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Abstract

Context. Terrestrial reptiles require varied thermal environments to promote optimal physiological performance,
growth, reproduction, and survival.

Aims. Our study was designed to determine whether gap-based silvicultural practices offer suitable thermal environments
for eastern box turtles (Terrapene carolina) by examining environmental temperature variation and body temperature of
eastern box turtles in, and adjacent to, canopy gaps.

Methods. We recorded box turtle body temperature from 20 radio-tracked turtles and environmental temperatures
(canopy gaps and undisturbed habitat) using temperature loggers from June to September 2014 in a managed forest after
canopy gaps (0.28—1.13 ha gap ') were created via gap-based silviculture.

Key results. Over the four-month study period, gap temperatures were generally higher than adjacent undisturbed
microhabitats. Box turtle body temperatures were closely correlated with environmental temperatures in undisturbed
habitat in June and July. Turtle body temperatures were, however, closely correlated with environmental temperatures in
canopy gaps in August and September. In addition, box turtles in our study had activity areas that overlapped canopy gaps
from 0 to 65%, depending on the individual. As percentage overlap of canopy gaps increased, turtle body temperatures were
increasingly correlated with canopy gap temperatures. Furthermore, as percentage overlap of canopy gaps increased, daily
mean body temperature records consistently stayed within the preferred box turtle body temperature range (20.2-26.2°C).

Conclusions. Our study suggests that gap-based silviculture can create thermally compatible environments for box
turtles depending on the time of day and year, and that box turtles use these microhabitats to thermoregulate.

Implications. The application of relatively small-scale silvicultural practices (<1 ha gap ') that provide heterogeneity in
forest structure, composition, and function may be a useful alternative to clearcutting and other intensive harvesting methods
that are associated with declines in terrestrial reptile populations.
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Introduction

Canopy gaps created by natural disturbance (due to wind, tree
fall, etc.) create heterogeneity in microclimatic conditions,
forest structure, and resource availability (i.e. direct and
diffuse solar radiation) (Greenberg 2001). Heterogeneity in
microclimatic conditions also increases establishment, growth,
and recruitment of numerous tree species (Elliott et al. 2002;
Ritter and Bjernlund 2005). Consequently, silvicultural systems
that emulate natural disturbance by creating single-tree- to
several-hectare-sized canopy gaps are often proposed as
a forest management strategy (Greenberg 2001; Mitchell et al.
2005). Gap-based silviculture is being increasingly used in
deciduous forests of the eastern and midwestern United States
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(Webster and Lorimer 2005; Kern et al. 2013; Lhotka 2013).
These silvicultural practices create structural complexity at the
stand level and yield a gradient of canopy conditions. Varying
canopy structure resulting from gap-based silviculture can
influence ecological processes and ecosystem function via
increased light, temperature and moisture availability (Chen
et al. 1999). Because of these ecological benefits, spatial
variation in microclimatic conditions in and around canopy
gaps are frequently studied in managed forests (Bauhus and
Bartsch 1995; Bartsch 2000).

Several wildlife species, especially reptiles, may use canopy
gaps due to increased light availability and intensity, and high
soil-surface temperatures (Greenberg 2001; Greenberg and
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Lanham 2001; Faccio 2003), although responses depend on
physiological tolerances and how species respond behaviourally
to changes in microclimatic conditions. Specifically, effects
of reduced canopy cover can depend on a species’ habitat
preference and degree of selection or avoidance of direct
sunlight (Pike et al. 2011a). Reptiles may use canopy gaps
to access increased light and warmer temperatures required for
optimal activity (Vitt et al. 1998). Furthermore, increased use
of areas with reduced canopy has been linked to increases in
abundance and diversity of reptiles in forests (i.e. Perison et al.
1997; Ross et al. 2000; Greenberg 2001; Renken et al. 2004;
Todd and Andrews 2008; Felix et al. 2008; Cantrell ef al. 2013).
Greenberg (2001) noted greater reptile species richness in
natural canopy gaps compared with non-harvested reference
sites with dense canopy cover in the southern Appalachians
(USA). Furthermore, Pike et al. (2011a) suggested that canopy
removal benefits species that thrive in direct sunlight habitat
with warmer temperatures. Conversely, if insolation and
subsequent temperatures in canopy gaps exceed preferred
body temperatures, some species may avoid them altogether
due to limited dispersal and thermoregulatory capabilities. Thus,
varying microclimatic conditions within harvested areas (i.e.
understorey closure and substrate temperature) may positively
or negatively alter reptile movement, thermoregulation, and
habitat use (O’Bryan 2014; Currylow et al. 2012).

Although there is sufficient qualitative evidence to suggest
a positive thermoregulatory response of ectotherms to gap-
based silviculture (Messere and Ducey 1998), there is little
quantitative evidence linking habitat heterogeneity created by
gap-based silviculture to reptile thermoregulation and body
temperatures. Eastern box turtles are useful species to assess
the effects of timber harvest, as they are a common reptile in
forests of the eastern USA and sensitive to environmental
disturbance (Dodd 2001; Dodd et al. 2016). Currylow et al.
(2012) notes that temperatures in harvested landscapes (i.e.
clearcuts and group selection) often approached the critical
thermal maximum (41.5-43.9°C: Hutchison et al. 1966) of
eastern box turtles (Terrapene carolina) in southern Indiana,
USA. Additionally, eastern box turtles often experienced
higher body temperatures in areas exposed by timber
harvesting (Currylow ef al. 2012). Furthermore, varied thermal
environments generated by timber harvests shortened and
concentrated eastern box turtle movements to edges of
harvested areas (e.g. limited mobility: Currylow et al. 2012).
Finally, while box turtles can reach maximum walking velocity
at warm temperatures (31.9°C: Adams et al. 1989), when given
a thermal gradient, they often have a preferred temperature
range of ~20—28°C (Boucher 1999; Currylow et al. 2012; do
Amaral et al. 2002) or 27—31°C (Roe et al. 2017).

The objective of this study was to examine environmental
temperatures and body temperatures of eastern box turtles
during the day and throughout the active season in a managed
forest that uses gap-based silviculture, and to determine whether
environmental temperatures in canopy gaps are thermally
compatible with preferred body temperatures of eastern box
turtles. Thus, we may infer if gap-based silviculture may be
a useful alternative to mitigate declines of forest reptiles in
areas exposed to clearcut silviculture. Although the gaps were
either 0.28 ha or 1.13 ha in our study area, man-made canopy gaps
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create markedly different thermal environments compared with
nearby non-harvested forest stands (e.g. ambient temperatures
significantly higher or lower than in non-harvested areas).
In addition, box turtles may not have adequate physiological
mechanisms to combat thermal stress (Hutchison ef al. 1966;
Sturbaum 1981) created by above-average temperatures in man-
made canopy gaps (Currylow et al. 2012). Thus, we predicted that
gap-based silviculture would create thermal environments (i.e.
average environmental temperatures) that would not correlate
with box turtle body temperatures. In addition, we expected
that box turtles whose activity areas overlapped with canopy
gaps would show carapace temperatures outside the range of
preferred body temperatures throughout the main activity season
(June—September).

Materials and methods
Study area

We conducted our study in the 3440-ha Berea College Forest
(BCF) in Madison County, Kentucky, USA. The BCF (37°32'N,
84°14'W) is managed by Berea College and is used for
experimental research studies, timber harvesting, recreation,
and education. The BCF is a mature hardwood forest
consisting of Quercus (alba, coccinea, montana, velutina),
Carya (glabra, ovata), and Pinus (echinata, virginiana)
(Patterson and Karcher 2013), and has been intermittently
harvested for timber over the past century. The understorey is
dominated by shade-tolerant species — sugar maple (Acer
saccharum), red maple (Acer rubrum), and American beech
(Fagus grandifolia). The average canopy top height at BCF is
27.9m at base age 50, and the average age of overstorey trees
is 111 years old (Craig et al. 2014). The BCF is located on the
western edge of the Northern Cumberland Plateau ecological
section, and elevation ranges from ~200 to 500 m.

The current management plan at BCF includes the
implementation of a variant of gap-based silviculture, known
as the ‘expanding gap method’, in an effort to enhance direct
sunlight levels needed for the survival and growth of oak
seedlings (Raymond ez al. 2009). In one watershed where this
gap-based practice was completed, eight circular canopy gaps
were created on east-facing slopes in autumn 2012 (Fig. 1). Four
canopy gaps were created by felling all trees over 1.4 m tall within
a 30-m radius of gap centre. An additional four canopy gaps
were created using the aforementioned methods, and a deadening
(herbicide treatment) of all understorey and overstorey trees (i.e.
non-oak trees) within a 60-m radius of gap centre. Stems from
deadened trees were cut into smaller pieces and left on the
ground within or near plot boundaries. The total cut area of
each gap was 0.28 ha where understorey tree removal was not
applied, and 1.13 ha where understorey herbicide treatment tree
removal was applied. In addition, adjacent gap edges were an
average of 145 m distance from each other, to maintain forest
canopy heterogeneity. See Stringer (2006), Patterson and
Karcher (2013), and Craig et al. (2014) for further detailed
information about BCF and methods of canopy gap creation.

Field techniques

From September 2013 to May 2014, we used time—area
constrained searches to capture box turtles within and around
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Fig. 1. Aerial view of eight canopy gaps, and view from within canopy gap (bottom right) in a managed forest in Madison
County, Kentucky, USA.

canopy gaps throughout the entire study site (Walker 2012).
We also located new box turtles opportunistically when they
were encountered across the study area. Upon first capture, we
recorded the sex, and measured (cm) straight-line carapace
length, plastron length, carapace width, and shell depth
(height). Additionally, we marked the marginal scutes of each
turtle’s carapace in a unique pattern using a triangular metal file
(Cagle 1939), and determined maturity based on secondary
sexual characteristics. In total, 20 adult turtles (10 males, 10
females) captured in or near canopy gaps were fitted with
a radio-transmitter (SOPER-2190; Wildlife Materials, Inc.,
Murphysboro, IL). Radio-tracked individuals were also
outfitted with Embedded Data Systems® Thermochron iButton
temperature loggers (DS1922T-F5#) (hereafter referred to as
temperature loggers) to monitor their carapace temperatures,
which are generally highly correlated with internal body
temperatures (Bernstein and Black 2005; Chen and Lue 2008;
Dubois et al. 2009). To prevent water damage on temperature
loggers, we covered each logger in plastic tool dip (Plasti-Dip
International, Circle Pines, MN). Temperature loggers were
programmed (using Thermodata Viewer 3.1.2 software) to
record air temperature (accurate to £1°C) every 30 min. Once
the box turtle was marked, measured, and affixed with a radio-
transmitter and temperature logger, it was released at point
of capture. Radio-transmittered adults were located every
7-10 days from June to September 2014, and their location was
recorded to the nearest 3 m using a handheld GPS. In addition,
turtle temperature data from loggers were downloaded via
Thermodata Viewer 3.1.2 software once every 30 days.

To investigate thermal characteristics of the various
microhabitats within our study area, we measured ambient
environmental temperatures using temperature loggers
suspended in 15 x 15 x 15cm open plastic containers ~10 cm
aboveground (approximate height of box turtle carapace), and

shaded via a blue plastic container cover to minimise direct
sunlight exposure. The colour of the plastic cover was also
selected to best mimic the reflectance of a box turtle carapace
(Peterson et al. 1993). Temperature loggers were placed directly
in the centre of each of the eight gaps; however, only six of the
gap centre loggers remained functional throughout the study
period. By placing temperature loggers in the centre of gaps,
we best approximated strictly open canopy environmental
temperatures. We also placed temperature loggers in four
different closed-canopy forest areas using methods described
before (i.e. above-ground control) and 15cm below ground
(i.e. below-ground control) ~200m from canopy gap habitat,
representing a non-harvested reference area and environmental
temperature available to turtles. Environmental temperature
loggers were programmed to record air temperature every
30 min, and data from these loggers were retrieved once every
30 days during the study period.

Spatial analysis

We used ArcGIS 10.1.1 (ESRI 2014), Hawth’s Analysis Tools
extension, and ArcGIS 3D Analyst extension, to create a 100%
minimum convex polygon (MCP) using geographic coordinates
for each radio-tracked turtle, and then estimated three-
dimensional landscape activity area (in hectares) based on
a 10-m digital elevation model (DEM). To create the study
footprint (i.e. 37.28 ha; complete study area boundaries), we
generated an MCP, incorporating a 10-m DEM, that included all
radio-telemetry locations as well as gap plots. Mean MCP values
(+standard error) were generated for adult males, females, and
both groups combined. We ensured that the number of turtle
relocations did not influence our results by using a simple linear
regression of individual activity area sizes versus relocation
numbers. We then determined the proportion of each MCP
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activity area that overlapped a canopy gap (i.e. percentage
overlap). To conduct this analysis, we used the ArcGIS 3D
intersect tool extension, which calculated mean percentage
overlap for each individual’s MCP. Using the median of all
percentage canopy gap overlap values (32.5%), we partitioned
individuals into two groups based on degree of overlap for
further analysis (i.e. lower degree of overlap: <median
percentage canopy gap overlap; and higher degree of overlap:
>median percentage canopy gap overlap). Finally, to visually
interpret overall use of canopy gaps by box turtles with all
capture locations (all capture-recapture and telemetry locations,
n=504), we used the ArcGIS point-density tool, which generated
the density of capture locations (density per 3.5-m? cells) across
our entire study site.

Thermal analysis

To address whether or not canopy gaps provided suitable
environmental temperatures for eastern box turtles, we used
three complementary approaches integrating both turtle body
temperatures (Ty) and environmental temperatures (T.) adjacent
to and within canopy gaps. First, we analysed the relationship
between gap habitat T.; versus non-harvested reference
habitat T, using multimodel selection. Second, we split turtle
temperature data based on high versus low percentage overlap,
and analysed the relationship between T, and T, in gaps and
non-harvested reference microhabitats. This analysis allowed
us to determine which microhabitat T, best correlated with
turtle T}, throughout the day and year in both high- and low-
overlap groups. Third, we tested the relationship between
percentage canopy gap overlap and the number of Ty, records
within the preferred T, range to see whether box turtles with
increased access to canopy gaps were able to reduce their
temperature variance and acquire preferred body temperatures.
For our first approach, we retrieved 30-min T, records
from each microhabitat type during the complete study period.
To analyse T, variation throughout the day, we averaged
temperatures in each microhabitat at different periods of the
day (i.e. sunrise, late-morning, midday, early-afternoon, sunset).
Specifically, we partitioned T, records by microhabitat type and
parsed data into five periods: (06:00-09 : 00 hours (P1), 09:00—
12:00hours (P2), 12:00-15:00hours (P3), 15:00—18 : 00 hours
(P4), and 18:00-21: 00 hours (P5)). Because our study focussed
on daytime behaviour, T, records from before sunrise and after
sunset, as determined by US Naval Observatory Astronomical
Applications Department (http://aa.usno.navy.mil/data/docs/RSOne
Year.php), were removed. Using Program R 3.1.1 and ‘nlme’
package (Pinheiro et al. 2013), we fit generalised least-squares
models (GLS) to compare T, among different microhabitats
(i.e. gap centre, below-ground control, above-ground control)
during all five periods of the day — one model for each period of
the day. To account for temporal autocorrelation, we fit out GLS
models with an autoregressive (AR-1) correlation structure
(Littell et al. 2000), which accounted for correlation between
consecutive T, records within each individual microhabitat. Our
AR-1 correlation structure was a function of day of year (DOY)
nested within each habitat type (DOY|microhabitat). Mean T,
in each microhabitat was calculated from the model coefficients,
and confidence intervals were calculated using the standard
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errors for the prediction means. Coefficients were determined
to be significant at o.=0.05.

For our second approach, we used results from our activity area
analysis, and split box turtle T}, records into three datasets: (1) all
data combined, (2) high-degree canopy gap overlap (>32.5%), and
(3) low-degree canopy gap overlap (<32.5%). Using ‘nlme’
package, we fit linear mixed effects models (LME) (Faraway
2005) to assess the relationship between T, and different
microhabitat T, in all datasets separately, including one model
for each period of the day. The LME models were fit with a random
coefficient (box turtle ID), and random effect (DOY) to allow the
relationship between Ty, and T, to vary between individuals. We fit
four models for each period of the day, each with a single set of
T records (gap centre, above-ground control, below-ground
control). To account for temporal autocorrelation between box
turtle temperature records, we fit LME models with an AR-1
correlation structure. The AR-1 correlation structure was a
function of DOY nested within turtle identification (DOY|ID).
To address which microhabitat T, best correlated with box turtle
Ty in each dataset, models were compared and a top model selected
using AIC (Burnham and Anderson 2002). Finally, with all
datasets, we investigated monthly box turtle Ty, associations with
microhabitat T, via LME models for each month in our study period
(June, July, August, and September).

For our third approach, we first defined a preferred
temperature range for eastern box turtles within the central
region of Kentucky, USA. Using ~58 000 daytime T}, records
collected from all animals over the course of our study, we
generated lower (20.2°C) and upper (26.2°C) quartiles to
identify the middle quartile of preferred Ty, range in our study
region. This preferred range of Ty, in our study is congruent with
and within the preferred range of box turtles in conspecific
populations (Boucher 1999; do Amaral et al. 2002; Currylow
et al. 2012), and best approximates the preferred range at our
study site. For each monitored turtle, we calculated the
proportion of days when daily mean T, fell within this
preferred Ty range (20.2-26.2°C). Using a linear regression,
we related the proportion of days within the preferred Ty, range
with the percentages of canopy gap overlap in the activity area
of each animal.

Results

Over the course of our study, we captured/recaptured and
processed 77 unique adult box turtles, totalling 504 captures
overall. Of the 77 adults, 20 were radio-tracked. On average, we
obtained 18.5 (range=7-37, s.d.=11.41) locations per animal
from the 20 radio-tracked turtles. Activity area size was not
correlated with the number of measured locations per
individual (P=0.39, *=0.04). Mean activity area size was
1.33 £0.28 ha for females (n=10) and 1.8 + 0.43 ha for males
(n=10). For all individuals, mean activity area size was
1.57 £0.25ha. Mean activity area overlap with canopy gaps
was 25.4% (range = 0-65%, median =32.5%, s.d. = 19.4%).
Over the entire study period, mean daily gap T (i.e. gap centre)
was generally greater than T. in all other microhabitats
sampled (Fig. 2). When the data were parsed into five discrete
periods of the day, our temperature modelling exercise revealed
that the T, relationship among different microhabitats varied
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(see Table 1 for period of day comparisons for the entire study
period). Overall, when comparing box turtle T}, to microhabitat
Te, box turtle Ty, closely correlated with above-ground control T,
in June and July. However, box turtle Ty, was closely correlated
with gap centre T, in August and September. When separated
into two discrete groups based on degree of canopy gap overlap,
box turtles with a low degree of overlap (<32.5%) had Ty, that
closely correlated with above-ground control T, during all
periods of the day and year (Fig. 3). In contrast, box turtles
with a high degree of overlap (>32.5%) had T, that closely
correlated with gap centre T, overall throughout the year; this
relationship, however, varied depending on the period of
the day (Fig. 3). From 06:00 to 12 :00 hours, and from 18 : 00
to 21:00hours (i.e. periods P1, P2, and P5), box turtles with
a high degree of overlap with canopy gaps had T, that closely
correlated with above-ground control T.. In contrast, in the
afternoon periods 12:00-18: 00 hours (P3 and P4), these same
box turtles had Ty, that closely correlated with gap centre T,
Furthermore, we show a positive, significant correlation between
degree of overlap and proportion of Ty, in the optimal range,
suggesting that as an individual’s activity area increasingly
overlapped with canopy gaps, the proportion of Ty, records that
fell within the species’ preferred range (20.2-26.2°C) also
increased (P=0.04) (Fig. 4). Finally, using an all-capture
dataset and a point-density map, we show the highest densities
of captures occurring at the peripheral of canopy gaps and near or
adjacent to water sources (i.e. ephemeral ponds) (Fig. 5).

Discussion

Box turtles are presently declining throughout their range in
North America due to human-caused habitat loss and alteration
(Dodd et al. 2016). Consequently, disturbance of critical wildlife
habitat caused by timber harvesting has become a theme of recent

Table 1. Mean temperature comparison between adjacent
microhabitats in a managed forest in Madison County, Kentucky, USA
GLS model comparison of mean temperature for entire study period between
three different microhabitats — gap centre (GC), below-ground control (BC),
above-ground control (AC) — during each period of the day (1-5). Habitat
types not connected by the same letter are significantly different (0.=0.05)

Period of day Habitat Comparison Temperature
type 0)
Mean s.d.
P1 (06:00-09 : 00 hours) GC A 17.03 4.22
BC B 20.36 1.98
AC A 17.24 3.99
P2 (09:00-12 : 00 hours) GC A 23.09 4.11
BC B 20.52 2.03
AC B 20.89 3.32
P3 (12:00-15: 00 hours) GC A 30.90 5.22
BC B 21.76 2.35
AC C 24.79 3.69
P4 (15:00-18 : 00 hours) GC A 30.32 4.66
BC B 23.07 2.82
AC C 25.68 3.62
P5 (18:00-21: 00 hours) GC A 22.38 7.55
BC B 22.44 2.20
AC B 22.32 3.19

conservation research (Greenberg 2001; Todd and Andrews
2008; Currylow et al. 2012; Todd et al. 2014). To address
potential impacts of timber harvesting on wildlife, our study
aimed to better understand thermal impacts of silviculture on
box turtles. On the basis of previous studies documenting
environmental temperature changes caused by silviculture on
box turtles (Currylow et al. 2013), we predicted that gap-based
silviculture would create dramatic changes to the thermal
environment (e.g. ambient temperatures significantly higher or
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College Forest.

lower than non-harvested reference areas), and thus box turtle
body temperatures would not correlate with canopy gap
temperatures. However, our data provide support contrary to
this prediction, and suggest that gap-based silviculture may
offer suitable thermal environments that box turtles and similar
ectotherms can use for optimal thermoregulation, physiological
functions (i.e. metabolic rate), and fitness (Cunnington et al.
2008). For instance, while environmental temperature varied
significantly between canopy gaps and adjacent non-harvested

reference areas throughout the day and year at BCF, box turtle
body temperatures were often highly correlated with canopy gap
temperatures during various periods of the day. We hypothesise
that this relationship could be due to the change in vegetative
structure (e.g. rapid growth of Quercus seedlings and Rubus),
and the scale of timber harvest (e.g. size of canopy gap: Currylow
etal. 2013). Gaps with 0.28-1.13 ha per gap of the regeneration
opening at BCF often retained microclimatic conditions that can
be thermally suitable for box turtles. Conversely, silviculture
practices that create larger canopy openings, such as clearcuts and
group selection management (total cut area: 2.72—4.43 ha per
gap), may create poor-quality habitat and can potentially expose
box turtles to average temperatures near their critical thermal
maxima (Currylow et al. 2012), with less opportunity for the
animals to quickly retreat to cooler forests nearby.

Behaviour and physiology of reptiles are largely related to
environmental variables such as air temperature and humidity
(Angilletta et al. 2010); therefore, physiological performance
is highly related to an animal’s ability to behaviourally
thermoregulate and physically locate thermally suitable habitat
(Huey and Stevenson 1979). Again, due to the risk of box turtles
quickly approaching their thermal maxima in open canopy gaps,
our second prediction was that box turtles that had a high degree
of activity area overlap with canopy gaps would show body
temperatures outside their preferred range. In contrast, we
documented that as a turtle’s activity area encompassed a
greater proportion of canopy gap area, the proportion of body
temperature records (i.e. time spent) within the box turtle’s
preferred temperature range also increased, thereby rejecting
our second prediction. Thus, canopy gaps may have provided
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Fig. 5. Point density map of all box turtle captures (n=7504) over eight canopy gaps in a managed forest
in Madison County, Kentucky, USA. Canopy gaps (0.28—1.13 ha gap ') are outlined by black circular lines,
and ephemeral ponds are denoted by blue coloured rectangle boxes. Turtle capture density (density per 3.5 m?)
is represented by colour scale from high density (red) to low (green).

environmental temperatures that allowed animals to regulate
body temperature within a preferred range, likely via
behavioural thermoregulation and movement into and out of
the relatively small canopy gaps at different times of the day
when environmental temperatures were optimal (Boucher 1999;
Ernst and Lovich 2009).

Temperature modelling of microclimates at BCF suggested
that gap-based silviculture with relatively small-scale timber
harvests can create a diverse microclimate matrix (e.g.
significant ambient temperature variation among microhabitat
types), but also maintain environmental temperatures within
a preferable range for box turtles (20.2-26.2°C). Over the
study duration, microclimatic differences between habitats
varied over the course of the day. These differences were
greatest during the early afternoon (P3), when gap centre,
above-ground control, and ground temperatures were significantly
different from each other (Table 1). During the early to late
afternoon (P3 and P4), temperature within gap centre habitat
averaged just above 30°C, and remained just under that
temperature until sunset (P5). Relatively high temperatures in
canopy gap habitats are attributable to direct insolation (Matlack
1993; Todd and Andrews 2008; Pike ez al. 20115). Below-ground
temperatures at BCF were significantly cooler than all other
habitats during all periods of the day except at sunrise (P1),
when they were warmer than all other habitats. Warm below-
ground temperatures in the early morning suggest that latent
heat was retained in the soil overnight despite ambient air
temperatures decreasing until after sunrise (Carlson and Groot
1997; Hashimoto and Suzuki 2004). We suspect that turtle

body temperatures did not correlate with below-ground
temperatures during our study because they may only access
such insulated habitat types during winter (e.g. overwintering;
Burke et al. 2016). However, in the event that a turtle was in a
gap at sunset, it could retreat to an underground substrate in
gap habitat to maintain optimal body temperatures. While
environmental temperatures in canopy gap centres may have
increased above those of unharvested forest during the middle
of the day, they did not reach or exceed the thermal maxima for
box turtles on a consistent basis. Rather, gap temperatures
appeared suitable for box turtles throughout the study season,
especially in August and September. For instance, our
temperature modelling suggested that box turtles with greater
access to canopy gaps had body temperatures that closely
followed gap centre habitat temperatures during the afternoon
periods of the day (P3 and P4).

Management implications

In North America, ~7.5 million ha of forests are disturbed by
humans each year, and 6.1 million ha of this are due to timber
harvesting (Masek et al. 2011). Although there are several
benefits from commercial timber harvesting (Sims 2013), it is
cited as one of the leading causes of the global decline of reptile
species (Todd et al. 2010). While our study did not document
negative thermal effects to available box turtle habitat, harvested
landscapes can alter vegetation and form microclimates at local
scales that potentially disrupt species richness patterns and
thermal suitability (Lindenmayer er al. 2009; Martin-Queller
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et al. 2013). In addition, uncertainty regarding the intensity and
pattern of forest harvesting can hamper effective habitat
conservation and management (Kittredge et al. 2003). To
mitigate potential declines in reptiles, the application of
silvicultural practices that promote heterogeneity of forest
structure, composition, and function may be needed.
Additionally, relatively small-scale timber harvesting (<1 ha
per gap) could be implemented to allow for ectotherms to
quickly seek adjacent forest habitat when environmental
temperatures are above average within harvested areas.
Furthermore, small-scale timber harvesting that maintains
forest canopy heterogeneity via adequate spacing (>145m
distance between adjacent gap edges) may preserve habitat
connectivity for terrestrial reptiles. Finally, while some
silviculture-related mitigation techniques in managed forests
have been successful for sensitive species in the past, further
applied ecological research on animal/environmental temperature
dynamics and gap-based silvicultural practices may help reduce
negative impacts on reptile populations or reveal potential
benefits from similar types of forest harvesting practices.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

Funding for this project was provided by Berea College, the Department of
Forestry at the University of Kentucky and the McIntire—Stennis Cooperative
Forestry Research Program (#1001968). We acknowledge J. Ennen and
A. Drayer for comments on previous drafts of the manuscript. We
acknowledge A. J. Nowakowski for Table of Contents image. We
acknowledge M. Peaden for assistance with ArcGIS analysis. We also
thank the numerous volunteers who participated in box turtle telemetry,
especially W. Boys, A. Drayer, M. Murphy, and C. Oldham. All research
was conducted under a scientific collecting permit (SC1411030) issued by
Kentucky Division of Fish and Wildlife Resources. The University of
Kentucky Institutional Animal Care and Use Committee approved field,
laboratory and animal care protocols (protocol 2014-1209).

References

Adams, N. A., Claussen, D. L., and Skillings, J. (1989). Effects of
temperature on voluntary locomotion of the Eastern Box Turtle,
Terrapene carolina carolina. Copeia 1989,905-915. doi:10.2307/1445976

Angilletta, M. J. Jr, Huey, R. B., and Frazier, M. R. (2010). Thermodynamic
effects on organismal performance: is hotter better? Physiological
and Biochemical Zoology 83, 197-206. doi:10.1086/648567

Bartsch, N. (2000). Element release in beech (Fagus sylvatica L.) forest
gaps. Water, Air, and Soil Pollution 122, 3—16. doi:10.1023/A:1005
265505479

Bauhus, J., and Bartsch, N. (1995). Mechanisms for carbon and nutrient
release and retention in beech forest gaps: I. Microclimate, water
balance and seepage water chemistry. Plant and Soil 168-169,
579-584. doi:10.1007/BF00029371

Bernstein, N. P., and Black, R. W. (2005). Thermal environment of
overwintering ornate box turtles, Terrapene ornata ornata, in Towa.
American Midland Naturalist 153, 370-377. doi:10.1674/0003-0031
(2005)153[0370: TEOOOB]2.0.CO;2

Boucher, T. P. (1999). Population, growth and thermal ecology of the
eastern box turtle, Terrapene carolina carolina (L.), in Fairfax
County, Virginia. Ph.D. Dissertation, George Mason University,
Fairfax, VA.

Wildlife Research 79

Burke, R. L., Calle, P. P., Figueras, M. P., and Green, T. M. (2016). Internal
body temperatures of an overwintering adult Terrapene carolina
(eastern box turtle). Northeastern Naturalist 23, 364-366. doi:10.1656/
045.023.0304

Burnham, K. P., and Anderson, D. R. (2002). ‘Model Selection and Multi-
model Inference: a Practical Information-theoretic Approach.” (Springer:
New York.)

Cagle, F. R. (1939). A system of marking turtles for future identification.
Copeia 1939, 170-173. doi:10.2307/1436818

Cantrell, A. W., Wang, Y., Schweitzer, C. J., and Greenberg, C. H. (2013).
Short term response of herpetofauna to oak regeneration treatments on
the mid-Cumberland Plateau of southern Tennessee. Forest Ecology and
Management 295, 239-247. doi:10.1016/j.foreco.2013.01.027

Carlson, D. W., and Groot, A. (1997). Microclimate of clear-cut, forest
interior, and small openings in trembling aspen forest. Agricultural and
Forest Meteorology 87, 313-329. doi:10.1016/S0168-1923(95)02305-4

Chen, J., Saunders, S. C., Crow, T. R., Naiman, R. J., Brosofske, K. D., Mroz,
G. D., Brookshire, B. L., and Franklin, J. F. (1999). Microclimate in forest
ecosystem and landscape ecology variations in local climate can be used to
monitor and compare the effects of different management regimes.
Bioscience 49, 288-297. doi:10.2307/1313612

Chen, T.-H., and Lue, K.-Y. (2008). Thermal preference of the yellow-
margined box turtle (Cuora flavomarginata) (Testudines: Geoemydidae)
inhabiting a mesic lowland, northern Taiwan. Amphibia-Reptilia 29,
513-522.doi:10.1163/156853808786230451

Craig, J. M., Lhotka, J. M., and Stringer, J. W. (2014). Evaluating initial
responses of natural and underplanted oak reproduction and a shade-
tolerant competitor to midstory removal. Forest Science 60, 1164-1171.
doi:10.5849/forsci.13-602

Cunnington, G. M., Schaefer, J., Cebek, J. E., and Murray, D. (2008).
Correlations of biotic and abiotic variables with ground surface
temperature: an ectothermic perspective. Ecoscience 15, 472-477.
doi:10.2980/15-4-3140

Currylow, A. F., MacGowan, B. J., and Williams, R. N. (2012). Short-term
forest management effects on a long-lived ectotherm. PLoS One 7,
e40473. doi:10.1371/journal.pone.0040473

Currylow, A. F., Macgowan, B. J., and Williams, R. N. (2013). Hibernal
thermal ecology of eastern box turtles within a managed forest
landscape. Journal of Wildlife Management 77, 326-335. doi:10.1002/
jwmg.455

do Amaral, J. P. S., Marvin, G. A., and Hutchison, V. H. (2002).
Thermoregulation in the box turtles Zerrapene carolina and Terrapene
ornata. Canadian Journal of Zoology 80, 934-943. doi:10.1139/z02-070

Dodd, C. K. (2001). ‘North American Box Turtles: A Natural History.’
(University of Oklahoma Press: USA.)

Dodd, C. K., Rolland, V., and Oli, M. K. (2016). Consequences of
individual removal on persistence of a protected population of
long-lived turtles. Animal Conservation 19, 369-379. doi:10.1111/acv.
12253

Dubois, Y., Blouin-Demers, G., Shipley, B., and Thomas, D. (2009).
Thermoregulation and habitat selection in wood turtles Glyptemys
insculpta: chasing the sun slowly. Journal of Animal Ecology 78,
1023-1032.

Elliott, K. J., Hitchcock, S. L., and Krueger, L. (2002). Vegetation response
to large scale disturbance in a southern Appalachian forest: Hurricane
Opal and salvage logging. The Journal of the Torrey Botanical Society
129, 48-59. doi:10.2307/3088682

Ernst, C. H., and Lovich, J. E. (Eds) (2009). ‘Turtles of the United States
and Canada.” (The Johns Hopkins University Press: Baltimore, MD.)

ESRI (2014). ‘ArcGIS Desktop 10.1.1.” (Environmental Systems Research
Institute, Inc.: Redlands, CA.)

Faccio, S. D. (2003). Effects of ice storm-created gaps on forest breeding
bird communities in central Vermont. Forest Ecology and Management
186, 133—145. doi:10.1016/S0378-1127(03)00232-9


dx.doi.org/10.2307/1445976
dx.doi.org/10.1086/648567
dx.doi.org/10.1023/A:1005265505479
dx.doi.org/10.1023/A:1005265505479
dx.doi.org/10.1007/BF00029371
dx.doi.org/10.1674/0003-0031(2005)153[0370:TEOOOB]2.0.CO;2
dx.doi.org/10.1674/0003-0031(2005)153[0370:TEOOOB]2.0.CO;2
dx.doi.org/10.1674/0003-0031(2005)153[0370:TEOOOB]2.0.CO;2
dx.doi.org/10.1656/045.023.0304
dx.doi.org/10.1656/045.023.0304
dx.doi.org/10.2307/1436818
dx.doi.org/10.1016/j.foreco.2013.01.027
dx.doi.org/10.1016/S0168-1923(95)02305-4
dx.doi.org/10.2307/1313612
dx.doi.org/10.1163/156853808786230451
dx.doi.org/10.5849/forsci.13-602
dx.doi.org/10.2980/15-4-3140
dx.doi.org/10.1371/journal.pone.0040473
dx.doi.org/10.1002/jwmg.455
dx.doi.org/10.1002/jwmg.455
dx.doi.org/10.1139/z02-070
dx.doi.org/10.1111/acv.12253
dx.doi.org/10.1111/acv.12253
dx.doi.org/10.2307/3088682
dx.doi.org/10.1016/S0378-1127(03)00232-9

80 Wildlife Research

Faraway, J. J. (2005). ‘Extending the Linear Model with R: Generalized
Linear, Mixed Effects and Nonparametric Regression Models.” (CRC
Press: Boca Raton, FL.)

Felix, Z., Wang, Y., Czech, H., and Schweitzer, C. J. (2008). Abundance of
juvenile eastern box turtles relative to canopy cover in managed forest
stands in Alabama. Chelonian Conservation and Biology 7, 128-130.
doi:10.2744/CCB-0674.1

Greenberg, C. H. (2001). Response of reptile and amphibian communities
to canopy gaps created by wind disturbance in the southern Appalachians.
Forest Ecology and Management 148, 135-144. doi:10.1016/S0378-
1127(00)00486-2

Greenberg, C. H., and Lanham, J. D. (2001). Breeding bird assemblages
of hurricane-created gaps and adjacent closed canopy forest in the
southern Appalachians. Forest Ecology and Management 154,
251-260. doi:10.1016/S0378-1127(00)00631-9

Hashimoto, S., and Suzuki, M. (2004). The impact of forest clear-cutting on
soil temperature: a comparison between before and after cutting, and
between clear-cut and control sites. Journal of Forest Research 9,
125-132. doi:10.1007/s10310-003-0063-x

Huey, R. B., and Stevenson, R. D. (1979). Integrating thermal physiology
and ecology of ectotherms: a discussion of approaches. American
Zoologist 19, 357-366. doi:10.1093/icb/19.1.357

Hutchison, V. H., Vinergar, A., and Kosh, R. J. (1966). Critical thermal
maxima in turtles. Herpetologica 22, 32—41.

Kern, C. C., D’Amato, A. W., and Strong, T. F. (2013). Diversifying the
composition and structure of managed, late-successional forests with
harvest gaps: what is the optimal gap size? Forest Ecology and
Management 304, 110-120. doi:10.1016/j.foreco.2013.04.029

Kittredge, D. B., Finley, A. O., and Foster, D. R. (2003). Timber harvesting
as ongoing disturbance in a landscape of diverse ownership. Forest
Ecology and Management 180, 425-442. doi:10.1016/S0378-1127(02)
00561-3

Lhotka, J. M. (2013). Effect of gap size on mid-rotation stand structure and
species composition in a naturally regenerated mixed broadleaf forest.
New Forests 44, 311-325. doi:10.1007/s11056-012-9319-7

Lindenmayer, D. B., Hunter, M. L., Burton, P. J., and Gibbons, P. (2009).
Effects of logging on fire regimes in moist forests. Conservation Letters 2,
271-277. doi:10.1111/j.1755-263X.2009.00080.x

Littell, R. C., Pendergast, J., and Natarajan, R. (2000). Tutorial in biostatistics:
modeling covariance structure in the analysis of repeated measures data.
Statistics in Medicine 19, 1793—-1819. doi:10.1002/1097-0258(200007
15)19:13<1793::AID-SIM482>3.0.CO;2-Q

Martin-Queller, E., Diez, J. M., Ibanez, 1., and Saura, S. (2013). Effects of
silviculture on native tree species richness: interactions between
management, landscape context and regional climate. Journal of
Applied Ecology 50, 775-785. doi:10.1111/1365-2664.12064

Masek, J. G., Cohen, W. B., Leckie, D., Wulder, M. A., Vargas, R., de Jong,
B., Healey, S., Law, B., Birdsey, R., Houghton, R. A., Mildrexler, D.,
Goward, S., and Smith, W. B. (2011). Recent rates of forest harvest and
conversion in North America. Journal of Geophysical Research.
Biogeosciences 116, GO0K03.

Matlack, G. R. (1993). Microenvironment variation within and among
forest edge sites in the eastern United States. Biological Conservation
66, 185-194. doi:10.1016/0006-3207(93)90004-K

Messere, M., and Ducey, P. K. (1998). Forest floor distribution of
northern redback salamanders, Plethodon cinereus, in relation to
canopy gaps: first year following selective logging. Forest Ecology
and Management 107, 319-324. doi:10.1016/S0378-1127(97)00348-4

Mitchell, R. J., Franklin, J. F., Palik, B. J., Kirkman, L. K., Smith, L. L.,
Engstrom, R. T., and Hunter Jr., M. L. (2005). Natural disturbance-
based silviculture for restoration and maintenance of biological
diversity. Final report to the National Commission on Science for
Sustainable Forestry No. 120.

M. Agha et al.

O’Bryan, C. (2014). Persistence of a vulnerable semi-aquatic turtle in an
intensively-managed forest landscape. M.S. Thesis, Clemson University,
Clemson, SC.

Patterson, C., and Karcher, S. (2013). Berea College forest management plan.
Available at: http://www.berea.edu/forestry/files/2013/04/2013-forest-
management-plan.pdf [accessed 6 March 2015].

Perison, D., Phelps, J., Pavel, C., and Kellison, R. (1997). The effects of
timber harvest in a South Carolina blackwater bottomland. Forest
Ecology and Management 90, 171-185. doi:10.1016/S0378-1127(96)
03896-0

Peterson, C. R., Gibson, A. R., and Dorcas, M. E. (1993). Snake thermal
ecology: the causes and consequences of body-temperature variation.
In ‘Snakes: Ecology and Behavior’. (Eds R. A. Seigel, and J. T. Collins.)
pp. 240-267. (McGraw Hill: New York.)

Pike, D. A., Webb, J. K., and Shine, R. (2011a). Removing forest canopy
cover restores a reptile assemblage. Ecological Applications 21,
274-280. doi:10.1890/09-2394.1

Pike, D. A., Webb, J. K., and Shine, R. (20115). Chainsawing for conservation:
ecologically informed tree removal for habitat management. Ecological
Management & Restoration 12, 110-118. doi:10.1111/j.1442-8903.2011.
00582.x

Pinheiro, J., Bates, D., DebRoy, S., and Sarkar, D. (2013). R Development
Core Team (2012) nlme: linear and nonlinear mixed effects models.
R package version 3.1-103. R Foundation for Statistical Computing,
Vienna.

Raymond, P., Bédard, S., Roy, V., Larouche, C., and Tremblay, S. (2009). The
irregular shelterwood system: review, classification, and potential
application to forests affected by partial disturbances. Journal of
Forestry 107, 405-413.

Renken, R. B., Gram, W. K., Fantz, D. K., Richter, S. C., Miller, T. J., Ricke,
K. B., Russell, B., and Wang, X. (2004). Effects of forest management
on amphibians and reptiles in Missouri Ozark forests. Conservation
Biology 18, 174-188. doi:10.1111/j.1523-1739.2004.00312.x

Ritter, E., and Bjernlund, L. (2005). Nitrogen availability and nematode
populations in soil and litter after gap formation in a semi-natural beech-
dominated forest. Applied Soil Ecology 28, 175-189. doi:10.1016/j.aps
0il.2004.07.002

Roe, J. H., Wild, K. H., and Hall, C. A. (2017). Thermal biology of eastern
box turtles in a longleaf pine system managed with prescribed fire.
Journal of Thermal Biology 69, 325-333. doi:10.1016/j.jtherbio.2017.
09.005

Ross, C., Simcock, R., Williams, P., Toft, R., Flynn, S., Birchfield, R., and
Comeskey, P. (2000). Salvage and direct transfer for accelerating
restoration of native ecosystems on mine sites in New Zealand. In
‘New Zealand Miner & Mine Conference Proceedings’, pp. 29-31.

Sims, C. (2013). Influencing natural forest disturbance through timber
harvesting: tradeoffs among disturbance processes, forest values, and
timber condition. American Journal of Agricultural Economics 95,
992-1008. doi:10.1093/ajae/aat008

Stringer, J. W. (2006). Oak shelterwood: a technique to improve
oak regeneration. University of Kentucky Cooperative Extension
Publication FOR-100, Lexington, KY: 8.

Sturbaum, B. A. (1981). Responses of the three-toed box turtle, Terrapene
carolina triunguis, to heat stress. Comparative Biochemistry and
Physiology. Part A, Physiology70,199-204.doi:10.1016/0300-9629(81)
91445-6

Todd, B. D., and Andrews, K. M. (2008). Response of a reptile guild to forest
harvesting. Conservation Biology 22, 753-761. doi:10.1111/j.1523-
1739.2008.00916.x

Todd, B. D., Willson, J. D., and Gibbons, J. W. (2010). The global status of
reptiles and causes of their decline. In ‘Ecotoxicology of Amphibians
and Reptiles’. 2nd edn. (Eds D. W. Sparling, G. Linder, C. A. Bishop,
and S. Krest.) pp. 47-67. (CRC Press: Pensacola, FL.)


dx.doi.org/10.2744/CCB-0674.1
dx.doi.org/10.1016/S0378-1127(00)00486-2
dx.doi.org/10.1016/S0378-1127(00)00486-2
dx.doi.org/10.1016/S0378-1127(00)00631-9
dx.doi.org/10.1007/s10310-003-0063-x
dx.doi.org/10.1093/icb/19.1.357
dx.doi.org/10.1016/j.foreco.2013.04.029
dx.doi.org/10.1016/S0378-1127(02)00561-3
dx.doi.org/10.1016/S0378-1127(02)00561-3
dx.doi.org/10.1007/s11056-012-9319-7
dx.doi.org/10.1111/j.1755-263X.2009.00080.x
dx.doi.org/10.1002/1097-0258(20000715)19:13<1793::AID-SIM482>3.0.CO;2-Q
dx.doi.org/10.1002/1097-0258(20000715)19:13<1793::AID-SIM482>3.0.CO;2-Q
dx.doi.org/10.1002/1097-0258(20000715)19:13<1793::AID-SIM482>3.0.CO;2-Q
dx.doi.org/10.1002/1097-0258(20000715)19:13<1793::AID-SIM482>3.0.CO;2-Q
dx.doi.org/10.1002/1097-0258(20000715)19:13<1793::AID-SIM482>3.0.CO;2-Q
dx.doi.org/10.1111/1365-2664.12064
dx.doi.org/10.1016/0006-3207(93)90004-K
dx.doi.org/10.1016/S0378-1127(97)00348-4
http://www.berea.edu/forestry/files/2013/04/2013-forest-management-plan.pdf
http://www.berea.edu/forestry/files/2013/04/2013-forest-management-plan.pdf
dx.doi.org/10.1016/S0378-1127(96)03896-0
dx.doi.org/10.1016/S0378-1127(96)03896-0
dx.doi.org/10.1890/09-2394.1
dx.doi.org/10.1111/j.1442-8903.2011.00582.x
dx.doi.org/10.1111/j.1442-8903.2011.00582.x
dx.doi.org/10.1111/j.1523-1739.2004.00312.x
dx.doi.org/10.1016/j.apsoil.2004.07.002
dx.doi.org/10.1016/j.apsoil.2004.07.002
dx.doi.org/10.1016/j.jtherbio.2017.09.005
dx.doi.org/10.1016/j.jtherbio.2017.09.005
dx.doi.org/10.1093/ajae/aat008
dx.doi.org/10.1016/0300-9629(81)91445-6
dx.doi.org/10.1016/0300-9629(81)91445-6
dx.doi.org/10.1111/j.1523-1739.2008.00916.x
dx.doi.org/10.1111/j.1523-1739.2008.00916.x

Gap-based silviculture and eastern box turtles

Todd, B. D., Blomquist, S. M., Harper, E. B., and Osbourn, M. S. (2014).
Effects of timber harvesting on terrestrial survival of pond-breeding
amphibians. Forest Ecology and Management 313, 123-131. doi:10.
1016/j.foreco.2013.11.011

Vitt, L. J., Avila-Pires, T., Caldwell, J. P., and Oliveira, V. R. (1998). The
impact of individual tree harvesting on thermal environments of lizards
in Amazonian rain forest. Conservation Biology 12, 654-664. doi:10.
1046/j.1523-1739.1998.96407 .x

Wildlife Research 81

Walker, R. C. (2012). A critical evaluation of field survey methods for
establishing the range of a small, cryptic tortoise (Pyxis arachnoides).
The Herpetological Journal 22, 7-12.

Webster, C. R., and Lorimer, C. G. (2005). Minimum opening sizes for
canopy recruitment of midtolerant tree species: a retrospective approach.
Ecological Applications 15, 1245-1262. doi:10.1890/04-0763

www.publish.csiro.au/journals/wr


dx.doi.org/10.1016/j.foreco.2013.11.011
dx.doi.org/10.1016/j.foreco.2013.11.011
dx.doi.org/10.1046/j.1523-1739.1998.96407.x
dx.doi.org/10.1046/j.1523-1739.1998.96407.x
dx.doi.org/10.1890/04-0763

