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Scale-dependent effects of
roadways on the movement
behavior of a large-bodied pit viper
(Crotalus horridus)

Anna F. Tipton'*, Jorge A. Vazquez-Diosdado 2 and
Dominic L. DeSantis?

'Department of Biological and Environmental Sciences, Georgia College & State University, Milledgeville,
GA, United States, 2School of Veterinary Medicine and Science, University of Nottingham, Leicestershire,
United Kingdom

Roadways are among the most widespread and disruptive anthropogenic land use
features that influence the behavior and movement of wildlife. Negative impacts of
roadways have been well documented, but the behavioral impact of roadways on
smaller, cryptic species has yet to be thoroughly examined. Using a novel integration
of radio telemetry and tri-axial accelerometry, we evaluated the effects of roadways
on the movement behavior of 26 adult Timber Rattlesnakes (Crotalus horridus) at
coarse and fine time scales in central Georgia between June 2020 and November
2021. To interpret the effect of roads at a coarse time scale, we modeled the effect of
mean annual distance to roadways (DTR) on annual measures of movement and space
use by C. horridus using both radio telemetry and accelerometry derived metrics (RT
and ACT metrics). To explore the fine-scale impact of roadways, we quantified RT
and ACT metrics during confirmed road interactions (i.e., instances when individual
snakes crossed a road or encountered a road but did not cross) and compared these
instances to the RT and ACT metrics calculated across the remainder of the active
season within this subset of snakes. Relating the annual RT and ACT metrics to DTR
revealed no significant associations at a coarse time scale. However, the evaluation
of C. horridus movement behavior during punctuated road encounters revealed
that snakes increased RT and ACT metrics during the road interactions compared
to metrics calculated across the remainder of the active season. This might indicate
that the abundance of contiguous habitat adjacent to roadways at our study site is
serving as an adequate buffer to any long-term shifts in movement behavior, but the
potential hidden cost of increasing movement when snakes encounter roads could
have negative implications for populations that encounter roads more frequently,
even in the absence of significant direct road mortality. Overall, integrating radio
telemetry and accelerometry and adopting a scale-dependent approach to
quantifying movement allowed for a more detailed evaluation of the response of
C. horridus to roadways. This approach holds promise for detecting and interpreting
previously overlooked short-term alterations in snake movement behavior with
potentially significant fitness consequences.
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Introduction

In an increasingly human-modified world, it is essential to understand how organisms respond
to anthropogenic activities and disturbances. Among the multitude of human effects on natural
landscapes, the historic and ongoing construction of roadways is viewed as a leading disruptor of
wildlife behavior and ecology globally (Oxley et al., 1974; Lovallo and Anderson, 1996; Trombulak
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and Frissell, 2000; Underhill and Angold, 2000; Spellerberg, 2002;
Forman et al., 2003; Jaeger et al., 2005; Reynolds-Hogland and Mitchell,
2007; Fahrig and Rytwinski, 2009). Roads negatively impact wildlife
most directly through vehicle-induced mortality (Ashley and Robinson,
1996; Shepard et al., 2008a; Quintero-Angel et al., 2012; Rytwinski and
Fahrig, 2012), but sub-lethal effects of roads have also been well
documented. For example, by fragmenting habitat and acting as
potential barriers to movement, roadways can limit gene flow and
reduce population viability (Lodé, 2000; Keller and Largiader, 2003;
Shine et al., 2004; Shepard et al., 2008b; Clark et al., 2010; Holderegger
and Di Giulio, 2010). Additionally, the increased human presence,
vehicular traffic, and noise associated with roads can lead to maladaptive
behaviors and reduced fitness for individuals (Ware et al,, 2015; Ng et al.,
2019; Zhou et al., 2020). The extensive edge habitat associated with
roadways can also attract some wildlife, creating a classic ecological trap
for those species drawn to edges for foraging, nesting, or
thermoregulating (Cowardin et al., 1985; Aresco, 2005; Mata et al.,
2017). Ultimately, the alteration of behavior is at the core of wildlife-road
interactions (Lomas et al., 2019), with variations in patterns of animal
movement and space use in relation to roadways being a strong indicator
of the relative risk that these features pose to individual species
and populations.

Animals move through their environments in efforts to locate and
acquire critical resources such as food, water, and mating partners, while
minimizing potentially harmful encounters with predators, competitors,
or unfavorable environmental conditions (Nathan et al., 2008).
Accordingly, disrupting an animals movement behavior can have
significant fitness effects. However, numerous intrinsic and extrinsic
factors simultaneously influence movement decisions, making it difficult
to pinpoint the mechanistic roles of each individual driver. Among
these, an individual’s sex, age, and motivational state (e.g., behavioral
season) have all been demonstrated to influence movement patterns,
and, consequently, are important considerations when exploring the
effects of individual extrinsic factors, such as roadways, on movement
patterns (Waldron et al., 2006; Petersen et al., 2019). Unsurprisingly,
species-specific behavioral responses to roadways can vary
tremendously, ranging from avoidance (Thurber et al., 1994; Rondinini
and Doncaster, 2002; Andrews et al., 2008; McGregor et al., 2008;
Hibbitts et al., 2017) to strong attractance (Mumme et al., 2000; Aresco,
2005). For predators, the increase in concentrations of prey adjacent to
roads has been suggested to attract some species and alter their patterns
of space use (Barrientos and Bolonio, 2009; Leblond et al., 2013; Ruiz-
Capillas et al., 2013). Road surface, road width, and traffic volume are
also important factors that can produce variation within and between
species (Ware et al., 2015; Hibbitts et al., 2017; Ng et al., 2019). Even
further, the spatial and temporal scale at which movement is measured
can have pronounced impacts on inferred responses, especially if an
individual’s interactions with roadways are infrequent, which might
be the case for those species that tend to avoid roads (Shepard et al.,
2008b; Hibbitts et al., 2017). Clearly, careful selection of study organisms
and suitable methods for quantifying movement is required for a
detailed and accurate understanding of species-specific responses.

Despite the aforementioned importance of evaluating the
relationships between roads, intrinsic variables, and movement behavior
across a diversity of wildlife, such explorations are limited by the
available methods for monitoring movement and space use in nature.
For many small-bodied and secretive taxa, such as snakes, these
constraints are amplified, as collecting movement data across a large
sample of individuals and over meaningful time frames has been
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historically challenging or impossible. As such, manipulative
experiments and predictive simulations with longitudinal datasets have
represented important tools for evaluating the impact of roads on snake
movement behavior. From the few manipulative studies conducted,
researchers found that road crossing propensity differed between snake
taxa with smaller bodied species exhibiting higher road avoidance than
larger species (Andrews and Gibbons, 2005). They also found that pit
vipers (Crotalinae) crossed roads more slowly compared to other species
(Colubridae) (Andrews and Gibbons, 2005). Garter Snakes (Thamnophis
sirtalis parietalis) also displayed avoidance behavior when placed along
roads, and the ability of mate-searching males to follow female
pheromone trails decreased across the road surface compared to
surrounding habitat (Shine et al., 2004). Additionally, road crossing
probabilities of Brown Treesnakes (Boiga irregularis) were found to
decrease with increasing road magnitude but increased with increasing
body size and humidity (Siers et al., 2016). Road avoidance behavior was
also revealed through predictive simulations with longitudinal datasets.
Eastern Massasauga Rattlesnakes (Sistrurus catenatus), Eastern Hognose
Snakes (Heterodon platyrhinos) and Brown Treesnakes (Boiga irregularis)
were found to cross roads significantly less frequently than expected
(Shepard et al., 2008b; Robson and Blouin-Demers, 2013; Siers et al.,
2014), and further, H. platyrhinos avoided crossing paved but not
unpaved roads (Robson and Blouin-Demers, 2013). Although both the
manipulative studies and predictive simulations report informative
findings on the movement response of snakes to roadways, considerable
paucity remains in our understanding of how individual species respond
behaviorally to roads in a natural setting and how these responses might
vary relative to key factors such as an individual’s sex or motivational
state, or the spatial and temporal scales considered.

Historically, using radio telemetry to monitor a subset of
individuals and estimating the total extent of space used (i.e., home
range size) has represented the best approach for quantifying the long-
term behavioral responses of snakes to roadways and other prominent
landscape features (Clark et al., 2010; Kapfer et al., 2010; Row et al,,
2012; Ettling et al., 2013; Anguiano and Diffendorfer, 2015). However,
the estimation of an animal’s home range size and movement distances
largely ignores the fine-scale temporal dimensions of animal
movement, as individuals can potentially alter the frequency and
duration of movements independent of spatial shifts. The recent
explosion of biologging technologies has afforded researchers with an
expanded toolkit for measuring the movement behavior of organisms
in the field. Among these, accelerometer dataloggers are becoming
increasingly popular in field studies of wildlife behavior (Brown et al.,
2013; Wilmers et al., 2015). When paired with advanced machine
learning techniques, accurate and automated classification of discrete
behaviors can be achieved using animal-borne accelerometer data.
However, until very recently, accelerometers and other biologger
applications were mostly restricted to larger terrestrial mammals, large
birds, and aquatic vertebrates (Brown et al., 2013). The validation of
accelerometer monitoring of movement behavior in rattlesnakes has
now set the stage for applied extensions of these techniques in
hypothesis-testing frameworks (DeSantis et al, 2020). Herein,
we report on an integration of radio telemetry and accelerometry
allowing for the evaluation of movement responses by Timber
Rattlesnakes (Crotalus horridus) to roadways in the Piedmont
ecoregion of Georgia, USA, where remaining C. horridus populations
are suspected to be in decline (Jenkins et al., 2021). We aimed to
evaluate the influence of roads on the spatial movement patterns and
daily movement durations of C. horridus at both a coarse time scale

frontiersin.org


https://doi.org/10.3389/fevo.2023.1007743
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Tipton et al.

(annual and seasonal) and fine time scale (during isolated road
interactions) while also considering the potential effects of sex and
behavioral season (non-mating, mating) in these relationships.
Preliminary observations of telemetered C. horridus seemingly
decreasing movement in close proximity to roadways suggested that
roadways may be acting as a semipermeable barrier to movement. As
such, we hypothesized that snakes that are, on average, closer to roads
will constrict their movements and thus exhibit smaller home range
and movement estimates. Further, we hypothesized that snakes would
decrease movement during isolated road encounters compared to time
periods in which they were not encountering roads.

Materials and methods
Study system

The field study site is located in Putnam County, Georgia, within the
Cedar Creek Wildlife Management Area (CCWMA) and Oconee
National Forest (ONF) (centered on N 33°14'16.33” W 83°30'48.24").
The ONF is mixed use, with a combination of public and private land.
The habitat is characteristic of the Piedmont ecoregion in Georgia,
consisting mainly of upland Loblolly Pine (Pinus taeda) and riparian
hardwood forest and a mixture of the two where they adjoin. A key
feature of the study site is the high levels of habitat heterogeneity therein,
with clear-cut fields, uneven stand ages, residential properties, and an
abundance of paved and unpaved roads all present within the study area.
The paved roads present at the site are moderately trafficked and are
eight meters wide. Hillsboro Road and Stanfordville Road, the paved
roads that somewhat serve as the northern and eastern borders of our
study area, respectively, have an approximate traffic volume of 122
vehicles per day (Georgia Department of Transportation, 2022).
Highway 212 largely acts as the southern border of our study site and
has a traffic volume of approximately 1,226 vehicles per day (Georgia
Department of Transportation, 2022). The unpaved, dirt and gravel
roads at the site vary between approximately six and eight meters wide.
These roads are low-use with estimated traffic volumes not typically
exceeding 20 vehicles per day (personal observation). The traffic
volumes likely increase during popular hunting seasons (late fall to
winter/early spring), but these times do not substantially overlap with
the snakes’ active season.

Timber Rattlesnakes (C. horridus) are heavy-bodied pit vipers
historically distributed throughout eastern North America (Martin
et al., 2008). They are forest specialists and ambush predators, with
rodents and lagomorphs making up the majority of their diet (Martin
et al., 2021). As a result of local environmental pressures and the
genetic distance between populations (Bushar et al, 1998),
considerable size variation is noted throughout the range of
C. horridus, but male-biased sexual size dimorphism is ubiquitous
(Stengle et al., 2021). Although locally abundant at our study site,
C. horridus have a patchy distribution throughout the Piedmont
ecoregion of Georgia (Jenkins et al., 2021). Much of what is known
of C. horridus ecology and behavior is from studies conducted on
populations in the northern portion of their distribution, with a
relative dearth of research from the southern regions. Populations in
the north have seen declines due to road mortality, reduced gene
flow, and disease, which are likely threats to populations in the south,
as well (Petersen and Sealy, 2021). Life history traits of C. horridus
(i.e., long lived, long gestation periods, habitat specialists) make
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them especially vulnerable to the lethal and sub-lethal effects of
roads (Fahrig, 2007), so much that roads are identified as one of the
leading threats to range-wide population viability (Petersen and
Sealy, 2021).

Field data collection

Between June 2020 and November 2021, we employed radio
telemetry and accelerometry monitoring of 26 adult Timber Rattlesnakes
(RT - Female: N=14, Male: N=12; ACT - Female: N=10, Male: N=8;
Tipton, 2022). One female was radiotracked during the study period
but was not included in statistical analyses due to being confirmed as
gravid. One male was lost as a result of suspected road mortality or
transmitter failure as the snake remained within close proximity of a
roadway for a month (8 relocations) before we lost the signal. This male
only contributed data to our RT spatial analyses as the ACT was not
retrieved. Additional snakes that were equipped with ACTs contributed
to the RT analyses but not the ACT analyses due to ACT malfunctions
(two females, one male). One additional male was lost to suspected
transmitter failure, and another male was lost to suspected predation
shortly after monitoring began; neither were included in RT or
ACT analyses.

Radio transmitters (Holohil Systems Ltd., Model SB-2T) and ACTs
(Technosmart Europe srl., AXY-5) were coupled, internally implanted
(Reinert and Cundall, 1982), and securely sutured to a rib (Hardy and
Greene, 1999, 2000) in the same position and orientation for all
individuals. Implants (RT=5g; ACT=10g) comprised <3% of each
individual’s body mass at the time of implantation (Table 1). RTs had a
battery life of 10 months, and ACTs had 1 Gb of storage capacity allowing
for approximately 10months of continuous, low frequency (1Hz)
recording. Rattlesnakes were released at the original site of the capture
within 3 days of implantation of the RT-ACT device and were relocated
every 3-4 days during the active season (March-November) and
biweekly during the inactive season (December-February) to collect RT
derived spatial movement data. Detailed behavioral observations were
recorded during relocations along with environmental conditions,
habitat type, and geographic coordinates with a hand-held GPS (Garmin
Oregon 700, accuracy <5 m).

Accelerometer data processing, model
validation, and application

We applied the ACT data processing protocols developed and
validated for rattlesnakes (C. atrox) by DeSantis et al. (2020) to our
remotely collected ACT data in C. horridus. During each RT data
collection trip (every 3-4days), rattlesnakes were observed for visual
field validation of ACT signals corresponding to our two broad
behavioral categories, “immobile” and “moving” (Le Roux et al., 2017;
Barwick et al., 2018; DeSantis et al., 2020). The behavioral category
“moving” was characterized by outstretched, full body motion, while
“immobile” was defined as a lack of full body motion regardless of
posture. Detailed and timestamped notes along with video recordings
were taken during observations of ACT-equipped individuals in the
field. These notes and videos were used as a reference during the manual
annotation of behaviors within ACT datasets. These time-matched
observations of behavior in the field represented the training and testing
data for the ensemble learning model.
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TABLE 1 Snake ID, sex, Snout-Vent Length (SVL), weight, RT monitoring durations, and ACT monitoring durations for all Crotalus horridus monitored.

Snake ID Sex SVL (mm) Weight (g) RT monitoring ACT monitoring Mean distance
duration duration to road
CRHO_01 f 690 267 7129/20-10/27/20 7/29/20-10/27/20 52.53
CRHO_02 f 800 320 8/21/20-10/17/20 8/21/20-10/17/20 135.89
CRHO_03 f 905 585 8/7/20-10/26/21 8/7/20-5/21/21 490.90
CRHO_04 f 925 600 6/25/21-11/9/21 N/A 110.44
CRHO_05 f 930 587 10/13/20-10/29/21 #%10/13/20-6/25/21 281.12
CRHO_06 f 980 811 7/17/20-10/12/21 7/17/20-10/12/21 200.81
CRHO_07 f 1,030 847 7/23/21-10/22/21 N/A 176.82
CRHO_08 f 1,100 1,300 5/28/21-11/9/21 5/28/21-9/24/21 415.86
CRHO_09 f 1,108 1,200 9/11/20-10/29/21 N/A 341.39
CRHO_10 f 1,140 1,562 11/6/21-6/15/21 #11/6/20-6/3/21 911.68
CRHO_11 f 1,165 856 9/3/21-11/12/21 N/A 371.87
CRHO_12 f 1,195 1,299 9/1/20-7/7/21 9/1/20-8/3/21 287.26
CRHO_13 f 1,200 1,278 11/6/20-10/15/21 4/9/21-10/15/21 379.45
CRHO_14 f 1,250 1,371 5/21/21-10/22/21 N/A 419.37
CRHO_15 m 820 457 6/10/20-9/28/21 6/10/20-10/28/20 264.57
CRHO_16 m 825 470 6/10/20-5/11/21 6/10/20-10/30/20 257.17
CRHO_17 m 950 646 8/3/21-11/2/21 N/A 481.56
CRHO_18 m 1,050 872 8/18/20-9/25/20 #48/18/20-9/25/20 140.07
CRHO_19 m 1,100 1,494 8/24/21-10/15/21 N/A 268.92
CRHO_20 m 1,140 1,217 6/10/20-9/21/21 6/10/20-9/21/21 251.84
CRHO_21 m 1,140 1,255 6/10/20-11/5/21 #%6/10/20~10/27/20 359.36
CRHO_22 m 1,190 1,557 #8/18/20-9/11/20 #48/18/20-9/11/20 N/A
CRHO_23 m 1,200 1745 8/7/20-11/9/21 8/7/20-5/21/21 554.70
CRHO_24 m 1,270 1926 9/17/21-10/26/21 N/A 291.53
CRHO_25 m 1,300 1799 #4/30/21-5/21/21 #4/30/21-5/21/21 N/A
CRHO_26 m 1,340 1700 10/8/21- present N/A 712.25

*Data is not included in analyses because of insufficient monitoring duration. **Not included due to lost/malfunctioning ACT.

A total of 40 descriptive statistics were computed for the magnitude
of acceleration, defined as 4 = A)Z( + A)2z + A% ,and across the x (surge;
forward and backward motion), y (sway; side-to-side motion), and z
(heave; upward and downward motion) ACT axes. These descriptive
statistics were calculated to summarize acceleration data and identify
relationships between ACT signals and behavioral category. The following
features were computed for overall dynamic acceleration and acceleration
along each individual axis ( 4,4 x,Ay, Az ): mean, standard deviation,
interquartile range, maximum, minimum, mean of the difference
between consecutive points, standard deviation of the difference between
consecutive points, interquartile range of the difference between
consecutive points, maximum of the difference between consecutive
points, and minimum of the difference between consecutive points. These
summary stats were initially calculated to be “rolling” over varying
temporal window sizes (4, 5, 10, 30, and 60-s period basis) to identify the
optimal scale at which to classify activity with machine learning models.
Summary statistics were ranked using ReliefF (Farzaneh, 2022) feature
selection for the classification of immobile and moving behaviors.

An AdaBoost ensemble learning algorithm (Rokach, 2010) was
implemented using the fitcensemble function in MATLAB (2019). The
AdaBoost algorithm learner was set to have a maximum number of
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splits of 512 and a minimum leaf size of five. Classification performance
was evaluated using a fivefold cross validation technique (Kononenko,
1994). The initial dataset was split into five subsets of equal size and five
iterations were performed. Within this technique at each iteration, four
of the subsets were used to train the algorithm and the remaining one
was used as a test set. This process was repeated five times, each time
changing the training and test subsets until all subsets have been used
as a test. Performance values are computed for the test set across each
iteration. Following model training and testing, the validated model was
applied to the full field-collected datasets for automated behavioral
classification. Using these behavioral predictions, continuous activity
budgets (time classified as moving vs. immobile) were produced
enabling quantification of real-time movement durations across various
time scales (daily, weekly, monthly) for each individual.

Radio telemetry and accelerometry
movement metrics

Spatial aspects of rattlesnake movement were quantified for each
individual within the non-mating (March-July) and mating
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(August-November) seasons using the following radio telemetry
derived metrics: Meters Per Day (MPD), calculated as the sum of the
straight-line distances between successive relocation points for an
individual divided by the total number of days monitored, Distance Per
Movement (DPM), calculated as the mean straight-line distance
between relocation points that were >5m apart, Minimum Movement
Frequency (MMF), calculated as the number of movements (>5m)
made by an individual out of N relocations in a specifically defined time
period, and Motion Variance (MV) extracted from individual dynamic
Brownian Bridge Motion Models. Motion Variance estimated the
variance among displacement distances within a moving window of
nine radio telemetry relocations (i.e., 1 month increments of spatial
data). Higher MV values indicate more variable or abnormal movement
relative to the sampling duration considered (Kranstauber et al., 2012;
Silva etal,, 2018). Annual and seasonal home range measurements were
calculated for each individual with commonly used home range
estimators, including the 100% Minimum Convex Polygon (MCP) (Row
and Blouin-Demers, 2006) and 95 and 50% fixed-kernel Utilization
Distributions (UD) with the plug-in bandwidth matrix (Bauder et al,
2015, 2016). The plug-in bandwidth matrix for the UD home ranges was
chosen because it has been demonstrated to be robust to variation in
sampling rate and duration (Bauder et al., 2015). RT movement metrics
and home range sizes were calculated in R using the adehabitat,
adehabitatHR, and adehabitatLT packages (R Core Team, 2022).

Temporal aspects of rattlesnake movement were quantified for each
individual annually as well as within the non-mating and mating
seasons. Accelerometry derived movement metrics included mean time
spent moving per 24h (Mov24) and mean number of movement bouts
(periods of movement >60-s) per 24 h (Bout24). In order to evaluate the
effects of roadways on RT and ACT movement metrics, ArcGIS was
used to calculate the Euclidean distance (m) to the nearest roadway for
each relocation point. The mean distance to roadway (DTR) for each
individual was quantified both annually and within the non-mating and
mating season.

Statistical analysis: Coarse scale effect of
DTR on annual RT and ACT movement
metrics

Linear Mixed Effects (LME) models were employed to test for the
effects of sex, behavioral season, and DTR on movement and space use
patterns. Response variables (RT and ACT movement metrics and home
range estimations) were modeled with separate LME models to evaluate
significant effects and interactions. Rattlesnake ID was modeled as a
random effect to control for non-independence of data across time.
Fixed effects included sex (male, female), behavioral season
(non-mating, mating), and DTR. Our RT response variables included
MPD, DPM, MME MYV, 100% MCP, 95% UD, and 50% UD and the
ACT response variables included Mov24 and Bout24. Appropriate
transformations for each response variable were determined and
employed in the model. This resulted in the following set of response
variable transformations: MPD (log base 10), DPM (log base 10), 100%
MCP (log base 10), 95% UD (log base 10), 50% UD (square root),
Mov24 (log base 10). Model fit was evaluated with marginal and
conditional pseudo-R* measures. Marginal pseudo-R* describes the
proportion of model variance attributed to the fixed effects, while
conditional pseudo-R* describes the proportion of model variance
attributed to both fixed and random effects. The emmeans package in R
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(Lenth, 2022) was used for post hoc evaluation of relationships between
variables when significant main effects were detected in the LME models.

Fine-scale road interactions

Along with evaluating the effect of roads on coarser scale measures of
movement (annual and seasonal RT and ACT metrics), we also evaluated
the movement response of snakes to roadways during confirmed road
encounters. We investigated this direct movement response of C. horridus
to roads by identifying snakes within our sample with confirmed road
interactions during the monitoring period (i.e., instances when individual
snakes either crossed a road or encountered a road but did not cross and
retreated). To evaluate whether the movement behavior of these specific
individuals differed during these brief events relative to periods when they
were not encountering roadways, we calculated RT movement metrics
(MPD, DPM) and ACT movement metrics (Mov24, Bout24) across the
four relocations (2 weeks) preceding each road encounter for comparison
with the same metrics calculated from all remaining relocations within
the datasets for this subset of individuals. We opted for a fixed temporal
window for the fine-scale movement analysis to standardize the amount
of data contributed across individuals. We selected four relocations, or
2weeks for ACT data, as it represented the mean and median value for the
number of relocations (range: 1-9 consecutive relocations within 25m of
roadway) associated with each of the 17 road encounters observed during
the monitoring period. These RT and ACT metrics were then pooled
across all snakes that interacted with roads into their respective categories
(road interaction and no road interaction) for analysis. Non-parametric
Mann-Whitney U tests were conducted to compare the mean RT and
ACT movement metrics (MPD, DPM; Mov24, Bout24) between the road
interaction and no road interaction categories.

Results
RT field deployment

Individual rattlesnakes were radiotracked for durations ranging
from 35 to 503 days (mean+SD=237+169) between June 2020 and
November 2021 for a cumulative total of 1,437 telemetry relocations
(mean +SD =60+40; Table 1). Male (N=14) and female (N=17) annual
movement and space use measures were calculated and condensed into
behavioral season (non-mating, mating) for analyses. In total, 47 RT
snake-season data points (17 non-mating, 30 mating) were accumulated.
The mean annual MPD (+SD) for males was 31.5+15.9 and 18.7 +7.00 m
for females. The mean annual DPM for males was 123.1+58.6 and
76.0+24.0 m for females. Mean annual MMF for males was 0.79 +0.12
and 0.81+0.11 for females. The mean annual MV for males was
2.62+2.39 and 0.92 +0.75 for females. Mean annual 95% UD for males
was 44.0+33.0ha and 23.5 + 15.2 ha for females. The mean annual 50%
UD for males was 6.55+6.4ha and 3.59+3.43ha for females. Mean
annual 100% MCP for males was 28.2+25.4 and 13.5+ 10.1 for females
(Figure 1).

ACT field deployment and model validation

Individual rattlesnakes were monitored via accelerometry for
durations ranging from 57 to 450 days (mean + SD =233 +130) for a total
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FIGURE 1
Annual minimum, median, mean (white stars), and maximum values, and the interquartile ranges of male and female Crotalus horridus RT and ACT metrics.
RT derived movement measures (A-D) include Motion Variance (MV), Distance Per Movement (DPM), Meters Per Day (MPD), and Minimum Movement
Frequency (MMF). RT derived space use measures (E-G) include 100% Minimum Convex Polygons home range (MCP), 95% fixed kernel Utilization
Distribution home range (95% UD) and 50% fixed kernel Utilization Distribution core use area (50% UD). ACT derived movement measures (H,1) include the
mean time spent moving per 24h (Mov24) and the mean number of movement bouts per 24h (Bout24). Asterisks denote significant differences (p<0.05).

of 2,791 recording days between June 2020 and November 2021
(Table 1). Male (N=4) and female (N=7) annual movement durations
were calculated and condensed into behavioral season (non-mating,
mating) for analyses. In total, 25 ACT snake-season data points (12
non-mating, 13 mating) were accumulated. The mean annual Mov24
(£SD) for males was 0.78 +0.35h and 0.70+0.27 h for females. Mean
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annual Bout24 for males was 11.2+3.2 bouts and 10.2+2.9 bouts
for females.

The optimal window size for classifying immobile and moving
behaviors was determined to be 60s. The initial validation dataset
contained a total of 828 60-s (13.80h) observations of moving and
immobile behaviors. Six hundred and sixty of the 60's observations were of
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immobile behavior (11h) and 168 of the 60s observations were of moving
behavior (2.80h). At a 60s window size, the model accurately classified
98.79% of both immobile and moving behaviors. The model classified the
immobile behaviors with a precision of 98.95%, a recall of 99.55%, an
F-score of 99.24%, and a specificity of 95.83%. The model classified moving
behavior within the field datasets with a precision of 98.17%, a recall of
95.83%, an F-score of 96.99%, and a specificity of 99.55%.

Linear mixed effects models: Annual RT
movement metrics

Preliminary LME models included sex, season, and distance to road
(DTR) as fixed effects, and our spatial response variables included MPD,
DPM, MME MYV, 100% MCP, 95% UD, and 50% UD. Limited within-
season sample sizes resulted in a failure to converge across most models
when including snake ID as a random effect. As a result, we calculated
annual RT metrics, and the final spatial models include only sex and
DTR as fixed effects.

In the annual LME models with RT response variables, there was a
significant main effect of sex on MPD [Effect Size (ES)=0.83+0.39 SE,
p=0.04; Table 2] detected, with males moving more per day than
females. Post hoc estimated marginal means pairwise comparisons also
detected a significant difference in mean annual MPD between males
and females (t,3,=—2.467, p=0.0237). There was no significant effect of
DTR on MPD. The marginal and conditional pseudo-R* measures of fit
were 0.24 and 0.44 (Table 3). A significant main effect of sex was
detected on DPM (ES=0.74%0.33 SE, p=0.04), with males moving
further per movement compared to monitored females. Post hoc
estimated marginal means pairwise comparisons also detected a
significant difference in mean annual DPM between males and females
(tigs=—2.694, p=0.0144). There was no main effect of DTR on
DPM. The marginal and conditional pseudo-R* measures of fit were 0.27
and 0.52. No significant main effect of sex or DTR was detected on
MME. The marginal and conditional pseudo-R* measures of fit were
0.003 and 0.46. A significant main effect of sex was detected on MV
(ES=2.33+0.82 SE, p=0.009), with males having a higher measure of
MV compared to monitored females. Post hoc estimated marginal
means pairwise comparisons also detected a significant difference in
mean annual MV between males and females (,,,=—2.613, p=0.0178).
There was no main effect of DTR on MV. The marginal and conditional
pseudo-R* measures of fit were 0.29 and 0.39. There was no significant
main effect of sex or DTR on 100% MCP. The marginal and conditional
pseudo-R* measures of fit were 0.12 and 0.51. A significant main effect
of sex was detected on 95% UD (ES=1.58+0.69 SE, p=0.03) with male
home range sizes being larger in comparison to females, but the
estimated marginal means post hoc pairwise comparison of male and
female 95% UD did not detect a significant difference (¢,5,=—1.561,
p=0.1352). The marginal and conditional pseudo-R*> measures of fit
were 0.19 and 0.46. No significant main effect of sex or DTR was
detected on 50% UD (Table 2). The marginal and conditional pseudo-R*
measures of fit were 0.11 and 0.28 (Table 3).

Linear mixed effects models: Annual ACT
movement metrics

Limited within-season and within-sex sample sizes resulted in a
failure to converge across our ACT movement models. As a result,
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TABLE 2 Coefficients, standard error, and p-values for individual RT derived
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annual movement and space use model parameters.

Model
parameter

Coefficient

Sex (Male) 0.83 0.39 0.04*
DTR 0.0009 0.0006 0.15
Sex*DTR —0.001 0.001 0.30

Sex (Male) 0.74 0.33 0.04%
DTR 0.0007 0.0005 0.18
Sex*DTR —0.0009 0.0008 0.31

Sex (Male) —0.02 0.09 0.85
DTR 0.0002 0.0001 0.22
Sex*DTR —0.00002 0.0002 0.93

Sex (Male) 2.33 0.82 0.009%
DTR 0.002 0.001 0.08
Sex*DTR —0.004 0.002 0.08

Sex (Male) 1.68 0.85 0.06
DTR 0.002 0.001 0.26
Sex*DTR —0.003 0.002 0.12

Sex (Male) 1.58 0.69 0.03*
DTR 0.002 0.001 0.09
Sex*DTR —0.003 0.002 0.09

Sex (Male) 1.58 0.98 0.12
DTR 0.002 0.002 0.19
Sex*DTR —0.003 0.002 0.23

Reference levels for parameters are in parentheses (Male), and coefficients can be used to
interpret the direction of individual effects. Asterisks between model parameters denote a
tested variable interaction. Asterisks next to p values denote statistical significance.

TABLE 3 Marginal and conditional R? for individual RT derived annual

movement LME models.

Model R*M R*C
Minimum Movement Frequency 0.003 0.456
100% Minimum Convex Polygon 0.124 0.506
Minimum Movement Frequency 0.079 0.315
50% Utilization Distribution 0.109 0.284
Meters Per Day 0.243 0.441
Distance Per Movement 0.265 0.523
95% Utilization Distribution 0.187 0.460
Motion Variance 0.286 0.386

we calculated annual ACT movement metrics (Mov24 and Bout24)
for our full sample of ACT-monitored snakes (males and females
pooled) in order to evaluate the relationship between DTR and ACT
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derived movement durations. In the annual LME models with ACT
response variables, there was no significant main effect of DTR
detected on Mov24 or Bout24 for this pooled sample (Table 4). The
marginal and conditional pseudo-R2 measures of fit for the Mov24
and Bout24 models were 0.0003 and 0.53 and 0.016 and 0.44,
respectively (Table 5).

Fine-scale road interactions

Out of our full RT and ACT monitored sample, nine individuals
(RT: five females, four males; ACT: three females, two males) were
observed interacting with roads by either a confirmed crossing event or
approaching within 25m of a road and retreating. There were a total of
17 confirmed road interactions resulting in 15 road crossings and two
instances of a snake approaching a road and retreating. The majority of
confirmed road encounters resulted in a crossing event (88%).

There was a significant difference detected between the mean
Mov24 for the two categories, road interaction and no road interaction
(W=23,516, r=0.10, p=0.007), with Mov24 (mean+SD=1.04+1.6)
during the road interactions being significantly higher than Mov24
(mean+SD =0.65+0.98) when snakes were not interacting with a
road (Table 6 and Figure 2). There was also a significant difference
detected between the two categories for MPD (W=6,313, r=0.14,
p=0.007), with MPD during the road interactions
(mean +SD =83.0+71.8) being significantly higher than MPD when
snakes were not interacting with a road (mean+SD =67.3+95.7). No
significant difference was detected in DPM or Bout24 between the
road interaction and no road interaction categories (Table 6 and
Figure 2).

Discussion

Historically, behavioral field monitoring of small and secretive
animals has been methodologically challenging, limiting the ability to
make comprehensive evaluations of the effects of anthropogenic
landscape features, such as roadways, on movement patterns. With the
recently validated RT-ACT framework for use in pit vipers, we sought
to better understand the behavioral response of Timber Rattlesnakes
(Crotalus horridus) to roadways. Based on preliminary observations,
we hypothesized that roadways would constrain RT and ACT
movement metrics at both a coarse and fine time scale, but our results
did not support this prediction. The evaluation of RT metrics and ACT
metrics at a coarse, annual time scale did not reveal any significant
effect of the annual mean distance to roadways. However, a fine-scale
analysis comparing the RT and ACT movement metrics during
confirmed road interactions to metrics across all remaining relocations
revealed a significant increase in movement distances and durations by
C. horridus during these brief encounters with roadways. Although the
individuals included in our sample did not interact with roads as
frequently as expected given the high concentration of roadways at the
site (Figure 3), this hidden fine-scale variation in movement could
carry significant behavioral implications in populations where
individuals more frequently interact with roads. These results also
feature the importance of considering multiple time scales when
evaluating the behavioral response in question and demonstrate the
utility of accelerometry in longitudinal studies of pit viper
movement behavior.
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TABLE 4 Coefficients, standard error, and p-values for ACT derived annual
movement model parameters.

Model
parameter

Coefficient

—0.0003

0.004 ‘ 0.95

Coefficients can be used to interpret the direction of individual effects.

TABLE 5 Marginal and conditional R? for individual ACT derived annual
movement LME models.

Model R*M R*C
Mean Number of Movement Bouts per 24h 0.016 0.438
Mean Time Spent Moving per 24h 0.0003 0.526

TABLE 6 Mann—Whitney U test comparing response variables (MPD, DPM,
Mov24, and Bout24) between road interactions and no road interactions.

Response variable w r P

MPD 6313 0.14 0.007
DPM 5,099 0.11 0.07
Mov24 23,516 0.10 0.007
Bout24 25,948 0.05 0.18

Effect of roads on annual RT and ACT
movement measures

Mean DTR did not affect our RT and ACT response variables when
controlling for sex, indicating that at an annual time scale, the distance
to roads does not significantly contribute to variation in individual
movement patterns. Similar studies have found that human disturbance
does not significantly change the spatial movement patterns of snakes
(Shepard et al., 2008b; Lomas et al., 2019; Carrasco-Harris et al., 2020),
likely due to the presence of contiguous habitat adjacent to the
disturbance (Nordberg et al.,, 2021). Although roads are prominent
features at our study site, there is sufficient unfragmented habitat
alongside of the roads that likely serves as a buffer to any long-term
shifts in movement behavior and space use of C. horridus (Figure 3).
Additionally, the life history traits associated with habitat specialists,
such as C. horridus (i.e., adapted to contiguous habitat with abundant
cover), could result in a reduced boundary response given the relatively
low encounter rate with habitat boundaries, such as roads (Fahrig,
2007). This could explain the lack of an annual spatial response in our
dataset, given that roads at our site do not appear to be acting as
impermeable barriers to movement, as 15 of 17 road interactions
resulted in confirmed road crossing events. The low frequency of road
interactions observed within our monitored sample of snakes, despite
many individuals occupying home ranges in relatively close proximity
to roadways (mean DTR =342 m; see Table 1), also corresponds with
previous observations of general road avoidance by snakes (Shine et al.,
2004; Andrews et al., 2008; Shepard et al., 2008b; Robson and Blouin-
Demers, 2013).

The absence of an effect of DTR on the annual RT and ACT
movement metrics of C. horridus could also, in part, be explained by
strong site fidelity (Marshall et al., 2020; Nordberg et al., 2021). Pit vipers
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movement metrics. The white stars on the graphs represent the mean of each category. RT derived movement measures (A,B) include Distance Per
Movement (DPM) and Meters Per Day (MPD). ACT derived movement measures (C,D) include the mean time spent moving per 24h (Mov24) and the mean
number of movement bouts per 24h (Bout24). Asterisks denote significant differences (p<0.05).

have been documented repeatedly returning to overwintering sites and
foraging locations, often across multiple active seasons (Pattishall and
Cundall, 2008; Nordberg et al., 2021). In such cases, individuals might
travel through disturbed landscapes or cross roads to return to sites used
previously, presumably because the benefits of returning to these known
sites outweigh the costs of searching for new ones. In our case, two
monitored snakes were observed crossing roads while moving to and
from their overwintering sites, but neither individual crossed a roadway
at any other point during the active season, supporting the possibility
that C. horridus might endure the risk of crossing roads to return to
favorable foraging and overwintering areas used previously. Also, the
road surface type, traffic volume, and traffic noise have been found to
influence how snakes interact with roads (Robson and Blouin-Demers,
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2013). We could not statistically account for these effects in our study,
as snakes most often interacted with low traffic, low noise, unpaved
roads as opposed to the higher traffic, higher noise, paved roads present
at the site. Further sampling could reveal how different road surfaces
and traffic volumes might impact C. horridus movement behavior in this
population and elsewhere.

Intrinsic factors, such as sex and motivational state, have
pronounced effects on the movement patterns of pit vipers (Waldron
et al., 2006; DeSantis et al., 2019; Emerson et al., 2022) and therefore are
a key consideration when investigating the influence of roadways on
C. horridus movement. For pit vipers, elevated male movement is
thought to be the primary determinant of mate location and success,
and this is thought to drive significant increases in movement and space
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Map of the study site within Cedar Creek Wildlife Management Area in
Putnam County, GA. Paved roads are outlined in purple, and unpaved,
dirt roads are outlined in turquoise. Color coded points indicate the RT
locations of each individual snake. 100% Minimum Convex Polygons
depict home ranges for all individuals included in the study from 2020
to 2021.

use by males during the mating season (Waldron et al., 2006; Petersen
et al, 2019). Given this male-search based mating system and
observations made by previous authors on C. horridus elsewhere in their
distribution, we expected males to generally display elevated measures
of movement and space use relative to females (both within seasons and
when data are pooled across seasons). As a result of insufficient
within-sex and within-season sample sizes, we were unable to
statistically evaluate the effect of sex on our annual ACT derived
movement metrics or the effect of behavioral season on the annual RT
and ACT metrics. However, the annual RT LME models showed that the
expected between-sex differences were expressed across several of our
RT derived spatial measures of movement and space use. The small
effect sizes within our RT LME models that produced statistically
significant p-values (MPD, DPM, MV and 95% UD) were likely a result
of the high variance within our sample when subdividing by sex. Given
the abundance of evidence supporting similar sex-specific patterns in
other populations of C. horridus and congeners (Waldron et al., 2006;
Putman et al., 2013; Mata-Silva et al., 2018; Petersen et al., 2019), we are
confident that this main effect of sex aligns with general patterns at the
population-level for this site. Although males generally had higher
measures of movement compared to females, neither were significantly
affected by the Additionally, the
marginal R* values for RT and ACT LME models were consistently

proximity to roadways.

much lower than the conditional R* values indicating that the
relationships tested are being heavily influenced by the random effect,
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snake ID. Clearly, further RT and ACT sampling is needed to better
understand the influence of sex and behavioral season on movement in
this population. Specifically, it seems especially important to explore
whether motivational state (mate-searching vs. foraging) is associated
with additional variation in the effect of roads on movement behavior.

Fine-scale road interactions

Although no main effects of DTR were detected for the annual RT
and ACT metrics, extracting specific instances when snakes interacted
with roads (i.e., when a snake either crossed a road or encountered a
road and retreated) allowed for a fine-scale evaluation of variation in
movement distances (RT) and durations (ACT). Contrary to our
hypothesis, this approach revealed that individuals significantly
increased the mean time spent moving per 24h (Mov24) and the mean
distance moved per day (MPD) within the brief periods of time (four
relocations, or 2 weeks) containing road interactions. This difference was
not reflected in the daily number of movement bouts (Bout24) or the
mean distance traveled per movement (DPM). Considering the transient
nature and low frequency of these road interactions among our sampled
snakes, it is unsurprising that this fine-scale impact of roadways was not
maintained at the coarse, annual time scale. Although statistically
significant effects of roadways were detected at this resolution, small
effect sizes for MPD (r=0.14) and Mov24 (r=0.10) were likely a result
of the low frequency of road interaction observations relative to the
remainder of the active season, along with high variance in our response
variables across those relatively few observations. However, the
magnitude of the movement increases observed could still hold
biological significance (60.00% increase in Mov24 and 23.14% increase
in MPD during road interactions) and highlight the importance of
considering the time scale at which movement behavior is evaluated, as
relevant variation could be overlooked if the chosen scale is too fine or
too coarse. Given that rates of food intake and resulting body condition
is a direct predictor of survival and fitness for ambush predators with
low energetic requirements (Wasko and Sasa, 2012; Glaudas and
Alexander, 2017), the possible energetic costs of increased movement
distances and durations during instances when a snake encounters a
road could have cascading negative impacts on fitness. Although direct
mortality is ultimately the most deleterious fitness consequence
associated with frequent road encounters, the sub-lethal consequences
of increased movement during road interactions might be amplified in
populations where individuals more frequently encounter roads, as
chronic increases in time spent moving could lead to excess energy
expenditure and a reduction in time spent foraging. When taken along
with the increased risks of direct mortality and reductions in genetic
diversity for populations exposed to higher road densities and traffic
(Clark et al., 2010), this potentially hidden energetic cost from elevated
movement during road encounters is an additional factor to consider in
snake-road interaction studies. For C. horridus, specifically, this also
further justifies the recognition of roads as the most prominent threat
to populations range-wide (Petersen and Sealy, 2021).

We can only speculate on what might be driving this fine-scale
elevation in movement duration and distance among individuals
interacting with roads. A possible explanation is that the snakes are
displaying an avoidance response by moving back and forth along the
road edge prior to attempting to cross. This avoidance behavior could
be a response to the road itself or to the open space with little ground or
canopy cover created by the road. In previous studies, snakes have been
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documented to avoid roads (Shine et al., 2004; Andrews et al., 2008;
Shepard et al., 2008b; Robson and Blouin-Demers, 2013), and the low
frequency of confirmed road interactions during our study period,
despite many of the monitored snakes being originally captured on or
near roads, supports this hypothesis. Also, there were a low number of
road interactions overall, and the snakes that did interact with roads
moved away immediately following most road interactions. This does
not support the hypothesis that the increased movement of C. horridus
during road interactions is a result of being attracted to the edge habitat
created by roadways (Cowardin et al., 1985; Aresco, 2005; Mata et al.,
2017). There is also evidence indicating that snakes are less effective at
tracing chemosensory cues across road surfaces relative to the natural
landscape (Shine et al., 2004). It is possible that the elevated Mov24 and
MPD signal is indicative of indecisiveness when encountering an
unusual landscape feature within which they might not be able to
effectively perceive the chemical environment. If this is the case, this
result would have significant consequences for mate-searching male
rattlesnakes in this population and warrants future investigation on the
impacts of roads while more effectively accounting for the role of sex
and behavioral season. In any case, the fine-scale variation in movement
patterns of C. horridus revealed in this study emphasizes the value of a
scale-dependent analytical approach and demonstrates the utility of the
recently validated RT-ACT framework in fine-scale behavioral
monitoring of pit vipers.

Conclusion

Negative effects of roads on vertebrate taxa have been widely
documented (Ashley and Robinson, 1996; Shepard et al., 2008b; Clark
et al,, 2010), but the behavioral mechanisms mediating wildlife-road
interactions have received far less attention, especially for small and
secretive species such as most snakes. This study is among the first
systematic uses of accelerometry for quantifying the movement behavior
of snakes in the field, and the first to leverage RT-ACT monitoring for
detailed evaluation of the scale-dependent behavioral responses of snakes
to roadways. Annual, coarse scale RT and ACT measures of movement
and space-use did not reveal differences in spatial movement patterns or
daily movement durations in relation to mean distance from roads, likely
as a result of the large and unfragmented patches of habitat adjacent to
roads at our study site. However, quantifying RT and ACT movement
metrics at a much finer time scale uncovered a significant increase in
movement distances and durations by C. horridus during the rare
instances when they did encounter roads. This finding has appreciable
conservation implications for all C. horridus populations. In addition to
the widely referenced negative effects of road mortality on C. horridus and
many other snake species (Andrews et al., 2008; Clark et al,, 2010; Petersen
and Sealy, 2021), this potential hidden energetic cost incurred during road
encounters could have significant fitness effects, especially for those
populations occurring in habitats more highly fragmented by roads.
While we were unable to consider the effects of road surface type and
traffic volume in this response due to limited sample sizes, it is notable that
15 of the 17 road interactions included in the fine-scale analysis involved
low-traffic, unpaved roads, perhaps indicating that C. horridus were more
likely to interact with low-use unpaved roads than the relatively higher-
trafficked paved roads in the study area. This highlights the importance of
considering the effects of low-traffic roads on snake behavior even in the
absence of prominent road mortality. Ultimately, further sampling is
required to refine our understanding of the effects of different types of
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roads on the movement behavior of C. horridus, specifically to better
account for the roles of sex, season, and motivational state. Nevertheless,
our results highlight the value of this novel integration of radio telemetry
and accelerometry for quantifying snake movement behavior across
multiple time scales, particularly in attempts to capture subtle or fleeting
instances of behavior with potentially important fitness consequences.
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