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We evaluated the spatial ecology and habitat use of the Copperhead (Agkistrodon contortrix) in managed,
pine-hardwood forests in the William B. Bankhead National Forest, Alabama. We used radiotelemetry to
monitor 31 snakes (23 males, 8 females [5 gravid and 3 non-gravid females]) over a period of 3 years
(2006-2008). Snakes were tracked for one or more seasons in a series of 18 forest stands composed of
6 treatments (Control, Burn, Light Thin, Heavy Thin, Light Thin with Burn, and Heavy Thin with Burn)
replicated three times. Home-range estimates for male snakes averaged 17.8+2.3 (based on
Utilization Distributions [UD]) and 12.0 £ 1.9 ha (based on 100% Minimum Convex Polygons [MCP]),
whereas home-range estimates for gravid female snakes averaged 7.1+ 1.8 ha (based on UD) and
Habitat use 4.1 £ 1.1 ha (based on MCP) and were significantly different between both sexes for all home-range anal-
Prescribed burning yses. We did not detect an effect of forest management on home-range size of male snakes. Macrohabitat
Snake use differed among male and gravid female snakes, where male snakes used edge (field and secondary
Spatial ecology road edges) and Southern Pine Beetle macrohabitats in significantly greater proportion than what was
available. Gravid female snakes did not use macrohabitats differently than what was available, but
tended to use thinned stands and forest stand canopy gaps for parturition sites. Microhabitat use patterns
were similar between male and gravid female snakes, where both sexes tended to use microhabitat sites
with relatively greater litter depth and coarse woody debris percent cover compared to random micro-
habitat sites. Microhabitat use patterns for male snakes tended to differ based on forest management
treatment (Thin and Thin with Burn versus Control and Burn stands), where selected microhabitat sites
had lower ambient and soil temperatures compared to random sites in thinned stands. Collectively, we
illustrated that male A. contortrix displayed hierarchical habitat use, whereas female A. contortrix dis-
played preference for habitat features at the microhabitat scale only. Overall, our short-term study pro-
vides evidence that recently-thinned pine-hardwood stands are not initially used at a frequency greater
than their availability, which suggests that microhabitat and microclimate conditions likely limit use
immediately following management.
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1. Introduction

Increasing evidence of worldwide biodiversity declines illus-
trates the heightened need to understand biological requirements
of both common and rare species (Cincotta et al., 2000; Myers,
1996; Sodhi et al., 2004). This is particularly true for smaller verte-
brates, such as reptiles that have not received the level of public
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attention as other charismatic megafauna. As with other taxa,
habitat destruction through anthropogenic means and alteration
of natural disturbance regimes have been suggested as one of the
major factors behind declines of reptile populations (Bohm et al.,
2013; Garber and Burger, 1995; Germaine and Wakeling, 2001).
Forest management in the form of timber harvest and prescribed
burning provides a valuable tool to manage and/or restore
degraded forest ecosystems (Dellasala et al., 2003). As these distur-
bances generally impact large areas, the concomitant changes in
microclimate and microhabitat conditions can impact biological
and physiological requirements of reptiles (Gram et al., 2001;
Provencher et al, 2003; Sutton et al, 2014). Herpetofaunal
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responses to forest management are relatively well-documented
(e.g., Russell et al, 2004); however, most studies have either
focused solely on amphibian responses (e.g., deMaynadier and
Hunter, 1995; Semlitsch et al., 2009; Tilghman et al., 2012), or have
reported on a limited portion of the reptile fauna (e.g., Greenberg
and Waldrop, 2008; Greenberg et al., 1994; Lunney et al., 1991;
Vitt et al., 1998).

Limited published work exists regarding snake responses to for-
est management; however, recent studies revealed that litter-
dwelling snakes responded negatively to clearcut management
(Todd and Andrews, 2007), and species of medium-large snakes
(e.g., Black Racers [Coluber constrictor]) were more abundant after
forest thinning in pine-hardwood stands (Sutton et al., 2013).
Large-bodied snakes have proven difficult to sample given issues
with inadequate sampling methods (e.g., Enge, 2001) and difficul-
ties with detection of cryptic and secretive species during visual
and passive surveys (Ryan et al., 2002; Steen, 2010). Most studies
of herpetofaunal responses to forest management rely primarily
on stationary drift-fences to sample reptile populations, and it is
likely that these studies underestimate the responses of species
with activity ranges larger than the primary study area. This is par-
ticularly true for species that primarily use managed landscapes as
a corridor to access other preferred and selected habitats.

Organisms may exhibit varied habitat use patterns at different
spatial scales (Compton et al., 2002; Harvey and Weatherhead,
2006; Orians and Wittenberger, 1991; Wiens et al., 1987). Habitat
use in snakes is understood to proceed in a hierarchical fashion
where selection is initially regulated by internal physiological fac-
tors (e.g., digestive state and reproductive condition; Reinert,
1993). Snakes then use suitable habitats at the landscape scale
(e.g., deciduous forest, field edge, grassland) based hierarchically
on suitable microhabitat features (e.g., litter depth, coarse woody
debris cover) within these landscape units (Harvey and
Weatherhead, 2006; Row and Blouin-Demers, 2006) that corre-
spond with small-scale biological interactions (e.g., temperature
preferences, prey odors, and intraspecific relationships; Reinert,
1993). The nature in which a focal organism exhibits habitat use
may lead to important and different conservation and manage-
ment decisions. For example, a species may display uneven prefer-
ence for certain microhabitats and partition this use within distinct
landscape units (hierarchical habitat use), whereas another species
may display preference for certain microhabitats without prefer-
ence for habitats at the landscape scale (Harvey and
Weatherhead, 2006; Hoss et al., 2010; Moore and Gillingham,
2006; Waldron et al., 2008). Understanding the relationships
between habitat use and spatial scale is important for species that
require further conservation measures or habitat management
(Mayor et al., 2009).

The spatial arrangement of biological resources (e.g., gestation
and hibernation sites) is one of the primary factors that determine
how species use different components of the landscape. Snakes,
like most other vertebrates allocate activity patterns in accordance
with biological needs. For example Bushar et al. (1998) examined
relationships among yearly movements, hibernation site location,
and genetic relationships of Timber Rattlesnakes (Crotalus horridus)
and found snakes that used the same hibernacula yearly were
more closely related to each other compared to snakes that used
geographically-separated hibernation sites. The authors found that
female snakes were more likely to use basking sites located closest
to hibernacula and were more likely to breed with males from the
same hibernation sites. Additionally, in studies of Eastern Massas-
auga Rattlesnakes (Sistrurus catenatus), the spatial arrangement of
hibernation and summer foraging sites correlated with movement
length and home range size for this species; specifically, snakes in
habitats with hibernation resources in close proximity to summer
foraging habitats had considerably smaller home ranges compared

to snakes occupying habitats with greater distance between these
resources (Degregorio et al., 2011; Johnson, 2000; Marshall et al.,
2006; Reinert and Kodrich, 1982). Habitat use studies that incorpo-
rate a spatial context have greater inference because habitat use
and movement patterns are ultimately tied to the spatial arrange-
ment of biological resources, which include sites for gestation, for-
aging, and thermoregulation (e.g., Moore and Gillingham, 2006;
Richardson et al., 2006).

The alteration of environmental conditions via large-scale dis-
turbances may influence snake spatial ecology and habitat use pat-
terns. Although studies of snake habitat use and spatial ecology are
abundant, detailed studies of how landscape disturbances impact
habitat and space use are generally lacking (but see Cross et al.,
2015; Durbian, 2006; Kjoss and Litvaitis, 2001; Reinert et al.,
2011). The primary objective of this study was to use a mobile,
poikilothermic vertebrate (Copperhead [Agkistrodon contortrix])
as a model species to evaluate the impacts of forest restoration
treatments on habitat use and spatial ecology patterns at multiple
spatial scales. We predicted that temperature and microhabitat
variation within managed forest environments would impact both
habitat use and spatial ecology patterns of A. contortrix. Specifi-
cally, we hypothesized that snakes in recently thinned forest
stands would have greater home range size and different habitat
use patterns compared to snakes inhabiting closed canopy stands.
We predicted these differences would be due to the initial reduc-
tion in the availability of microhabitat cover features and subse-
quent alteration of movement patterns to locate such features in
managed and adjacent unmanaged habitat patches.

2. Materials and methods
2.1. Study area

Our study was centered in the northern portion of the William
B. Bankhead National Forest (BNF), which is located in Lawrence,
Winston, and Franklin Counties in northwestern Alabama. The
BNF is a 72,800 ha multi-use forest located along the highly dis-
sected portion of the southern Cumberland Plateau (Gaines and
Creed, 2003; Smalley, 1982). The BNF is composed largely of mixed
pine-hardwood forests, except in areas where Loblolly Pine (Pinus
taeda) was actively planted to re-establish forest conditions in
abandoned agricultural and/or heavily-timbered areas (Gaines
and Creed, 2003). During the late 1990s and early 2000s, Southern
Pine Beetle (Dendroctonus frontalis) infestations resulted in large
numbers of standing dead trees and increased fuel loads. To deal
with increased fire risk and prevent further loss of standing timber
crops, the BNF developed a long-term forest restoration plan
(Gaines and Creed, 2003; Schweitzer and Tadesse, 2004) to restore
P. taeda-dominated stands to historic oak-hickory stand conditions
via prescribed burning and thinning. The forest stands evaluated
during this study were generally located on upland sites and were
composed primarily of P. taeda with most stands possessing a
hardwood component (e.g., Quercus and Carya species). These
stands were managed with a variety of forest treatments, including
no treatment (control), prescribed burn (3-5 year return interval),
light thin (17 m?/ha residual basal area [BA]), heavy thin (11 m?/ha
residual BA), and two thin and burn interaction treatments (light
thin with burn and heavy thin with burn). Each of these treatments
(~9 ha in size) was replicated three times (18 total treatments)
across the landscape within the northern portion of the BNF. We
leveraged this pre-existing matrix of forest management practices
to evaluate effects of forest management on snake spatial ecology
and habitat use. For further information on forest stand conditions
and forest management operations, please refer to Sutton et al.
(2014, 2013, 2010).
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2.2. Study organism

Agkistrodon contortrix is a widely-distributed pit-viper species
with a geographic range that extends from southern Texas to Geor-
gia and north into southern Connecticut, USA. This species (which
is commonly encountered in the southeastern United States and is
an important prey item for other snake species (Steen et al., 2014),
was previously recognized as five sub-species; however, recent
molecular analyses (Burbrink and Guiher, 2015) provided support
for two distinct species, including the Eastern Copperhead (Agk-
istrodon contortrix) and the Broad-banded Copperhead (Agkistrodon
laticinctus). We chose A. contortrix as a model organism for this
study as they, (1) are common inhabitants of eastern and south-
eastern forests (Fitch, 1960), (2) are sit-and-wait predators and
are likely to demonstrate clear habitat selection patterns, (3) have
home-ranges that range from 6.1 to 44.5 ha (Smith et al., 2009),
which coincide well with plot size and the surrounding habitat
matrix of this study, and (4) habitat use and spatial relationships
of A. contortrix are largely unknown and not reported for the south-
east United States.

2.2.1. Snake capture and surgery procedures

We captured A. contortrix in modified drift-fence trap arrays
used for a larger study that evaluated amphibian and reptile
responses to forest management (Sutton et al., 2014, 2013, 2010)
and during incidental surveys in designated research plots. We col-
lected and radio-tagged snakes from different treatments as much
as possible to acquire a representative sample across treatments.
We determined snake sex via cloacal probes and determined
female reproductive condition opportunistically, when possible,
during surgery and by field observations (i.e., sedentary behavior
(Reinert, 1984a) throughout the active season). Male snakes that
were larger than 180 g and female snakes that were larger than
150 g were implanted intraperitoneally with a radiotransmitter
(males: model SI-2 [9 g], females: model SB-2 [5 g]; Holohil Sys-
tems Ltd.) following the procedures in Reinert and Cundall
(1982). We sterilized all surgery equipment in an autoclave prior
to surgery and maintained sanitary conditions during surgery
through the use of sterile latex gloves and disinfection of all sur-
faces with 90% ethanol. We anesthetized snakes with isoflurane
and began surgical procedures when snakes were unresponsive
to touch. Each snake was restrained in an acrylic snake tube to
maintain anesthesia during surgery. We followed traditional trans-
mitter implantation methods (i.e., Reinert and Cundall, 1982)
except that we used a self-retaining retractor (Codman Surgical
Instruments) to open the body cavity, which eased transmitter
placement. We also used a 30.5cm long aluminum tube
(0.23 mm outside dia) to allow placement of the transmitter
antenna between the skin and ribcage of the snake. We used a
3-0 dissolvable suture to close the inner body cavity and outer skin
and used Nexaband (Abbott Laboratories) liquid topical tissue
adhesive to further seal the suture site. On completion of surgical
procedures, snakes were monitored in captivity for two days and
then released near the original capture site.

2.3. Radiotelemetry procedures

After snakes were released, we relocated each individual every
5-7 days throughout the active season (April-November) using a
Merlin 12 (Custom Electronics) or a TRX-48S (Wildlife Materials)
receiver equipped with a three-prong yagi antenna. Tracking com-
menced primarily during daylight hours and as weather permitted.
At each location, we recorded locality information (<6 m accuracy)
using a handheld Garmin Etrex global positioning system. When a
snake was located during a tracking event, we flagged the location

along with a paired, random location (described in further detail
below).

2.3.1. Home-range estimation

We determined home-range estimates for each snake that was
tracked throughout a majority of the active season (April - Novem-
ber). To produce home-range estimates, we used the Animal Space
Use v.1.3 (ASU) program, which permits evaluation of home-range
patterns through an information-theoretic approach (Horne and
Garton, 2006). This approach provides home-range estimates with
significantly lower bias compared to a “one size fits all approach”
by examining the overall movement patterns that best explain
the space use of the individual. All area-usage techniques have
assumptions and limitations (Marshall et al., 2006) and it is impor-
tant to estimate home-range use patterns based on the fit of the
data rather than choosing an approach based on personal prefer-
ences and trends in the literature (Horne and Garton, 2006). Fur-
thermore, each home range model estimated by the ASU
program (besides the Kernel model) is derived from hypotheses
about ecological factors affecting space use (Horne and Garton,
2006). For each of these analyses, we determined 95%, 50%, and
core (e.g., 30 - 40% isopleths) home-range estimates and used
the ASU Arc-GIS v.1 extension (Carpenter, 2009) to import the
ASU output into Arc-GIS v.9.3 to view and delineate the area for
each home-range utilization distribution (Fig. 1). To permit com-
parisons of our home-range estimates to other studies, we used
Hawth'’s Tools v.3.27 (Beyer, 2004) for Arc-GIS to estimate home-
ranges via the minimum convex polygon (MCP) method (Fig. 1).
We compared differences in home-range estimates (MCP, core
UD, 50% UD, and 95% UD) between male and gravid female snakes
and between males monitored in closed canopy (Control and Burn)
and open canopy (Thin and Thin with Burn) stands using an inde-
pendent samples t-test. In terms of evaluating treatment effects on
home-range size, we limited comparisons to closed and open
canopy stands because we lacked adequate home range estimates
to evaluate individual treatment effects. Statistical significance
was determined at an alpha level of 0.05.

2.4. Habitat use

2.4.1. Macrohabitat analysis

We evaluated macrohabitat use (use of habitats at the home-
range scale) patterns at the core and 95% utilization distribution
home range scales. To identify the area of available habitat within
each of these spatial scales, we buffered each snake location by the
average 95% utilization distribution area (males-17.8 ha; gravid
females-7.1 ha) and average core utilization distribution area
(males-2.1 ha; females-0.8 ha) using ArcGIS 9.3. We used Hawth'’s
Tools v.3.27 for ArcGIS (Beyer, 2004) to generate random points
(i.e., 21 - 33 points for each snake) equal to the number of
radiotelemetry points for home-range estimation within each
snakes’ buffered home-range to represent available habitat. We
used aerial photographs (1 m? spatial resolution) collected in
2006 and 2009 to identify and classify forest stand conditions of
the study area prior to and after forest management, respectively.
We used these geospatial data layers to identify macrohabitat fea-
tures (Table 1) at used and available (random) points. First, we
used landscape classifications in the 2006 National Landcover Clas-
sification Dataset (Fry et al., 2011) to determine primary landscape
(e.g., Mixed Forest, Pine Forest, Agriculture, Scrub/Shrub) cate-
gories. Additional landscape habitat categories not explicitly
described in the NLCD were delineated from the NLCD and aerial
photographs and included Thinned Forest, Hard Edge, Soft Edge,
and Southern Pine Beetle habitats (described in Table 1) to further
define macrohabitat use by A. contortrix throughout the study area.
Because Agriculture and Scrub/Shrub habitats were minimally
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Fig. 1. Example home-range estimates for a male (snake 831) and gravid female (snake 833) A. contortrix in the William B. Bankhead National Forest. The dark (snake 833)
and light with black-bordered (snake 831) polygons represent Minimum Convex Polygon home range estimates, whereas the three-toned concentric circular polygons
represent the 95%, 50%, and core utilization distributions for snake 831 (adaptive Kernel utilization distribution) and snake 833 (two-mode bivariate normal mix utilization
distribution). Home-ranges for both snakes were developed based on spatial data collected weekly from May - November.

represented (e.g., <1% of available habitats), we did not include
these landscape classifications in further analyses. In addition,
we did not include prescribed burning as one of the macrohabitat
components evaluated during this study because burned areas
within stands tended to be patchy and were impossible to differen-
tiate via spatial data. We used compositional analysis (e.g.,
Aebischer et al., 1993; Richardson et al., 2006) via Multiple Analy-
sis of Variance in SPSS v.24.0 (SPSS, 2016) to evaluate macrohabitat
selection patterns at each home range scale for males and gravid
females. We did not include data from non-gravid females in any

habitat analyses because only one individual was monitored
throughout the study.

2.4.2. Microhabitat analysis

We assessed microhabitat use patterns through a use-
availability approach, whereby occupied locations were compared
directly to a random and potentially unused location (Compton
et al.,, 2002; Harvey and Weatherhead, 2006). Random locations
were established by determining a random bearing (0°-360°) and
distance (1-50 m) determined from each snake location. At each
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Table 1

Descriptions of macrohabitat types used and available for use by radiotracked Copperheads (Agkistrodon contortrix) in the William B. Bankhead National Forest, Alabama, U.S.A.

Macrohabitat type® Macrohabitat description

Mixed Forest (MF)
Pine Forest (PF)
Thinned Forest (TF)
category.
Southern Pine Beetle
(SP)
Hard Edge (HE)

Soft Edge (SE)
and Weatherhead (2001)

Forests composed of a broad mixture of deciduous tree species, with interspersed evergreen tree species
Unmanaged pine forests dominated by Virginia Pine (Pinus virginiana) or Loblolly Pine (P. taeda)
Forest stands that have been thinned through silvicultural means. Heavy Thin and Light Thin treatments were combined in this macrohabitat

Forest stands disturbed by infestations of the Southern Pine Beetle (Dendroctonus frontalis)
An abrupt interface between forest and an open habitat, specifically roads and fields. We used a buffer of 15 m to classify use of a Hard Edge as

recommended in Blouin-Demers and Weatherhead (2001)
The interface between intact forest and Thinned Forest. We used a 15 m buffer to classify use of a soft edge as recommended in Blouin-Demers

4 Habitats within the study area were characterized using aerial photographs along with Southern Pine Beetle forest stand shapefiles supplied by the USDA Forest Service.

Table 2

Microhabitat variables assessed at each used and random (available) site for radiotracked Copperheads (Agkistrodon contortrix) in the William B. Bankhead National Forest,

Alabama, U.S.A.

Habitat variable Abbreviation  Habitat variable description

Assessed inside of 1 m? grid
Percent litter %_Litt

Forest litter cover (%) within a 1 m? grid. Variable had to occupy one grid cell to be counted
Woody stem cover (%) within a 1 m? grid. Variable had to occupy one grid cell to be counted
Coarse Woody Debris (CWD) cover (%) within a 1 m? grid. Variable had to occupy one grid cell to be counted

Percent woody %_Wood

Percent CWD %_CWD

Percent slash %_Slash Slash cover (%) within a 1 m? grid. Variable had to occupy one grid cell to be counted
Percent rock %_Rock Rock cover (%) within a 1 m? grid. Variable had to occupy one grid cell to be counted
Forest level 1 For_1 Average understory tree cover (%) taken at each of four points along the 1 m? grid
Forest level 4 For_4 Average canopy tree cover (%) taken at each of four points along the 1 m? grid

Litter depth L_depth Average litter depth (cm) taken at each of four points along the 1 m? grid

Canopy cover Can_cov Average canopy cover (%) take at each of four points along the 1 m? grid

Number of woody stems  No_ws Number of woody stems within the 1 m? grid

Air temperature snake AT_snake Air temperature (°C) taken within 10 cm of the snake

Relative humidity snake ~ RH_snake Relative humidity (%) taken within 10 cm of the snake

Soil temperature T_soil Soil temperature (°C) taken within 10 cm of the snake

Assessed outside of 1 m? grid

Basal area Bas_area
Percent pine Per_pine
Nearest log distance N_logd
Log volume Log_vol
Nearest rock distance Rock_d

Cross-sectional area (m?/ha) of living overstory trees surrounding each sampled plot. Determined with a 10 power prism
Composition (%) of overstory pine tree species. Limited to trees tallied in the basal area estimate

Distance (cm) to nearest log > 10 cm in diameter to plot center. Log could not be within 1 m? grid

Volume (m?) to nearest log > 10 cm in diameter to plot center. Determined as volume of a cylinder: 7 r? x length
Distance (cm) to nearest rock > 10 cm in diameter to plot center. Rock could not be within 1 m? grid

used and random location, we used a 1 m?, 10 x 10 grid to describe
the microhabitat sites used by A. contortrix similar to other studies
and as recommended in Reinert (1984a,b), Harvey and
Weatherhead (2006), Table 2. We placed the center of the 1 m?
quadrat at the location of each snake and random site surveyed.
We used the sampling grid to estimate percent cover of litter,
woody vegetation, coarse-woody-debris (CWD), slashpiles, rock,
and other microhabitat variables as described in Table 2.

Microclimatic variables (air temperature and relative humidity)
were measured at used and random locations immediately after a
snake was located during a tracking event. We returned to the used
and random locations approximately 1 - 3 weeks later to measure
the remaining microhabitat variables in Table 2. We delayed
microhabitat surveys until a snake had vacated a selected site to
avoid additional disturbance to the radiotracked individual. Habi-
tat plot data were collected from early May through late August
for each year of the study. We completed a microhabitat assess-
ment only when a snake was confirmed to be above ground and
had moved at least 1 m from a previous location.

2.5. Statistical analysis

We developed seven microhabitat and microclimate (habitat
hereafter) models based on variables supported in habitat use
studies of other pit-viper species (e.g., Cross and Peterson, 2001;
Harvey and Weatherhead, 2006; Reinert, 1984a,b; Steen et al.,
2012) and from our biological knowledge of the study organism

(Table 3). We used a mixed-models approach for all analyses to
account for non-independence of microhabitat samples for individ-
ual snakes (random effect).

We developed three analyses to evaluate the individual effects
of snake sex and forest treatment on microhabitat use, including
two sex-based analyses and one treatment-based analysis. For
the analyses that evaluated the effect of snake sex on microhabitat
use, we used generalized linear mixed models (GLMMSs) via the
Ime4 package (Bates et al, 2015) in R v.3.3.0 (R Core Team,
2016). We created a binary dataset where (1) represented a “used”
site and (0) represented an “unused”, random site. We tested the
difference among used and random sites based on a binomial dis-
tribution and logit link function. For the analysis that examined
microhabitat use differences among forest treatments, we only
used data from male A. contortrix locations because we did not
have sufficient data to test forest treatment effects for female
snake habitat use. We collated each of the two thin and thin with
burn treatments into thin and thin with burn groups, respectively
to maximize statistical power. We subtracted microhabitat and
microclimate data collected at each random habitat point from
each of the respective paired snake locations to create a dataset
representing relative difference among used and random sites.
We used the Imer function in the Ime4 package (Bates et al.,
2015) in R v. 3.3.0 (R Core Team, 2016) to test effects of forest
treatment on male snake microhabitat use.

We used Akaike’s Information Criterion adjusted for small
sample sizes (AIC.; Burnham and Anderson, 2002) to evaluate
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Table 3

A-priori habitat models developed to test for microhabitat use differences between
used and random microhabitat sites for male and gravid female A. contortrix among
differently managed forest stands (i.e., Control, Burn, Thin, and Thin with Burn). Refer
to Table 2 for associated microhabitat and microclimate variable abbreviations.

Microhabitat Variables
model
Climate AT_Snake + RH_Snake + T_soil

Cover depth L_depth + %_CWD + %_Slash

Forest structure Bas_Area + Can_cov + Per_pine

Groundcover %_Litt + %_Woody + %_CWD + %_Rock + %_Slash

Vertical structure  T_ws + For_1 + For_4

Thermoregulation Can_cov + AT_Snake + T_soil

Woody debris % _CWD + N_CWDdist + N_CWDvol

Global AT_Snake + RH_Snake + T_soil + L_depth + Bas_Area
+ Can_cov + Per_pine + %_Litt + %_Woody + %_CWD + %
_Rock + %_Slash + T_ws + For_1 + For_4 + N_CWDdist
+ N_CWDvol

candidate habitat models and select the most parsimonious model
that best explained A. contortrix habitat use. We evaluated each of
the habitat models (Table 3) and calculated AIC. and AAIC, as rec-
ommended in Burnham and Anderson (2002). Akaike weights (w;)
were calculated from AAIC, values to evaluate the evidence that a
particular hypothesis was the most parsimonious model. We
examined evidence ratios to evaluate the degree of difference
between the highest-supported models with evidence ratios < 2.7
(Burnham and Anderson, 2002). We calculated parameter esti-
mates for candidate models with greatest support and used
Akaike’s weights along with parameter estimates to calculate
95% confidence intervals (Burnham and Anderson, 2002).

Table 4

3. Results

We recorded 766 individual locations from 30 A. contortrix over
the course of this study (Table 4). The number of observations per
snake ranged from 6 (5 weeks) to 53 (13 months) total observa-
tions per snake (Table 4). Five snakes were depredated during this
study, whereas four snakes were lost due to transmitter failure and
one snake died one month after surgery implantation (Table 4).
Overall, we sampled microhabitat features at 432 (males-378;
gravid females—54) snake locations and at 432 random locations.

3.1. Home-range analysis

We calculated home-ranges for 22 snakes (16 males, 5 gravid
females, and 1 non-gravid female) that were radio-tracked
throughout a majority of the active season (March - November).
The fixed kernel home-range procedure was identified as the best
home-range estimation technique for 11 snakes, whereas the
adaptive kernel was selected as the best estimation procedure for
5 snakes (Table 5). The two-mode bivariate normal mix, two-
mode bivariate circle, and one-mode bivariate normal utilization
were each identified twice as the best home-range utilization dis-
tribution estimation technique (Table 5).

We detected differences in home-range size between male and
gravid female snakes. Males had larger home-range sizes than
gravid females for 95% utilization distributions (males
17.8 £ 2.3 ha; females 7.1 £ 1.8 ha; t;9=2.49; p=0.023), 50% uti-
lization distributions (males 3.9 £0.6 ha; females 1.0+ 0.4 ha;
t;9=2.687; p=0.012), core area utilization distributions (males
2.1+0.3 ha; females 0.8 + 0.3 ha; t;9=2.687; p=0.015), and 100%
minimum convex polygons (males 12.0+1.9 ha; 4.1+1.1 ha;

Summary of total radiotracked Copperheads (Agkistrodon contortrix) monitored from April 2006 - November 2008 in the William B. Bankhead National Forest, Alabama, U.S.A.

Please refer to the footnotes for specific explanations of snake number symbols.

Tracking period

Final result

Snake number Sex* Treatment type # of locations
133" M Thin 27
133" M Thin with burn 30
1347 M Burn 29
134B' M Control 14
135" M Thin with burn 28
135C" M Thin 29
136 M Thin 28
136T M Thin 29
137" M Thin with burn 42
423" M Thin with burn 37
424" M Thin with burn 40
426' M Control 15
427 M Thin with burn 6
428’ M Thin 9
429 M Thin with burn 33
430! M Thin 20
831" M Thin 45
833S’! M Thin with burn 27
834" M Control 35
835! M Thin 10
836’ M Control/burn 53
837 M Control 31
840! M Control 13
4251 F(G) Thin with burn 21
425 F(NG) Thin with burn 21
503 F(G) Thin with burn 30
504" F(G) Thin 27
832 F(Unk) Control 8
833" F(G) Thin 42
834B’ F(G) Thin 21
838 F(Unk) Control/burn 8

8/18/2006 - 9/4/2007
5/6/2008 - 11/10/2008
8/21/2006 - 8/27/2007
5/9/2008 - 8/1/2008
8/23/2006 - 9/4/2007
5/9/2008 - 11/10/2008
8/23/06 - 9/4/2007
5/16/2008 - 11/10/2008
5/8/2007 - 9/29/2008
5/17/2007 - 9/2/2008
5/19/2007 - 9/26/2008
6/3/2007 - 9/22/2008
6/9/2007 - 7/17/2007
6/23/2007 - 8/16/2007
7/23/2007 - 9/29/2008
7/23/2007 - 7/9/2008
5/17/2006 - 8/28/2007
5/23/2008 - 11/10/2008
7/7/2006 - 9/2/2007
7/27/2006 - 9/21/2006
4/22/2006 - 9/11/2007
4/29/2006 - 10/27/2006
8/10/2006 - 6/14/2007
5/20/2007 - 11/2/2007
4/30/2008 - 9/2/2008
5/9/2008 - 11/10/2008
5/31/2008 - 11/10/2008
4/29/2006 - 6/4/2006
5/23/2006 - 6/14/2007
6/29/2008 - 11/10/2008
5/27/2006 - 7/7/2006

Survived

Survived

Survived

Depredated (unknown predator)
Survived

Survived

Survived

Survived

Survived

Transmitter signal lost (fate unknown)
Survived

Depredated (unknown predator)
Depredated (unknown predator)
Depredated (unknown predator)
Survived

Depredated (unknown predator)
Survived

Survived

Survived

Depredated (black kingsnake)
Survived

Transmitter removed the following spring
Survived

Transmitter signal lost (fate unknown)
Transmitter signal lost (fate unknown)
Survived

Survived

Died (incision site opened)
Depredated (unknown predator)
Survived

Transmitter signal lost (fate unknown)

2 M- male, F- female, G-gravid, NG-nongravid, and Unk-unknown reproductive condition.
" Individuals used for home-range and macrohabitat scale use estimation.
T Habitat data from these individuals was used to evaluate microhabitat use.
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Table 5

Home-range estimates (utilization distributions [UD]) for radiotracked Copperheads (Agkistrodon contortrix) in the William B. Bankhead National Forest, Alabama, U.S.A. (2006-
2008). Home-range estimates were determined for individuals monitored for a majority of the active season (April - November).

Snake number?® Gender Treatment type Number of locations Home range method” 95% UD (ha) 50% UD (ha) Core UD (ha) MCP (ha)*
133 M Thin 27 FK 18.7 39 2.1 23.8
133] M Thin with burn 30 FK 16.8 41 23 7.7
134 M Burn 29 FK 6.6 13 0.8 4.6
135 M Thin with burn 28 FK 19.8 4.5 23 14.9
135C M Thin 29 FK 437 109 5.4 28.9
136 M Thin 28 TBNM 171 4.2 2.3 17.6
136T M Thin 29 FK 20.0 4.4 2.4 8.5
137 M Thin with Burn 26 TBC 13.2 2.3 1.7 8.5
423 M Thin with burn 22 FK 15.6 3.9 1.9 7.0
424 M Thin with burn 25 OBN 8.3 1.9 1.1 3.8
429 M Thin with burn 26 AK 9.2 1.9 1.1 3.9
831 M Thin 32 AK 20.1 4.6 2.3 10.3
833S M Thin with burn 27 OBN 15.0 35 1.9 9.9
834 M Control 28 FK 19.7 3.9 2.1 129
836 M Control/burn 33 FK 8.9 2.1 1.1 7.2
837 M Control 31 AK 314 52 3.2 22.0
425 F(G) Thin with burn 21 FK 11.3 2.7 1.6 3.2
425 F(NG) Thin with burn 21 TBC 29.7 1.7 1.5 12.7
503 F(G) Thin with burn 30 AK 9.3 0.9 0.8 5.0
504 F(G) Thin 27 AK 8.4 1.0 1.0 7.9
833 F(G) Thin 27 TBNM 5.5 0.5 0.3 3.2
834B F(G) Thin 21 FK 0.8 0.1 0.1 1.4

@ Please refer to Table 4 for number of locations and time period that a snake was tracked with radiotelemetry.
b Evaluated using the Animal Space Use program (Horne and Garton, 2006); AK — Adaptive Kernel, FK - Fixed Kernel, OBN - One-mode Bivariate Normal, TBC - Two-mode

Bivariate Circle, TBNM - Two-mode Bivariate Normal Mix.
¢ Evaluated using Hawth’s Tools v.3.27 for ArcGIS (Beyer, 2004).

Table 6

Macrohabitat use versus availability for Copperheads (Agkistrodon contortrix) in the William B. Bankhead National Forest (2006-2008). Please refer to the methods section for
specific descriptions of how 95% and core area utilization distributions were used to determine availability of macrohabitats described in Table 1. Habitats that share a common

underline were preferred equally.

Mixed Pine Thinned Southern Hard Soft Statistics
Forest Forest Forest Pine Edge Edge
Beetle

Home-range N (MF) (PF) (TF) (SP) (HE) (SE) Used « avoided
scale
95% area UD* A€ F p
Male snakes 16 54.8/58.7 5.4/12.3 11.6/12.4 13.1/4.0 13.0/2.5 2.0/101 HE SP MF TF PF SE 0.15 1220 <0.001
Gravid females 5 55.9/70.5 0.0/1.9 30.2/9.7 6.7/0.9 0.7/4.3 6.5/126 TF SP MF PF HE SE 0.003 97.27 0.08
Core area UD"
Male snakes 16 54.8/55.9 5.4/9.3 11.6/14.6 13.1/6.6 13.0/5.0 2.0/8.6 HE SP MF PF TF SE 026 640 0.005
Gravid females 5 55.9/56.7 0.0/2.3 30.2/14.9 6.7/4.5 0.7/1.5 65201 TF MF HE SP PF SE 018 114 0.0

2 Represents area within average 95% utilization distribution.
P Represents area within average core utilization distribution.
¢ Wilk’s lambda.

t;9=2.251; p = 0.036). The one non-gravid female had home-range
estimates larger than gravid females and more similar to males in
this study (Table 5). In addition to having smaller core area esti-
mates, gravid females usually had one centralized activity area,
whereas males had more than one activity center. Anecdotally,
we noted that male snakes made a series of continuous move-
ments throughout the active season, whereas gravid females gen-
erally settled on a location for gestation and parturition by June.
We did not detect an effect of thinning on male home-range size
for 95% utilization distributions (closed canopy 16.7 £ 5.7 ha; open
canopy 18.1 £ 2.6 ha; t;4,=0.268, p = 0.793), 50% utilization distri-
butions (closed canopy 3.1+0.9 ha; open canopy 4.2+0.7 ha;
t14=0.817, p=0.427), core area utilization distributions (closed
canopy 2.2+0.3ha; open canopy 1.8%0.5ha; t;4=0.687,
p=0.503), and 100% minimum convex polygons (closed canopy
12.2 + 2.2 ha; open canopy 11.7 £3.9 ha; t;4,=0.087; p = 0.932).

3.2. Macrohabitat selection

We detected a difference in male macrohabitat use at the 95%
(4=0.15; F;5=12.2; p<0.001) and core utilization distribution
(4=0.26; F;5=6.40; p = 0.005) scales (Table 6). Specifically, males
used Hard-Edge and Southern Pine Beetle macrohabitats greater
than their availability across the landscape at both utilization dis-
tribution home-range scales (Table 6). Soft Edge, Pine Forest, and
Thinned Forest macrohabitats were the least used macrohabitat
types by male snakes based on availability of these habitats
(Table 6). Although gravid females tended to use Thinned Forest
and Southern Pine Beetle macrohabitats greater than what was
available, this trend was not statistically significant at the 95%
(4=0.003; F,=97.27; p=0.08) and core (1=0.25; F;=9.41;
p = 0.60) utilization distribution scales (Table 6). We observed that
three out of the five gravid females used Thinned Forest, whereas
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Table 7

Microhabitat model evaluation results based on Akaike’s Information Criterion adjusted for small sample sizes (AIC.). Model results include comparisons of used and random
(available) microhabitat sites for male and gravid female Copperheads (A. contortrix) and microhabitat use differences for male A. contortrix in differently managed forest stands
(Control, Burn, Thin, and Thin with Burn) in the William B. Bankhead National Forest (Alabama).

Model set Model -2 L1° K" AICS AAICH o

Male A. contortrix habitat Global 668.0 19 746.11 0.00 0.99
Female A. contortrix habitat Cover Depth 111.8 5 132.99 0.00 0.99
Male A. contortrix treatment Climate 1295.2 6 1319.45 0.00 0.99

¢ Value derived from paired logistic regression output.
Number of parameters in each model.
Akaike’s information criterion adjusted for small samples.

b
c
4 The difference between the best supported AIC model and each candidate model.
e

Akaike’s weight value indicates relative weight of each model. Higher values indicate models with better support.

the other two females were observed anecdotally to use forested
habitat with canopy gaps created through windthrow of Quercus
species.

3.3. Microhabitat selection

In the sex-based microhabitat analysis, we detected differences
in microhabitat use patterns between male and gravid female
snakes. For male snakes, the Global model had greatest support
(AIC.=746.11; w;=0.99; Table 7). Within this model, percent
CWD and litter depth variables were positively-associated with
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occupied microhabitat sites, whereas percent pine, forest level 4
(average percent canopy tree cover), and percent litter variables
were negatively-associated with A. contortrix microhabitat use
(Fig. 2). Within this model, relative support was greatest for litter
depth (B=1.65+0.16; 95% C.IL: 1.35-1.96), percent litter
(B=-0.80+0.13; 95% C.I.: —1.06 to —0.54), and percent CWD
(B=0.56 +0.14; 95% C.I.: 0.30-0.83) compared to other variables
contained in this model (Table 8). For gravid female snakes, the
Cover Depth model had highest support (AIC. =132.99; w; = 0.99).
Within this model, litter depth and percent CWD variables were
positively-associated with used microhabitat sites for gravid
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Fig. 2. Predicted probability of microhabitat use by male A. contortrix based on Generalized Linear Mixed Model results. Predicted responses of variables were plotted based
on the highest-supported model describing microhabitat use, which was the Global model. Please refer to Table 3 for a description of habitat models that were evaluated.

Dotted lines on either side of the fitted response represent standard errors.
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Table 8

Standardized B-coefficients, standard errors, and 95% confidence intervals for habitat
variables included in the highest supported habitat model (Global model) for male A.
contortrix. Variables listed in bold had confidence intervals that did not overlap zero.

Variable B-coefficient S.E. 95% C.L
AT_snake -0.20 0.31 —0.81 to 0.41
RH_snake -0.15 0.15 —0.45 to 0.14
T_soil 0.08 0.12 —0.16 to 0.33
%_CWD 0.56 0.14 0.30 to 0.83
n_CWDvol -0.16 0.09 —0.35 to 0.02
n_CWDdist —0.03 0.10 -0.22 t0 0.17
%_Litt —0.80 0.13 —1.06 to —0.54
%_Rock 0.20 0.13 —0.05 to 0.46
%_Woody -0.09 0.10 —0.28 to 0.09
%_Slash 3.09 1.88 —0.60 to 6.77
Bas_area —0.07 0.13 —0.31 to 0.18
Can_cov 0.22 0.12 —0.02 to 0.46
%_pine -0.36 0.11 —0.58 to —0.14
For_1 -0.08 0.11 -0.30 to 0.14
For_4 -0.23 0.11 —0.44 to —0.02
No_ws 0.04 0.12 —0.19 to 0.27
L_depth 1.65 0.16 1.35 to 1.96

females (Fig. 3). Support was relatively greater for litter depth
(B=1.20+0.44; 95% C.I.: 0.34-2.06) compared to percent CWD
(B=1.07£0.38; 95% C.I: 0.33-1.81) for describing microhabitat
use of gravid female snakes relative to random sites (Table 9).

For the analysis that evaluated forest treatment effects on
microhabitat use of male A. contortrix, we found greatest support
for the Climate microhabitat model (AIC.=1395.45; w;=0.99;
Table 7). Specifically, we found support for this model to differen-
tiate microhabitat use between used and random sites for A. con-
tortrix radiotracked in thin-only stands (p=-0.74+0.25; C..:
—1.23 to —0.25; Table 10). Specifically, air and soil temperature
measurements were 1.07+0.37°C and 0.76 +0.18°C lower,
respectively at used compared to random microhabitat sites for
A. contortrix radiotracked in thin-only forest stands (Fig. 4).
Although confidence intervals overlapped zero, we detected rela-
tively high support for the Climate model describing differences
in microhabitat use in thin with burn stands (g = —0.79 £ 0.41; C.
.. —1.59 to 0.01; Table 10). We did not detect an effect of forest
treatment for relative humidity measurements between used and
random microhabitat sites among the forest treatments.

4. Discussion

Our study provides support for multi-scale habitat selection in
A. contortrix, but use differed by sex and female reproductive con-
dition. We detected macrohabitat use patterns for male A. contor-
trix at the 95% home-range utilization distribution scale. Male
snakes used Hard Edge and Southern Pine Beetle macrohabitats
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Table 9

Standardized B-coefficients, standard errors, and 95% confidence intervals for habitat
variables included in the highest supported microhabitat model (Cover Depth model)
for gravid female A. contortrix. Variables listed in bold had confidence intervals that
did not overlap zero.

Variable B-coefficient S.E. 95% C.IL

%_CWD 1.07 0.38 0.33 to 1.81

%_Slash -0.33 0.68 —-1.67 to 1.01

L_depth 1.20 0.44 0.34 to 2.06
Table 10

Standardized pB-coefficients, standard errors, and 95% confidence intervals for
treatment effects of the highest supported microhabitat model (Climate model) for
male A. contortrix. Variables listed in bold had confidence intervals that did not
overlap zero.

Variable B-coefficient S.E. 95% C.L

Burn —0.28 0.37 —1.01 to 0.45
Thin -0.74 0.25 -1.23 to —0.25
Thin with burn -0.79 0.41 —1.59 to 0.01

greater than their availability and avoided Pine Forest and Cut For-
est. Male snakes primarily used Hard Edge macrohabitats at the
interface between forest and open fields (i.e., cultivated game
fields) and along trail and forest road edges. Snakes may use edge
habitats due to increased thermoregulation opportunities and may
capitalize on opportunistic prey encounters (Blouin-Demers and
Weatherhead, 2001; Carfagno and Weatherhead, 2006; Carfagno
et al, 2006; Row and Blouin-Demers, 2006; Sperry and
Weatherhead, 2009). Some species of colubrid snakes are major
predators of avian species (Carfagno et al., 2006) and represent
one of the largest sources of nesting bird mortality (Thompson
et al, 1999; Weatherhead and Blouin-Demers, 2004). However,
Weatherhead et al. (2010) suggest that the apparent increased pre-
dation of nesting birds in edge habitats is due to relatively higher
snake densities in these habitats rather than snakes selecting these
habitats exclusively to target avian prey. Snakes may also use edge
habitats due to abundance of refuge sites (e.g., tree blow-downs) at
the field/forest edge interface (Waldron et al., 2006).

Male snakes also used Southern Pine Beetle macrohabitats dis-
proportionate to their availability in the study area. This was likely
due to the increased availability of cover (i.e., large fallen logs) and
thermoregulation sites (i.e., large canopy gaps). Infestations by the
Southern Pine Beetle often result in large numbers of downed
trees, thereby increasing the abundance of fallen logs and large
canopy gaps (Duncan and Linhoss, 2005; Knebel and Wentworth,
2007). Agkistrodon contortrix may also display increased use of
Southern Pine Beetle macrohabitats due to increased prey density.
Forest stands with abundant CWD cover often have greater
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Fig. 3. Predicted probability of microhabitat use by gravid female A. contortrix based on Generalized Linear Mixed Model results. Predicted responses of variables were plotted
based on the highest-supported model describing microhabitat use, which was the cover depth model. Please refer to Table 3 for a description of habitat models that were

evaluated. Dotted lines on either side of the fitted response represent standard errors.
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Fig. 4. Mean differences between microclimate variables at “used” and “unused” microhabitat locations for male A. contortrix in differently-managed forest stands (Control,
Burn, Thin, and Thin with Burn) in the William B. Bankhead National Forest, U.S.A. (2006 - 2008). Mean differences for air temperature, soil temperature, and relative
humidity variables were plotted based on the highest-supported model describing microhabitat use by treatment, which was the Climate model. Please refer to Table 3 for a

description of habitat models that were evaluated.

densities of small mammalian prey compared to habitats that lack
woody debris (Loeb, 1999; McKay and Komoroski, 2004). As fur-
ther evidence, Sperry and Weatherhead (2010) demonstrated that
manmade brush piles created after stand disturbances led to
increased use by both snakes and mammalian prey.

Although statistically-significant habitat use patterns were not
observed for gravid females at the macrohabitat scale, these snakes
tended to concentrate activity in areas with canopy disturbances.
Three of these snakes moved into thinned stands, whereas two
snakes moved into areas with canopy gaps caused by windthrow
of late seral stage Quercus species. Gravid female snakes of other
species have been found to use open macrohabitats with greater
thermoregulation opportunities (Crane and Greene, 2008; Harvey
and Weatherhead, 2006; Marshall et al., 2006), which are impor-
tant during embryogenesis (Crane and Greene, 2008; Foster et al.,
2009). Unfortunately, the sample size for gravid females in our
study was low, which undoubtedly influenced the statistical power
of the macrohabitat use analyses. We did not include the one non-
gravid female into habitat analyses due to low sample size, but
space use patterns along with personal observations indicate that
the non-gravid female was more similar to males in their space
and habitat use patterns compared to the other gravid females.

Microhabitat comparisons indicated that both male and gravid
female snakes used microhabitats that possessed relatively greater
litter depth and CWD cover. Male A. contortrix in the northeastern
United States have been found to select microhabitats with abun-
dant CWD cover (Cross and Peterson, 2001), whereas gravid
females tend to select open sites with abundant rock cover
(Reinert, 1984a). Although male and gravid female A. contortrix
selected microsites with similar habitat attributes in this study,
we suggest they selected these habitats for different reasons. Male
A. contortrix likely selected these sites as optimal prey ambush
sites, whereas gravid females selected sites for protection from
potential predators during embryogenesis and parturition. Male
and non-gravid female Timber Rattlesnakes (Crotalus horridus)
have been found to use logs and other downed woody debris as
prey ambush sites. Moreover, forest small mammals use logs and

other CWD as runways and sit-and-wait predators can capitalize
on the increased chance of capturing prey at these sites (Reinert
et al.,, 1984). Gravid C. horridus along with other gravid pitviper
species do not commonly feed during parturition (Reinert et al.,
1984), which suggests that gravid females in our study were likely
using selected microsites to benefit parturition rather more so than
for foraging opportunities. The proclivity for gravid pit-vipers to
use open habitats is well documented and these individuals select
these habitats for protection from predators and increased ther-
moregulation opportunities (Marshall et al., 2006; Reinert, 1984a).

We used a unique information-theoretic approach to generate
home-range estimates for individual snakes based on the fit of
the data rather than choosing a single technique based solely on
use in the published literature as this method is more likely to rep-
resent biologically-founded estimates (Horne and Garton, 2006).
The estimated home-range values in our study were larger than
those determined by Fitch and Shirer (1971). The range of 3-9 ha
reported by Fitch and Shirer (1971) likely under represents total
home-range as study snakes were force-fed transmitters, which
has been found to initiate post-feeding behaviors (e.g. preference
for warm locations and sedentary behavior; Lutterschmidt and
Reinert, 1990). Home-range estimates for A. contortrix from the
northeastern United States ranged from 0.6 to 44.5 ha (Smith
et al., 2009), which are relatively comparable to our home-range
estimates. However, the largest snake home-range in Smith
et al.’s study was nearly twice the size of the largest home-range
that we observed (based on MCP estimate). As our study relied
on an information-theoretic approach to select the appropriate uti-
lization distribution home range estimation technique, direct com-
parisons with home range estimates from previous studies are
limited. Snake home-range patterns are influenced by the spatial
arrangement of hibernation, prey ambush, and parturition sites.
For example, studies of the Eastern Massasauga Rattlesnake (Sistru-
rus c. catenatus) have reported home-range estimates that differ
nearly threefold among study sites (Degregorio et al., 2011;
Durbian et al., 2008; Johnson, 2000; Marshall et al., 2006; Reinert
and Kodrich, 1982); these wide-ranging estimates are likely due
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to the spatial arrangement of biological resources, such as parturi-
tion and hibernation sites at a particular field site (Reinert and
Kodrich, 1982; Seigel and Pilgrim, 2002).

In our study, male A. contortrix home-ranges were larger than
gravid females at all home range scales evaluated. Male snakes
tended to make a series of continuous movements throughout
the active season and rarely settled on one site for more than
two repeated locations. Gravid females generally made a series of
relatively larger movements during the early spring and tended
to settle on a permanent location around June and remained at this
location until late August or early September. Similar patterns of
reduced movements by gravid females have been noted by others
(Degregorio et al., 2011; Marshall et al., 2006; Reinert and Kodrich,
1982; Reinert, 1984a,b) as home-range patterns in pit-vipers are
highly dependent on reproductive condition, where males and
non-gravid females exhibit larger home-ranges compared to gravid
females (Johnson, 2000; Marshall et al., 2006; Waldron et al.,
2006). Our sample size of non-gravid females was limited to one
snake (tracked continuously throughout one full season), but this
snake tended to make a series of large movements to and from
the core area, similar to the male snakes monitored during this
study. Larger sample sizes are necessary to make conclusions
regarding spatial ecology and home-range size of non-gravid
females, however our limited results agree with other studies on
pitvipers (Harvey and Weatherhead, 2006; Johnson, 2000;
Waldron et al., 2006).

We were unable to detect impacts of thinning on the home-
range size of A. contortrix. We originally hypothesized that snakes
in harvested stands would have larger home-ranges due to the
decreased abundance of microhabitat cover sites. Most snakes that
were originally captured in harvested stands did not consistently
use thinned forest and used a wide variety of macrohabitats in
the surrounding landscape, which was further supported by the
macrohabitat use analyses. A forest management study conducted
in Indiana evaluated the impacts of even-age (clear-cut and shel-
terwood management) management on spatial ecology of Timber
Rattlesnakes (Crotalus horridus) and found little difference in
home-range size and spatial movements among treatments and
between pre- and post-treatment conditions (MacGowan et al.,
2017). Research by Howey et al. (2016) found that Black Racers
(Coluber constrictor) moved more frequently in control stands ver-
sus burn stands, which the authors attributed to greater availabil-
ity of open habitats in recently burned stands. We observed in our
study that when male and gravid female snakes moved into
thinned stands, they often used large slash piles as cover sites.
Managers should consider leaving behind slash and logs as cover
for snakes and other wildlife, as a wide array of forest dwelling
species have been found to use slash and other down woody debris
as cover sites (Hassinger, 1989). Although we were unable to test
for microhabitat differences for gravid females in control and
thinned stands, three out of the five gravid female A. contortrix
used microhabitats within the thinned stands for extended time
periods. Active canopy removal (e.g., thinning) has been shown
to improve habitat conditions for some reptile species (Webb
et al., 2005), specifically in disturbance-prone ecosystems where
canopy removal was used to restore historical habitat conditions
(Pike et al., 2011). Inference from our study is quite limited
because we were unable to track the same individuals for a full
active season before and after the implementation of forest man-
agement. In future studies, researchers should work collaboratively
with forest managers and timber crews to ensure that snake move-
ment and habitat selection data can be collected before, during,
and after forest management practices. Reinert et al. (2011) repre-
sents the only study that has followed snake microhabitat use and
spatial ecology before, during, and after forest management. Future
studies should use this example as a blueprint to design and imple-

ment manipulative studies that evaluate landscape disturbance
impacts on snakes and other mobile vertebrates.

In our study, A. contortrix demonstrated patterns of habitat use
at multiple spatial scales; however, this effect was only detectable
for male snakes. Although male A. contortrix used Southern Pine
Beetle and Hard Edge macrohabitats greater than availability, A.
contortrix likely used these habitats due availability of suitable
microhabitats (i.e., microhabitat locations with greater litter cover
and CWD cover) within these macrohabitats. Gravid females did
not display use patterns for one macrohabitat type, but tended to
use microhabitats with suitable cover and thermoregulation attri-
butes. Both males and gravid females appear to use microhabitats
based on increased cover in the form of CWD and litter depth,
whereas gravid females additionally sought out sites that likely
possessed optimal thermoregulation opportunities. Similarly,
Waldron et al. (2008) found that Eastern Diamondback Rat-
tlesnakes exhibited hierarchical habitat selection where snakes
selected suitable microhabitats within preferred macrohabitats.
To better examine habitat selection processes in the context of
habitat disturbance, future studies need to include an adequate
number of individuals from all reproductive classes within each
disturbance category. It is optimal if researchers can monitor the
same individuals prior to, during, and after disturbance similar to
that demonstrated in Reinert et al. (2011) and MacGowan et al.
(2017).

5. Conclusions

Overall, we found that radiotelemetry provides an effective
method to evaluate the impacts of landscape disturbances on
mobile and secretive vertebrates. Our study revealed that male A.
contortrix used microhabitats with greater CWD cover and litter
depth and less litter cover, pine tree species basal area, and canopy
cover. Gravid females used microhabitats that possessed similar
features as those used by male snakes (i.e., sites with deeper litter
and greater CWD cover). At the macrohabitat scale, male snakes
selected field and road edges and Southern Pine Beetle macrohab-
itats greater than their availability, whereas gravid female snakes
did not demonstrate clear use patterns at the macrohabitat scales.
Anecdotally, we noted that gravid female snakes tended to use
open-canopy sites (either in Thinned Forest macrohabitats or sites
with gaps from storm damage) during parturition. We found that
thinning does not appear to impact home-range size of male A.
contortrix; however, the macrohabitat analysis illustrated that
Thinned Forest was not used greater than its availability by male
snakes and that recently Thinned Forests possess different micro-
habitat and microclimate features of other used macrohabitats.
Our study illustrates that both male and female A. contortrix used
microhabitat sites with greater litter and CWD cover. In addition,
male snakes in thinned stands used microhabitats that possessed
lower air and soil temperature compared to random microhabitat
sites. Collectively, used microhabitat sites likely provide prey
ambush sites for male snakes and protection from potential preda-
tors along with quick access to varied thermal sites for both male
and gravid female snakes. It is likely that other medium-large
snake species require similar habitat features in disturbed land-
scapes. As our study was limited by our inability to monitor snakes
prior to and after forest management across treatments, future
research using telemetered individuals as indicators of forest man-
agement impacts should make efforts to design studies that incor-
porate spatial ecology and habitat use data prior to, during, and
after forest management. If conservation of snakes and other
forest-dwelling vertebrates is a management objective, mainte-
nance of coarse-woody debris (i.e., cover objects >10 cm diameter),
stumps and stumpholes, along with habitats within managed
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stands that possess deeper areas of litter cover will provide refuge
habitats for a variety of these organisms until a harvested stand
begins the process of ecological succession. Forest stands that suc-
ceed without additional forest management will increase in stem
density for the first two decades after disturbance and will possess
greater litter depth throughout this period. In addition, CWD will
begin to accumulate along the forest floor, which will provide
increased refuge and foraging sites. The periodic creation of canopy
gaps (via natural or artificial means) is likely to provide thermoreg-
ulation, gestation, and foraging sites for A. contortrix after the forest
canopy starts to close and become more homogeneous during later
succession. Collectively, these habitat attributes are likely to
encourage habitat use of A. contortrix for the next few decades fol-
lowing disturbance.
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