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ABSTRACT.—Bog Turtles (Glyptemys muhlenbergii) are imperiled by habitat loss and degradation; yet, population responses to habitat

management and restoration efforts have not been well documented because of the difficulties of studying this long-lived species. We compared

Bog Turtle population demography and habitat use from 1994 to 2009 at two sites in Massachusetts, USA: one site was managed for nonnative
invasive species and natural succession (Site 1), and the other site was flooded from American Beaver (Castor canadensis) activity resulting in an

expansion of nonnative invasive plants (Site 2). A mark–recapture study involving 90 individual turtles indicated that survival rates and

population sizes remained stable before and after habitat management at Site 1 where the extent of high suitable habitat remained the same,
whereas population size and survival rates declined at Site 2 where the extent of low suitable habitat increased. Together, these results suggest

that habitat management and restoration efforts can improve or maintain the status of Bog Turtle populations. This study supports the value of

properly planned and enacted habitat management actions for this federally threatened and state endangered species.

Habitat loss and degradation are among the leading causes of
global declines of turtle populations (Gibbons et al., 2000).
Habitat management is therefore being recommended increas-
ingly as one means of restoring populations (Congdon et al.,
1993; Litzgus and Mousseau, 2004; Hartwig and Kiviat, 2007).
However, difficulties in measuring population responses in
long-lived species have resulted in few investigations of
population-level response of reptiles to habitat management
(Pfister, 1998; Fordham et al., 2007).

The Bog Turtle (Glyptemys muhlenbergii) is a federally threat-
ened species that occurs from New York to Georgia in the eastern
United States in two geographically isolated populations
(USFWS, 2001). Primary threats to Bog Turtle populations are
habitat loss, fragmentation and degradation, and illegal collection
for the pet trade (USFWS, 2001). The species’ preference for early
succession habitat, which is prone to invasion by nonnative
invasive plants, makes them particularly vulnerable to habitat
changes (Herman and Tryon, 1997). Given the species’ often
limited dispersal capabilities and the isolated nature of its
constituent subpopulations, habitat changes can be particularly
inimical for Bog Turtle populations (Lovich et al., 1992; Carter et
al., 2000; Morrow et al., 2001a). For these reasons, a conservation
action for the Bog Turtle that is frequently recommended is
habitat management, including removing nonnative invasive
plants and reducing the cover of shrubs and trees to minimize
shading and enhance nesting habitat (USFWS, 2001). Long-term
and parallel data sets of both habitat manipulations and
population trends are key parameters required to measure how
Bog Turtles respond to habitat management.

In Massachusetts, Bog Turtle populations are at the north-
eastern extreme of the species’ extant range, and they are known
from just three wetlands. Since 1984, turtle populations and
habitat at two sites have been monitored closely (Johnson,
unpubl. data; Klemens, unpubl. data; Pahlen, unpubl. data;
Whitlock, 2002). In the late 1990s, both sites were subject to

significant habitat alterations. In Site 1 (actual site names are not
provided to protect turtle populations from illegal harvest),
areas occupied by and adjacent to Bog Turtles underwent
extensive habitat management activities from 1999 to 2008 to
open the canopy and create more suitable nesting habitat
through removal of nonnative invasive and woody plants.
During this same time frame, Site 2 was affected by flooding
from American Beavers (Castor canadensis), wildfire, and
invasion of nonnative plants. Previous studies of both Bog
Turtle populations initiated by Whitlock (2002), before habitat
alterations, provided a unique opportunity to investigate turtle
responses to subsequent habitat alterations at each site. We
evaluated and compared changes in Bog Turtle demography,
home ranges, habitat preference, and habitat conditions at the
two sites from data gathered from 1994 through 2009. This
study allowed sufficient time to observe population responses
that might have manifested, given a 10-yr minimum age for first
reproduction in New England Bog Turtles (Whitlock, 2002).

METHODS

Site Descriptions.—Our two study sites are calcareous wetland
complexes 11 km apart in western Massachusetts. Site 1 is a
wetland complex (~200 ha) of sloping seepage fens, shrub fens,
and red maple (Acer rubrum) swamp. Bog Turtles occur in a
portion of the wetland (~5 ha). The suppression of previous
disturbance regimes (i.e., flooding, burning, and large grazers)
caused extensive growth of shrubs and trees (Lowenstein, unpubl.
data); therefore, this site was targeted for habitat manipulations to
increase the amount of open canopy habitat for Bog Turtles and
other rare species. Prescribed fire was used in 1999, 2001, and 2002
to reduce woody vegetation encroaching into the area occupied
by Bog Turtles. Native woody and nonnative invasive vegetation
were managed from 2000 to 2007 via manual removal and
herbicide application. These activities nearly eliminated invasive
plants and greatly expanded the extent of open habitat.

Site 2 is a wetland complex (~60 ha) of sloping fen, lake-basin
fen, shrub fen, wet meadow, marsh fen, and large stands of
invasive plants. Bog Turtles occur in a portion of this wetland (~4
ha). Since 1999, flooding from beaver impoundments raised the
water level throughout the site and caused periodic flooding of
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Bog Turtle nesting habitat and persistent inundation of the
primary overwintering habitat. Fire in April 2000 burned through
a portion of the wetland and subsequent flooding of the burned
area likely hastened expansion of native cattail (Typha latifolia),
nonnative reed canary grass (Phalaris arundinacae), and nonnative
purple loosestrife (Lythrum salicaria). Some attempts were made
to control nonnative invasive plants in portions of the wetland
adjacent to areas used by Bog Turtles. Despite several attempts to
manage wetland hydrology by installing water-flow devices
within the beaver impoundments, flooding of Bog Turtle habitat
continued, particularly during spring runoff and heavy rains.

Field Methods.—Bog Turtle populations at the two sites were
monitored episodically from 1994 to 2009. From 1994 to 1997,
Whitlock (2002) conducted an intensive study on habitat
preferences, seasonal movements, demography, and nesting
ecology at both sites using visual searches, passive interruption
traps, and radiotelemetry during the turtle active season (April–
October). Between 1998 to 2004, and 2006 to 2007 small groups of
observers (one to three people) surveyed both sites by visual
searches in the spring and fall. In 2005, frequent visual surveys
and low-intensity trapping occurred at both sites. From 2008 to
2009, we carried out an intensive study using field methods
outlined by Whitlock (2002). We marked each newly captured
turtle with a unique identification code (Ernst et al., 1974;
Klemens, unpubl. data) or recorded codes of previously marked
turtles; and we aged, measured, and determined sex.

We monitored movements of selected adult Bog Turtles using
radiotelemetry during the 2008 field season with 5.0-g radio-
transmitters (model LF-1-357-RS, LL Electronics, Mahomet, IL),
and during the 2009 field season with 3.8-g radiotransmitters
(model PD-2, Holohil Systems Ltd., Carp, Ontario, Canada).
Turtles were monitored between April and October over a
period of time ranging from 14 to 25 wk. We attached
radiotransmitters to the left posterior portion of the carapace
of adults >100 g. Locations of individual turtles were recorded
approximately once per week but more frequently for females
during the nesting season to aid in locating nest sites (Whitlock,
2002). If possible, turtles were observed during every tracking
event, but occasionally 3 wk would pass between visual
verifications. Whitlock (2002) recorded Bog Turtle locations
using compass bearings within a field-demarcated 20-m grid.
During the 2008 and 2009 field season, we used a hand-held
global positioning system (GPS) unit (GeoXM 2005, Trimble
Navigation Ltd., Westminster, CO) accurate to 1–3 m to
establish locations of observed and radiotracked turtles.

To assess Bog Turtle habitat relationships in 1999, Whitlock
(2002) used a GPS receiver to delineate habitat types modified
from F. Lowenstein (unpubl. data). In 2009, we further modified
the habitat protocol from Whitlock (2002) and used a Trimble
GeoXM 2005 hand-held GPS unit to delineate habitat type at
each site (Sirois, 2011). We exported turtle location data into
ArcMap 9.2 GIS software (ESRI, Redlands, CA) and grouped
habitat classes based on similarity in hydrology, canopy
structure, microtopography, and results from a compositional
analysis of habitat preference (Sirois, 2011).

Data Analysis.—We used Cormack–Jolly–Seber models to
estimate survival probabilities of marked adult turtles. Secondary
sexual characteristics and Ernst’s (1977) 70-mm plastron length
for a size cut-off for smaller turtles lacking such characteristics
were used to classify an individual as an adult turtle. Because
these models assume that search effort was equal in each survey
interval (Nichols, 2005), we only used capture data from survey
periods that were most comparable in terms of effort: Site 1, 1995

= 30 (number of individual adult turtles captured), 1996 = 32,
1997 and 1998 = 33; 2005–2007 = 23, 2008 = 26, 2009 = 29; and
Site 2, 1995 = 25, 1996 = 32, 1997 and 1998 = 33; 2005–2007 = 24,
2008 = 19, 2009 = 15). We used mra (Amstrup et al., 2005), a
mark–recapture analysis package in statistical software R (R Core
Development Team, 2008), that allowed for the flexibility of
including both live and dead turtle captures. We pooled capture
histories between sites and constructed a set of 10 candidate
models for assessing the main effects of site, sex, habitat change,
survey year, and interaction between site and habitat. Capture
histories from each site (1995–1997 and 2005–2009) were
analyzed separately to derive estimates for adult population size
for each site based on the Horvitz–Thompson estimator (Nichols,
2005) as implemented in the mra package. For these models, we
held capture probabilities constant for all years, because
parameterization was not possible if they were allowed to vary
with survival probabilities both before and after habitat change.
We compared our set of candidate models using Akaike’s
Information Criterion to determine which models best explained
the data (Burnham and Anderson, 2002).

We assessed habitat preference using compositional analysis
at two scales (Johnson, 1980; Aebischer et al., 1993): the
population level and the individual home range. At the
population level, availability was classified as the proportion
of each habitat class found within the site minimum convex
polygon (site-MCP), and habitat use was classified as the
proportion of locations in each habitat class for all radiotracked
turtles. At the individual home range, availability was classified
as the proportion of each habitat class found within individual
turtle’s MCP, and habitat use was classified as the proportion of
an individual’s locations within each habitat class. All analyses
were conducted using the compana function in the adehabitat
package (Calenge, 2006) in program R. Parametric testing was
used to determine whether habitat use was nonrandom for the
population level and seasonal analysis (Johnson, 1980). Within
the individual home range analyses, we used randomization
testing to assess habitat preference because many turtles’ home
ranges did not include all the habitat classes, resulting in many
zero values (Aebischer et al., 1993). After testing for preferential
use, we made pairwise comparisons to establish a ranked order
of preference for habitat classes (Aebischer et al., 1993).

We examined how habitat composition changed at the two
study sites over time by grouping each habitat type into one of
four habitat categories (high suitability, suitable, low suitability,
and unsuitable) based on their importance in providing habitat
for critical components of Bog Turtle life history (e.g., nesting,
foraging, and overwintering) and results from the site level
habitat ranking (Table 1). We compared changes in the
proportion of these habitat categories using two methods. To
represent the change in available habitat at the site level we
compared the actual proportion of each habitat category in the
site-MCP for each study. To evaluate changes in available
habitat at a smaller scale (i.e., individual home range), we used
Hawth’s Tools in ArcGIS 9.2 to generate 25 randomly placed
average-sized (0.80-ha), circular-shaped home ranges within the
site-MCP for each study. From these 25 random home ranges we
compared changes in mean proportions of each habitat category
between each study using 95% confidence intervals (CI).

RESULTS

Changes in Bog Turtle Demography.—As of 2009, 146 (63 adults
and 83 juveniles) individual Bog Turtles were marked at Site 1,
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and 115 (55 adults and 60 juveniles) individuals were marked at
Site 2. Among the 10 candidate models evaluated, the best model
suggested that capture probabilities varied by year and site,
whereas survival probabilities were affected by habitat changes
and site (Table 2). Estimates of adult population size (95% CI) at
Site 1 remained stable (1996, 38 6 7.02; 2009, 35 6 6.62), whereas
adult population size at Site 2 declined (1996, 38 6 6.44; 2009, 20
6 4.32) (Fig. 1). Adult survival rates (95% CI) remained stable at
Site 1 (1996, 99 6 2; 2008, 96 6 6), whereas at Site 2 there was a
decrease in adult survival rates between 1997 (96 6 3) and 2006
(72 6 19). We found 12 turtles dead during surveys (recovered
mortalities Site 1 between 2006 and 2009 = 4; Site 2 in 1997 = 1,
and Site 2 between 2006 and 2009 = 7).

Home Range.—We used a minimum sample size of 18 locations
(at which home range size estimates stabilized; see also Carter et
al., 1999; Whitlock, 2002) to estimate home range size. Home
ranges estimated for 47 turtles at Site 1 (home ranges in 1997, n =
20 and 2009, n = 27) and 40 individuals at Site 2 (home ranges in
1997, n = 23 and 2009, n = 17) did not vary between sites,
between the studies within a site, or between sexes at either site
during the 2009 study; however, female home range size at Site 1
decreased from 1997 to 2009 (Table 3). At Site 1, MCP increased
by 1.44 ha from 1997 to 2009 (1997, 2.97 ha and 2009, 4.41 ha),
whereas at Site 2, MCP decreased by 4.0 ha (1997, 6.69 ha and
2009, 2.69 ha). For both studies, the site 95% kernel estimator (i.e.,
the 95% kernel for all turtle locations within the site) remained
relatively the same size (Site 1: 1997, 3.89 ha and 2009, 3.98 ha;
Site 2: 1997, 2.47 ha and 2009, 2.31 ha).

Habitat Preference.—At the population level, fen habitat was
preferred year-round by Bog Turtles to all other habitat classes,
except at Site 2 in 1997 where fen, upland, wet meadow, and

alder were used in proportion to their availability, but lake sedge

(Carex lacustris) was used less than expected, given its availability.

Classes with the same superscript lowercase letter are not

significantly different from each other in terms of preference:

Site 1 (1997), fena, C. lacustris marshb, red maple swampb, alder

swampc (n = 24, df = 3, P < 0.001); Site 1 (2009), fena, cattail

fenbc, C. lacustris marshbc, alder swampbcd, restored fencd, red

maple swampe, uplandf (n = 27, df = 6, P < 0.001); Site 2 (1997),

fenabc, uplandabcd, wet meadowabcd, alder swampabc, C. lacustris
marshbcd (n = 23, df = 4, P < 0.001); and Site 2 (2009), fena, rich

meadowbc, C. lacustris marshbcd, wet meadowcbd, cattail

marshbcd, alder swampde (n = 18, df = 7, P < 0.001). During

the 2009 study, turtles at Site 1 preferred certain habitat classes at

the population level within all seasons except during hibernation

where they used all habitat types equally. At Site 2, they preferred

certain habitat classes during hibernation and foraging seasons,

but they did not show a preference during spring and nesting

seasons: Site 1 (2009) hibernation n = 19, df = 6, P = 1.00; spring

n = 21, df = 6, P < 0.01; nesting n = 27, df = 6, P < 0.01; foraging

n = 27, df = 6, P < 0.01; and Site 2 (2009), hibernation n = 17, df

= 7, P< 0.01; spring n = 12, df= 3, P = 0.01; nesting n = 18, df=
7, P = 0.03; foraging n = 18, df = 7, P < 0.01).

Habitat Change.—A comparison of changes in the extent of

various habitat categories within a site-MCP indicated a decrease

in suitable habitat (e.g., fen and alder shrub) and an increase in

less suitable habitat (e.g., cattail marsh) at Site 2 from 1997 to

2009, whereas more highly suitable fen habitat was maintained at

Site 1. Extent of unsuitable habitat (e.g., invasive marsh)

appeared to remain unchanged at both sites from 1997 to 2009

(Fig. 2).

TABLE 1. Habitat classes (within associated suitability categories) for two Bog Turtle sites in Massachusetts, USA. Each habitat class represents
groupings of habitat types that were mapped within each site in 1997 and again in 2009. Habitat classes were grouped into suitability categories to
compare how habitat changed within each site over time. Habitat categories were assembled using two criteria: 1) how suitable each class was for
specific habitat requirements needed throughout a turtle’s life history (e.g., nesting and overwintering) and 2) results from a compositional analysis for
habitat preference. Presence of habitat class within each site and study is noted with following superscripts: Site 1: a = 1997, b =2009. Site 2: c = 1997,
d =2009.

High suitability Suitable Low suitability Unsuitable

Fenabcd Alder shrub fenabcd C. lacustris–alder shrubc Uplandabcd

C. lacustris marshabcd Wet meadowcd Waterabd

Red maple swampab Cattail marshd Invasive marshacd

Cattail fenb

Restored fenb

Rich meadowcd

TABLE 2. Comparison of Cormack–Jolly–Seber models to predict adult capture (C) and survival (S) probabilities for two Bog Turtle sites with
contrasting habitat change histories in Massachusetts, USA. Changes in habitat were accounted for in the matrix by allowing for one probability
estimate before (1995–1997) and another after (2006–2009). Capture histories from the Site 1 (n = 44) and Site 2 (n = 46) were analyzed together. L =
log likelihood of the model, K = number of parameters in the model, AICc = Akaike’s Information Criterion adjusted for small sample size, DAICc =
difference between model AICc and AICc of best model, and w = model weight.

Capture variable Survival variable L K AICc DAICc w

C = survey year + site S = habitat + site –179.39 10 379.04 0 0.49
C = survey year + sex + site S = habitat + sex + site –179.25 11 381.28 2.24 0.16
C = survey year + sex + site S = habitat*site + habitat + site –179.39 11 381.57 2.53 0.14
C = habitat + sex + site S = habitat + sex + site –182.04 8 381.87 2.83 0.12
C = sex + site S = habitat*site + sex + site –184.48 7 384.33 5.29 0.03
C = habitat*site + sex + site + habitat S = habitat*site + sex + site + habitat –181.77 10 386.32 7.28 0.01
C = habitat*site + habitat + sex + site S = habitat*site + sex + site + habitat –181.77 10 386.32 7.28 0.01
C = habitat*site + site + habitat S = habitat*site + site + habitat –184.31 8 386.4 7.36 0.01
C = survey year + site S = survey year + site –180.81 12 387 7.96 0.01
C = survey year + site + sex S = survey year + site +sex –179.55 14 387.15 8.11 0.01
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DISCUSSION

We observed several important interactions between Bog

Turtle demography and habitat alterations. At Site 1, survival

rates and population sizes remained stable as did the amount of

highly suitable habitat within the wetland. At Site 2, survival

rates and population sizes declined over the 16-yr study period,

consistent with an increase in low-quality habitat. Survival rate

estimates of Bog Turtle at these sites were similar to survival

rates and population sizes of other northern Bog Turtle

populations (Pittman et al., 2011; Shoemaker et al., 2013) and

other long-lived, northern turtle species (Congdon et al., 1993,

1994; Litzgus, 2006). However, survival rates at Site 2 in 2009

were lower than any other Bog Turtle studies reported. Shifts in

habitat structure, affected by changes in vegetation composition

and hydrology, may indirectly influence Bog Turtle population

size by altering survival rates of adults (i.e., hibernation,

predation), dispersal propensity, and reproduction (i.e., hatch-

ing success). Bog Turtle abundance has been correlated strongly

with fen area, suggesting that increasing the amount of suitable

habitat may be followed by an increase in population size

(Shoemaker et al., 2013). Other studies have also documented

how relatively small changes in hydrology affect Bog Turtles

and their use of wetlands (Somers et al., 2007; Pittman and

Dorcas, 2009; Feaga et al., 2012).

Bog Turtle hibernacula may be particularly susceptible to

hydrologic alterations such as changes in the quality, level, and

timing of water flow that may alter both the substrate and

structural vegetative characteristics of these critical microhab-

itats. Bog Turtle hibernacula are generally located in ground-

water seeps and range from shallow hollows to intricate

subsurface tunnel systems (Ernst et al., 1989; Whitlock, 2002).

These spring-fed seeps provide groundwater that is well

oxygenated and at a relatively constant temperature, which

likely increases probability of surviving winters in the northern

portion of the species’ range (Ernst et al., 1989; Ultsch, 2006).

Moreover, these hollows and tunnels are often present among

shrubs and trees and may reduce predation risk during the

overwintering period (Whitlock, 2002; Feaga, 2010). At Site 2,

flooding up to 1 m in depth from beaver impoundments

permanently inundated primary hibernacula. These water

depths killed shrubs and allowed mixing of surface and

groundwater, likely altering water quality, temperature, and

FIG. 1. Horvitz–Thompson estimates of adult Bog Turtle population
size (95% confidence interval) for two sites (Site 1, n = 44 and Site 2, n =
46) in Massachusetts, USA. Estimates for 1997 were derived from data
pooled from 1997, and 1998 and 2006 estimates were derived from data
from 2005 through 2007. Estimates were calculated from a Cormack–
Jolly–Seber model that specified capture probabilities equal in all years
and survival probabilities varying for the two time periods, before
(1995–1997) and after (2006–2009) habitat alterations.

TABLE 3. Home range (ha) estimates for adult Bog Turtles in Massachusetts, USA. Home ranges from 1997 were calculated from radiotelemetry
data collected from 1994 to 1997 (Whitlock, 2002). Home ranges from 2009 were calculated from radiotelemetry data collected during this study (2008
and 2009). Three different estimators with 95% confidence intervals (CI) were calculated: minimum convex polygon (MCP), 95% minimum convex
polygon (95MCP), and 95% kernel (95Kern).

Estimator

Group 1 Group 2 t-test

Site Sex Year mean CI n Site Sex Year mean CI n t p df

95MCP 1 Both 1997 0.42 0.17 20 1 Both 2009 0.31 0.14 27 0.98 0.33 39.75
95MCP 2 Both 1997 0.53 0.20 23 2 Both 2009 0.38 0.15 17 1.17 0.25 36.96
95MCP 1 Female 1997 0.54 0.23 13 1 Female 2009 0.25 0.12 17 2.23 0.03 18.93
95MCP 1 Male 1997 0.19 0.13 7 1 Male 2009 0.41 0.31 10 -1.32 0.21 11.94
95MCP 2 Female 1997 0.54 0.31 14 2 Female 2009 0.42 0.18 13 0.70 0.49 20.58
95MCP 2 Male 1997 0.52 0.24 9 2 Male 2009 0.28 0.26 4 1.33 0.22 8.14
95MCP 1 Both 2009 0.31 0.14 27 2 Both 2009 0.38 0.15 17 -0.74 0.47 38.29
MCP 1 Both 2009 0.46 0.20 27 2 Both 2009 0.46 0.15 17 0.06 0.94 41.95
95Kern 1 Both 2009 0.30 0.04 27 2 Both 2009 0.35 0.05 17 -1.48 0.15 33.29
95MCP 1 Female 2009 0.25 0.12 17 1 Male 2009 0.41 0.31 10 -0.97 0.35 11.94
MCP 1 Female 2009 0.40 0.17 17 1 Male 2009 0.57 0.48 10 -0.63 0.54 11.38
95Kern 1 Female 2009 0.29 0.06 17 1 Male 2009 0.32 0.06 10 -0.54 0.59 22.28
95MCP 2 Female 2009 0.41 0.18 13 2 Male 2009 0.28 0.26 4 0.82 0.11 6.00
MCP 2 Female 2009 0.49 0.18 13 2 Male 2009 0.36 0.30 4 0.68 0.52 5.42
95Kern 2 Female 2009 0.36 0.07 13 2 Male 2009 0.34 0.08 4 0.46 0.67 7.72

FIG. 2. Average percentage of habitat categories within 25 randomly
placed average-sized (0.80-ha) adult home ranges at two Bog Turtle sites
in Massachusetts, USA. No habitat types within Site 1 fell into the
category of low suitability. Error bars represent 95% confidence
intervals.
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organic matter within the hibernacula substrate, alterations that
could increase risk of mortality (Ultsch, 2006; Feaga, 2010).

At Site 2, there were a high number of adult mortalities
recorded in 2008 and 2009; necropsies could neither identify the
cause of death nor the predator responsible for loss of head and
limbs, and turtles were considered healthy before predation.
Predators may have had improved access into the core Bog
Turtle area due to the flooding and may also be higher in
numbers due to subsidized food resources scavenged from the
agricultural areas to the south of the site and residential areas to
the north and west, as reported in other studies of turtle nest
predation (Marchand and Litvaitis, 2004; Willey, 2010).

At both sites, Bog Turtles did appear to shift home ranges to
use restored habitat and avoid degraded habitat, but core fen
and nesting areas used in 1997 continued to be used in 2009. At
Site 1, five turtles expanded their home range into areas not
used in 1997, and three of these turtles accessed an area that had
been occupied by a large patch of common reed (Phragmites
australis) during the 1997 study. This patch of nonnative
invasive vegetation was restored to early succession fen, and
several adults and juveniles were found there in 2008 and 2009,
most notably nesting females and hatchling Bog Turtles. Mean
home range size did not vary over time, despite habitat changes,
except for females at Site 1 (Table 3), suggesting habitat
management may have increased the availability of suitable
nesting habitat and therefore females did not travel as far to
nest. A secondary benefit to an increased suitable nesting area is
the potential to decrease nest density and thus reduce nest
depredation rates (Marchand and Litvaitis, 2004; Willey, 2010).

The spatial changes in individual home ranges observed at
both sites suggest that Bog Turtles are capable of shifting their
movements to adapt to habitat changes, provided that habitat
connectivity still exists. Similarly, Carter et al. (1999) showed Bog
Turtles generally maintained the same home range size, whereas
the area used shifted, and Feaga et al. (2012) found that Bog
Turtles appeared to be responding to severe droughts by making
more and larger movements during wet conditions. Despite
these examples of responses by turtles to habitat alterations,
some Bog Turtles in this study showed strong site fidelity to
nesting and overwintering locations. Similar site fidelity has
been documented in Spotted Turtles (Clemmys guttata) (Rasmus-
sen and Litzgus, 2010). These results suggest that maintenance
of important core areas, such as nesting and overwintering
habitat, are critical to sustaining a local Bog Turtle population
even while additional suitable habitat is provided.

This study exploited a unique circumstance where a large
sample of Bog Turtles was monitored before and after habitat
changes. Continued monitoring of both sites should be
undertaken to more fully evaluate the long-term trends of the
turtle populations. Given the protracted generation times of Bog
Turtles, more time may be needed to determine whether past
habitat management at Site 1 has been sufficient to increase the
population. Alternatively, it is also possible that previous
management activities, although beneficial in maintaining the
population, have mostly affected aspects of Bog Turtle
demography that have the least effect on population growth
(e.g., nesting success and fecundity) and that more time is
needed to evaluate the effect of habitat changes on adult
survival and juvenile recruitment, parameters that are most
critical to persistence of these isolated populations (Congdon et
al., 1993; Whitlock, 2002; Shoemaker et al., 2013).

Conservation Implications.—Many Bog Turtle sites in the
northern portion of their range are facing threats and restoration

activities similar to those in Massachusetts; other researchers
have reported a negative relationship between Bog Turtle
population status and incursion of nonnative invasive species
and taller vegetation (Morrow et al., 2001b; Tesauro and
Ehrenfeld, 2007). Because many Bog Turtle populations occur
near roads, agriculture, and housing developments (i.e., sources
for invasive species and predators), they may require some form
of habitat management to mitigate population declines from
natural plant succession, invasive plant encroachment, hydro-
logic changes, and limited connectivity among sites. Recent
population viability analyses suggest that small populations (10–
20 breeding adults) of Bog Turtles may be secure for at least 100
yr if adult survivorship remains high (‡96%) and recruitment is
sustained at rates of approximately 0.02 yearlings per adult or
higher (Shoemaker et al., 2013). In addition, Pittman et al. (2011)
determined that small, isolated populations of Bog Turtles have
the potential to retain sufficient genetic diversity; therefore,
preservation of these populations may be important to main-
taining range-wide genetic diversity (Shoemaker and Gibbs,
2013). Given population sensitivity to adult mortality and
recruitment, additional steps beyond habitat management (e.g.,
improving connectivity, controlling predators) may be required
to ensure population persistence. More specifically, disease or
predation may quickly undermine a small Bog Turtle population
even in the presence of abundant, highly suitable habitat. For this
reason, managers should take precautions to minimize any
increase in turtle mortality that may be associated with habitat
manipulation within or around a given site, even if such actions
are intended to benefit Bog Turtles over the long-term, and to
prioritize conservation activities that will improve connectivity
amongst extant populations and other areas that provide suitable
Bog Turtle habitat (Shoemaker and Gibbs, 2013). The results of
this study support and justify the value of properly planned and
enacted habitat management actions for this federally threatened
and state endangered species.
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