In comparison to a juvenile
fraction of 0.58 reported for a complex of northern Bog
Turtle sites, the juvenile fraction for Site B (0.54) was most
similar (Shoemaker et al., 2013). Most importantly, the
disparity in the juvenile fraction between more robust (A
and B) and smaller (C–K) populations suggests that low nest
success, juvenile survival, and/or low reproductive rates
could be limiting factors for many Bog Turtle populations
in North Carolina.

Fig. 4. Juvenile survival (age 1–6) of three Bog Turtle populations in
North Carolina, USA. The height of the bars indicates the estimated
annual survival probability (U), and the error bars are 95% confidence
intervals. Note that juvenile survival was estimated from multistate
models for each site. Additionally, juvenile survival for Site E was
estimated over the time period corresponding to the greatest number of
juvenile captures (1992–1998).
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Demographic information is most complete for Site E and
thus it serves as an important case study. Site E declined from
an estimated 36 turtles in 1994 to an estimated 11 turtles in
2007 (Pittman et al., 2011). No new adults have been
captured since 2006, and only two new juveniles have been
captured since 2002, despite substantial increases in sam-
pling effort in recent years. Untangling the cause/effect
relationship of external threats (i.e., habitat degradation or
isolation from other Bog Turtle populations) and declines in
vital rates is difficult for a population like Site E that is likely
affected by multiple stressors. Site E is a well-studied site that
may be similar to most of the Bog Turtle sites in this study:
populations composed primarily of adults with relatively low
adult survival. In contrast, sites A and B may be representa-
tive of the most robust populations in the state. Adult
survival at all sites may be relatively low for Bog Turtle
populations (Shoemaker et al., 2013), making high juvenile
survival especially important for population stability.

When the Bog Turtle was federally listed in 1997, there
were insufficient data and survey coverage in both the
northern and southern population networks. Although the
turtle itself was protected, habitat in the southern population
network did not receive protection under the Endangered
Species Act (USFWS, 1997). Available information suggested
that the southern population network did not face the same
extent of threats as the northern network, particularly in
North Carolina. Even if this was once true, it is not likely the
case now, considering the rapid growth of North Carolina’s
human population (US Census Bureau, 2011) and the
associated habitat loss, degradation, and fragmentation.
The lower adult survival of the North Carolina Bog Turtle
populations in this study could indicate that the southern
population network is in decline. Because North Carolina
represents the majority (63.9%) of the southern network, our
findings fill in crucial knowledge gaps regarding Bog Turtle
population demography in the southern U.S. Our study is the
first to describe Bog Turtle vital rates on a statewide scale, and
thus the broad patterns of survival we observed for adults and
juveniles in North Carolina are likely indicative of the state
of other Bog Turtle populations in the southern network. Our
results suggest that North Carolina Bog Turtle populations,
previously considered a stronghold of the southern popula-
tion network, are in decline. Population monitoring should
continue to allow for future assessment of the species’ status.
More effective habitat and population conservation actions
should occur to preclude federal listing of the southern
population as Threatened or Endangered under the Endan-
gered Species Act.

Management implications.—If conservation efforts do not
yield improvement, the relatively low adult and juvenile
survival of North Carolina Bog Turtle populations may result
in local and regional extirpations of the species. In addition
to immediate on-the-ground actions, such as continued
habitat protection, management, and restoration, we pro-
pose a reworking of conservation strategies for the Bog Turtle
using a more integrated approach that considers the apparent
threats to Bog Turtle survival in the context of the
fundamental life-history traits and the demographic charac-
teristics that make Bog Turtles vulnerable. In other words, to
manage threats associated with anthropogenic causes, it is
important to consider the life-history traits (e.g., low
fecundity), vital rates (e.g., nest success, adult and juvenile
survival), and ecology (e.g., naturally occur in small, but
connected populations) of Bog Turtles. In this case, popula-

tion growth and stability depends on the survival and
fecundity of a few reproductive females. Additionally, if
hatchlings and juveniles have a low probability of surviving
to maturity, then a population becomes dominated by older
turtles. Consequently, an ‘‘older’’ population could be
susceptible to declines from anthropogenic causes because
of low recruitment. Thus, it is essential that future research
focus on increasing our knowledge of fecundity, nest success,
and juvenile survival so that conservation efforts can
promote population stability and increase population viabil-
ity in North Carolina and across the species’ range.
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reptiles, déjà vu amphibians. BioScience 50:653–666.

Heppell, S. S. 1998. Application of life-history theory and
population model analysis to turtle conservation. Copeia
1998:367–375.

Herman, D. W., and B. W. Tryon. 1997. Land use,
development, and natural succession and their effects on
Bog Turtle habitat in the southeastern United States, p.
364–371. In: Proceedings: Conservation, Restoration, and
Management of Tortoises and Turtles: An International
Conference. 11–16 July 1993. State University of New York,
Purchase, New York.

Lebreton, J. D., K. P. Burnham, J. Clobert, and D. R.
Anderson. 1992. Modeling survival and testing biological
hypotheses using marked animals: a unified approach with
case studies. Ecological Monographs 62:67–118.

Lebreton, J. D., and R. Pradel. 2002. Multistate recapture
models: modelling incomplete individual histories. Journal
of Applied Statistics 29:353–369.

Litzgus, J. D., and R. J. Brooks. 1998. Testing the validity of
counts of plastral scute rings in spotted turtles, Clemmys
guttata. Copeia 1998:222–225.

Lovich, J. E., D. W. Herman, and K. M. Fahey. 1992.
Seasonal activity and movements of Bog Turtles (Clemmys
muhlenbergii) in North Carolina. Copeia 1992:1107–1111.

Morrow, J. L., J. H. Howard, S. A. Smith, and D. K. Poppel.
2001. Home range and movements of the bog turtle
(Clemmys muhlenbergii) in Maryland. Journal of Herpetol-
ogy 35:68–73.

Noss, R. F., E. T. LaRoe, III, and J. M. Scott. 1995.
Endangered ecosystems of the United States: a preliminary
assessment of loss and degradation. National Biological
Service Biological Report.

Pittman, S. E., and M. E. Dorcas. 2009. Movements, habitat
use, and thermal ecology of an isolated population of Bog
Turtles (Glyptemys muhlenbergii). Copeia 2009:781–790.

Pittman, S. E., T. L. King, S. Faurby, and M. E. Dorcas.
2011. Demographic and genetic status of an isolated
population of Bog Turtles (Glyptemys muhlenbergii): impli-
cations for managing small populations of long-lived
animals. Conservation Genetics 12:1589–1601.

Reid, B. N., R. P. Thiel, and M. Z. Peery. 2016. Population
dynamics of endangered blanding’s turtles in a restored
area: turtle responses to habitat restoration. The Journal of
Wildlife Management 80:553–562.

Roe, J. H., A. C. Brinton, and A. Georges. 2009. Temporal

and spatial variation in landscape connectivity for a

freshwater turtle in a temporally dynamic wetland system.

Ecological Applications 19:1288–1299.

Sheridan, C. M., J. R. Spotila, W. F. Bien, and H. W. Avery.
2010. Sex-biased dispersal and natal philopatry in the

diamondback terrapin, Malaclemys terrapin. Molecular
Ecology 19:5497–5510.

Shoemaker, K. T., A. R. Breisch, J. W. Jaycox, and J. P.
Gibbs. 2013. Reexamining the minimum viable popula-

tion concept for long-lived species: viability of small turtle

populations. Conservation Biology 27:542–551.

Sirois, A. M., J. P. Gibbs, A. L. Whitlock, and L. A. Erb.
2014. Effects of habitat alterations on Bog Turtles (Glyp-

temys muhlenbergii): a comparison of two populations.

Journal of Herpetology 48:455–460.

Somers, A. B. 2000. A population of Bog Turtles in the

Piedmont of North Carolina: habitat preferences, capture

method efficiency, conservation initiatives, and site en-

hancement. Submitted to Natural Resources Conservation
Service Wetlands Institute.

Spendelow, J. A., D. Monticelli, J. D. Nichols, J. E. Hines, I.
C. T. Nisbet, G. Cormons, H. Hays, J. J. Hatch, and C. S.
Mostello. 2016. Roseate Tern breeding dispersal and

fidelity: responses to two newly restored colony sites.

Ecosphere 7:e01510.

Tuberville, T. D., J. W. Gibbons, and J. L. Greene. 1996.

Invasion of new aquatic habitats by male freshwater

turtles. Copeia 1996:713–715.

Turtle Taxonomy Working Group (van Dijk, P. P., J. B.

Iverson, A. G. J. Rhodin, H. B. Shaffer, and R. Bour). 2014.

Turtles of the world: annotated checklist of taxonomy,
synonymy, distribution with maps, and conservation

status. Seventh edition. Conservation Biology of Freshwa-

ter Turtles and Tortoises. IUCN/SSC Tortoise and Freshwa-

ter Turtle Specialist Group. Chelonian Research

Monographs 5:329–479.

United States Census Bureau. 2011. Population Distribution

and Change: 2000–2010.

United States Fish and Wildlife Service [USFWS]. 1997.

Proposed rule to list the northern population of the Bog

Turtle as threatened and the southern population as

threatened due to similarity of appearance. Federal Register
62:4229–4239.

Weakley, A. S., and M. P. Schafale. 1994. Non-alluvial
wetlands of the southern Blue Ridge: diversity in a

threatened ecosystem. Water, Air and Soil Pollution 77:

359–383.

White, G. C., and K. P. Burnham. 1999. Program MARK:

survival estimation from populations of marked animals.

Bird Study 46:120–138.

White, G. C., W. L. Kendall, and R. J. Barker. 2006.

Multistate survival models and their extensions in program

MARK. Journal of Wildlife Management 70:1521–1529.

300 Copeia 105, No. 2, 2017




