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Variation in behavior drives multi-scale responses to habitat
conditions in timber rattlesnakes (Crotalus horridus)
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Abstract. Variations in both the behavior of wildlife and the scale at which the environment most influ-
ences the space use of wild animals (i.e., scale of effect) are critical, but often overlooked in habitat selection
modeling. Ecologists have proposed that biological responses happening over longer time frames are influ-
enced by environmental variables at larger spatial scales, but this has rarely been empirically tested. Here,
we hypothesized that long-term patterns of behavior (i.e., lasting multiple weeks to months) would be
associated with larger scales of effect than more sporadic behaviors. We predicted site use by 43 radio-
telemetered timber rattlesnakes (Crotalus horridus) exhibiting four distinct, time-varying behaviors (forag-
ing, digestion, ecdysis, and gestation) using remotely sensed environmental variables related to forest
structure and landscape topography. Among sites used by snakes, warmer temperatures and higher levels
of forest disturbance were predictive of behaviors dependent on thermoregulation including gestation and
ecdysis while more moderate temperatures and drier, more oak-dominated sites were predictive of forag-
ing. Long-term behaviors were associated with larger spatial scales across most variables, supporting our
hypothesis that the scale at which habitat selection occurs is linked to the temporal scale of relevant behav-
iors. Management recommendations based on single-scale models of habitat use that do not account for
fine-scale variations in behavior may obscure the importance of potentially limiting habitat features needed
for infrequent behaviors that are important for growth and reproduction of this and related species.
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INTRODUCTION

Organisms respond to environmental variation
simultaneously across numerous temporal and
spatial scales. Understanding habitat use across
these scales is key to developing appropriate
management strategies for rare or threatened
wildlife. Modern telemetry and GIS technology
allow for the collection of increasingly high-
resolution data and can pair well with traditional
point selection function (PSF) analyses (Boyce
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et al. 2002, Zeller et al. 2014). More recently, an
increasing number of studies have stressed the
importance of scale in such analyses and have
highlighted that few studies empirically select
appropriate scales for habitat models (Holland
et al. 2004, Smith et al. 2011, Jackson and Fahrig
2015, McGarigal et al. 2016). Empirical testing of
appropriate scales, especially the grain of envi-
ronmental variables, is critical given the recent
proliferation of and ready access to remotely
sensed data that can help explain wildlife site
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use (Thompson and McGarigal 2002, Neumann
et al. 2015).

The appropriate spatial extent at which to
measure habitat features is the “scale of effect”
(Jackson and Fahrig 2012) and depends on spe-
cies’ traits and the biological variable of interest
(Miguet et al. 2016). Miguet et al. (2016) discuss a
framework for assessing the scale of effect for dif-
ferent variables that might influence a species’
space use. The authors assert that biological pro-
cesses occurring over longer time periods (e.g.,
occurrence) will have larger spatial scales of
effect than those happening over short time peri-
ods (e.g., fecundity). Although relatively few
studies have found support for this hypothesis
(Cushman and McGarigal 2004, Jackson and Fah-
rig 2014), the general idea of a link between tem-
poral and spatial scales is a foundational
principle of landscape ecology (Peterson et al.
1998).

A temporal-spatial scale connection should be
evident within the temporally variable behav-
ioral patterns of wildlife. For ectotherms,
site-specific behavior is often related to ther-
moregulation, which drives much of their habitat
selection (Stevenson 1985, Huey 1991). Both the
thermal landscape and energetic requirements of
ectotherms fluctuate seasonally, contributing to
variation in habitat use throughout the year
(Waldron et al. 2006, George et al. 2017). How-
ever, individuals within a single population often
operate under different selective pressures at the
same time of year, owing to variation in body
condition or reproductive state (Lesmerises and
St-Laurent 2017). Thus, generalizing population-
level, seasonal shifts in behavior and site use
may overlook important, fine-scale hetero-
geneity.

Behavioral variation is often difficult to assess
when direct observation is infrequent or may
disrupt natural behaviors. Rattlesnakes are ideal
subjects with which to study the effect behavior
has on habitat selection as they can be directly
observed using radio telemetry with minimal
disturbance (Brown et al. 1982, Reinert and Zap-
palorti 1988) and they exhibit stereotyped
behaviors (Clark 2004, Reinert et al. 2011). While
previous studies have detailed the effect that
gestation has on space use in snakes (Reinert
and Zappalorti 1988, Charland and Gregory
1995, Sprague and Bateman 2018), other
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behaviors have been largely ignored. Waldron
et al. (2006) identified “seasons” based on forag-
ing, breeding, and hibernation to describe space
use in timber rattlesnakes (Crotalus horridus) but
did not address changes in behavior within a
season.

Rattlesnakes are ovoviviparous with long (4-
5 months), energetically costly gestation periods
(Ernst and Ernst 2003). Females reduce move-
ments, seek out relatively warmer Or more
exposed sites than would normally be used, and
decrease or stop foraging for food (Brown 1991,
Martin 1993, Gardner-Santana and Beaupre
2009). Ecdysis and digestion occur over a shorter
timeframe (7-14 and 3-7 d, respectively), but
these physiological states can also drive snakes
to select more open habitats for thermoregulation
(Greenwald and Kanter 1979, Semlitsch 1979).
Foraging behavior may be even more sporadic
and opportunistic, with associated changes in
behavior during a single day (Clark 2004, Reinert
et al. 2011). Snakes making opportunistic site use
decisions related to foraging and digestion may
consequently select habitat at finer scales than
snakes making decisions related to more pre-
dictable, long-term behavioral states (i.e., gesta-
tion and ecdysis). If this is true, we would expect
gestating females to use different macrohabitats
than non-gravid females (e.g., early successional
parcels instead of mature forests). Conversely,
foraging snakes would more opportunistically
vary site use based on local or microhabitat fea-
tures. We would expect snakes in ecdysis or
those digesting a recent meal to represent an
intermediate trend, either selecting features
based on an intermediate spatial scale or exhibit-
ing a mix of macrohabitat and microhabitat-level
selection.

We tested whether predictable, long-term
behavior patterns have a larger scale of effect
when compared to more sporadic, short-term
behaviors in timber rattlesnakes. We considered
a multi-scale framework to determine the appro-
priate scale of effect of several geospatial land-
scape features on four behaviors of interest in
wild timber rattlesnakes. We hypothesized that
snakes making short-term decisions (i.e., forag-
ing or digestion) on site use would select habitat
at finer scales than snakes making decisions
related to predictable, long-term behaviors (i.e.,
gestation or ecdysis).
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METHODS

Study site

Vinton Furnace State Experimental Forest
(VFSF) is a 4892-ha property located in Vinton
County, Ohio, USA, and within the Southern
Unglaciated Allegheny Plateau Ecological section
(Cleland et al. 2007). The landscape features a
dissected topography, including sharp ridges
and valleys with relatively low relief (~100 m).
The surrounding region is primarily forested,
consisting of mostly second-growth stands
recovering from heavy exploitation during the
mid-to-late 1800s (Stout 1933). The mixed-
mesophytic forest type of the region is primarily
dominated by oak species (Quercus spp.), espe-
cially on dry ridgetops and southwestern hill-
slopes, and transitions to mesophytic forest
assemblages, including sugar maple (Acer saccha-
rum), American beech (Fagus grandifolia), and yel-
low poplar (Liriodendron tulipifera), on opposing
northeastern hillslopes and bottomlands (Hix
and Pearcy 1997, Adams et al. 2019). The study
site also includes small tracts of pine plantations,
usually composed of monospecific stands of
Pinus strobus, P. resinosa, or P. echinata, while
other native conifers, including P. virginiana,
P. rigida, and Tsuga canadensis, combine at low
densities with deciduous hardwoods. In addi-
tion, the study site incorporates active, ongoing
forest management, especially within the central
Raccoon Ecological Management Area. Varying
management approaches, including even- and
uneven-aged silvicultural prescriptions, as well
as prescribed fire, promote heterogeneity in habi-
tat conditions within the study site (Ducey 1982).

Telemetry

We captured individual timber rattlesnakes
and surgically implanted intraperitoneal trans-
mitters (Holohil SI-2T) following procedures out-
lined by Reinert and Cundall (1982), using
machine-administered isoflurane to anesthetize
animals via inhalation. Transmitter weight did
not exceed 5% of the snake’s body weight and in
most instances was <2%. We released snakes at
their original capture location within 24 h of sur-
gery and relocated individuals 2-3 times per
week from April through October 2016-2019. We
tracked snakes between dawn and dusk and reg-
ularly shifted the order in which individuals
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were tracked daily to avoid systematic bias,
though site access issues made it impractical to
fully randomize when individuals were tracked.
Upon visually locating a snake, we recorded the
location with a Global Positioning System (Gar-
min GPSmap 64s) to an estimated <5 m spatial
accuracy.

Behavior classification

We identified four behavioral and physiologi-
cal states (hereafter referred to as “behaviors”):
foraging, digestion, ecdysis, and gestation. We
considered snakes to be foraging when they
were observed in a stereotyped foraging posture
(Reinert et al. 2011, Tutterow et al. 2020). Our
observations of snakes digesting a recent meal
are limited by the difficulty in detecting a small
bolus in a large-bodied snake, but we noted this
whenever possible. These observations are,
therefore, inherently biased toward snakes
digesting larger, more obvious meals and may
be prone to a high false-negative detection rate.
We noted observations of snakes in ecdysis as
indicated by snakes having blue-gray eyes and
dusky skin coloration. We confirmed observa-
tions of gestating females by sonogram shortly
after snake emergence in April and May. We
excluded all locations in which a snake was not
visible and presumably underground or actively
moving. When not moving and not clearly par-
ticipating in the aforementioned behaviors, we
designated snake behavior as resting. We
excluded snake observations from analyses
when there was uncertainty about behavioral
classification.

Geospatial habitat features

We incorporated 15 geospatial habitat features,
characterizing vegetation structure, plant species
composition, and environmental variation, at
varying resolutions (5-30 m), in our analysis of
multi-scale rattlesnake habitat use (Table 1). Dig-
ital canopy height (CHM) and elevation (DEM)
models were developed from LiDAR data pro-
vided by the Ohio Geospatial Reference Pro-
gram, collected in 2007 (http://ogrip.oit.ohio.gov/).
The LiDAR data featured two returns per pulse
with an average spacing and density of 1.27 m
and 0.27 returns/m?, respectively. The CHM
and DEM models incorporated conventional
methods, using bilinear interpolation, at 5-m
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Table 1. List of geospatial habitat features used in modeling timber rattlesnake (Crotalus horridus) site use in

southern Ohio.

Resolution
Covariate Source (m) Value range Summary
Mean Data Loggers 3 20 to 23°C Mean ground temperature (measured on 15 July)
temperature estimated from linear mixed effects model

Solar radiation DEM 3 29,708 to 41,129 WH/m?> Cumulative solar radiation across active season
(May—-August)

Stand age Forestry 5 2to 151 yr Year since plot was last clear-cut as of 2019

Slope DEM 3 0 to 41 degrees Slope grade

Stream distance DEM 3 0to 370 m Distance to nearest stream

Beer’s DEM 3 Oto2 Beer’s transformed aspect

Tree basal area Landsat 30 1 to 52 m%/ha Mean tree basal area per hectare

Tree density Landsat 30 30 to 1046 stems/ha Mean stem density per hectare

Canopy height LiDAR 5 0to42 m Maximum canopy height

Overstory LiDAR 5 0 to 109 Proportion of LiDAR hits at canopy height

Midstory LiDAR 5 0to 210 Proportion of LIDAR hits at midstory height

Understory LiDAR 5 32 to 385 Proportion of LIDAR hits at understory height

NMDS 1 Landsat 30 —0.50 to 1.03 Index related to moisture gradient; high values
correspond to wetter soils and fewer oaks

NMDS 2 Landsat 30 —0.75 t0 0.53 Index related to structure and forest succession;
high values correspond to higher canopy
height and less disturbance

NMDS 3 Landsat 30 —0.39 to 0.36 Index related to elevation; higher values correspond

to higher elevations

Notes: Covariate names are given alongside their data source, value range and units, and a summary of what each variable
measures. Non-metric multidimensional scaled variables (NMDS) represent ordination axes.

resolution. From the DEM, we developed layers
on slope (°), solar radiation, and Beer’s trans-
formed aspect (an index ranging 0-2, corre-
sponding to southwestern to northeastern
aspects, respectively). In addition to canopy
height represented within the CHM, we devel-
oped three penetration ratios (number of returns
<2 m in height divided by the number of returns
<50 and <10 m, including returns <2 m; and the
number of returns <1 m divided by the number
of returns <5 m, including returns <1 m) to char-
acterize overstory, midstory, and understory veg-
etation density at 30-m resolution (Miiller et al.
2010, Melin et al. 2018, Adams and Matthews
2019).

Woody plant composition was represented by
three ordination axes within a gradient modeling
approach developed from a separate study
within the study area (Adams et al. 2019). Vege-
tation plot data, incorporating relative abun-
dance profiles of trees and shrubs, including 99
woody plant taxa, were ordinated by non-metric
multidimensional scaling (NMDS) and projected
onto the landscape with terrain data and
seasonal multispectral imagery provided by
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Landsat 8/OLI. Three subsequent floristic gradi-
ents synthesized moisture (NMDS1), succes-
sional (NMDS2), and elevational (NMDS3)
variation among species responses within the
vegetation data, at 30-m resolution. In addition,
the plot data were used to develop geospatial
layers on mean tree basal area (m*/ha) and den-
sity (stems/ha).

From April 2017 to December 2017, we col-
lected temperature data across the property
using HOBO Pendant data loggers (Model # UA-
001-08) set to one-hour logging intervals. We
placed 150 loggers randomly across our study
site by staking each logger in place at ground
level on the north side of a tree to limit the influ-
ence of canopy structure on thermal data
(Appendix S1: Fig. S1). Following Fridley (2009)
and George et al. (2015), we used these tempera-
ture data as a response variable in a linear mixed
effects model with topographic and LiDAR-
derived variables serving as predictive covari-
ates. The final fitted model was used to predict
the mean near-ground mid-summer temperature
across our landscape (Appendix S1: Fig. S2). The
purpose of this temperature variable was to
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capture relative differences in temperatures expe-
rienced by snakes between sites, and since tem-
perature values were highly correlated across
season and with snake body temperatures
(Appendix S1: Fig. S3), we were able to use a sin-
gle mid-summer date as an index value for these
relative temperature differences. Finally, stand
age was provided from the ODNR and a flowline
layer was transformed to a spatial grid (5 m) and
used to summarize distances to the nearest
stream (https://nationalmap.gov/). We extracted
values for each covariate at all snake locations
within different spatial scales of effect and cen-
tered and scaled all covariates prior to fitting sta-
tistical models. We assessed the relationship
between these variables using a correlation
matrix to ensure that all correlation coefficients
were between —0.75 and 0.75.

Data analysis

We modeled site use with generalized linear
mixed effects Bernoulli models in a Bayesian
framework using the brms package in R
(Burkner 2016; R Core Team 2020). For general
habitat use models, we generated three non-use
points for every use point by randomly shifting
both the x and y coordinates of snake locations
by up to = 100 m. We fit a general habitat use
model including observed snake locations and
associated random points and considered snake
site use as the response variable and the 15 envi-
ronmental covariates as explanatory variables
(Table 1). We ran each model with variables
resampled at four representative spatial scales (5,
25, 55, and 105 m) using a moving window anal-
ysis (Miguet et al. 2016). We assessed the spatial
scale at which each variable had the largest effect
size and included these in a final multi-scale
model. We also fit behavioral models to evaluate
the relationship between habitat variables and
the four focal behaviors (foraging, gestation,
digestion, and ecdysis). For behavioral models,
we used only observed snake locations. For each
behavioral model, we coded snake locations
according to the observed behavior and excluded
all male snakes from the gravid snake model. All
behavioral models included the 15 environmen-
tal variables used in the general site use model.
We included snake identity as a random effect to
account for individual variation between snakes.
We ran models with four chains for 15,000
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iterations with a warmup of 3000 and no thin-
ning. We visually inspected chains to confirm
adequate mixing, and we confirmed convergence
using the Gelman-Rubin statistic (all Rhat val-
ues = 1). We used the region of practical equiva-
lence (ROPE) defined as +0.1 x SD of the
response variable (Kruschke 2018) to guide our
interpretation of the most influential covariates
in each model and considered variables for
which <11% of the posterior distribution was
inside of ROPE to be particularly influential.

To generate multi-scale models, we ran four
global, single-scale (5, 25, 55, and 105 m) models
for a given response variable (general site use,
gestation, ecdysis, digestion, or foraging). We
then compared posterior distributions of param-
eters within each of these four models and
selected the scale at which each variable had the
largest estimated effect size for inclusion in the
final, multi-scale model. We excluded any vari-
ables that had <95% of the posterior distribution
with the same sign as the mean parameter esti-
mate (probability of direction, PD).

We projected the probability of general site
use, gestation, ecdysis, digestion, and foraging
across the landscape using the posterior mean
estimate from the most-supported behavioral
models described above. To ensure we captured
the most relevant parts of the landscape used by
snakes, we buffered each observed snake loca-
tion by 500 m and scaled each spatial layer by
the mean and SD of the observed snake loca-
tions. We included each spatial covariate from
Table 1, excluding only those parameters whose
PD were <95%. We then extracted the parts of
the landscape that encompassed the top 20%
most suitable habitat for each of the four behav-
iors and subsequently determined the percent
overlap of each behavior on the landscape.

REesuLTs

We modeled the probability of site use by 43
timber rattlesnakes (19 males, 16 females, and 8
juveniles) across four active seasons in relation to
15 environmental covariates (Table 2). Most
snakes included in this analysis (30/43) were in
our study for at least one full active season (mean
days tracked = 512 £ 318 d, range = 6-1020 d).
Four covariates were strongly predictive of site
use, and ten other covariates were modestly
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Table 2. Estimated effects of environmental covariates on the probability of general site use by timber rat-

tlesnakes (Crotalus horridus) in southern Ohio.

Parameter Estimate HDI low HDI high PD ROPE
Intercept -1.15 -1.18 -1.11 1.00 0.00
Mean Temperature 0.27 0.22 0.31 1.00 0.00
Solar Radiation 0.36 0.31 0.42 1.00 0.00
Stand Age —0.04 —0.08 0.00 0.95 1.00
Slope 0.11 0.06 0.16 1.00 1.00
Stream Distance —0.15 -0.19 —0.10 1.00 0.97
Tree Basal Area 0.24 0.17 0.31 1.00 0.05
Tree Density —0.07 -0.13 —0.01 0.98 1.00
Canopy Height 0.13 0.08 0.18 1.00 1.00
Overstory 0.01 —-0.04 0.06 0.64 1.00
Midstory —0.06 —-0.11 —0.02 0.99 1.00
Understory 0.09 0.05 0.13 1.00 1.00
NMDS 1 0.12 0.07 0.16 1.00 1.00
NMDS 2 —0.23 —0.28 —-0.17 1.00 0.05
NMDS 3 0.04 0.00 0.08 0.97 1.00

Notes: Results represent our best-supported model with all covariates at their original 5-m resolution. The lower and upper
95% highest density intervals (HDI low and HDI high, respectively) are presented alongside the probability of direction (PD),
percent of the posterior distribution inside of the region of practical equivalence (ROPE) using 89% of the posterior distribution.
Parameters in boldface represent covariates with <1% of their posterior distribution inside ROPE.

predictive of site use (>11% of the posterior dis-
tribution inside of ROPE, but with a PD > 95%)
at one or more scales (Table 2). Solar radiation
and slope (r = —0.68) and mean tree basal area
and tree density (r = 0.74) were moderately cor-
related but were retained in our final models. We
removed Beer’s transformed aspect from our
final site use models because it was not predic-
tive of site use at any scale. Overall, snakes were
most likely to use warmer sites with greater solar
radiation, greater mean tree basal area, but also
increased disturbance as indicated by lower
scores on NMDS 2 (Fig. 1). Our single-scale
model with all variables at the resolution of our
original raster data (5 m) was the best-supported
model based on leave-one-out information crite-
rion (LOOIC; Table 3).

Behavioral models fit the data well, and each
behavior could be meaningfully predicted by a
unique combination of variables assessed at dif-
ferent spatial scales (Table 4). A different suite of
variables proved to be good predictors for each
behavior, but no single variable or scale was use-
ful for predicting all behaviors (Figs. 2-5). Unlike
the general habitat use model, observed snake
behaviors were best predicted by variables
assessed at multiple scales for all but foraging,
which was best predicted when all variables
were assessed at the 25-m scale (Table 3).
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Our spatial projection of behaviors across the
landscape found no more than 44% overlap
between any two behaviors, with considerable
variation between behaviors (Fig. 6). Foraging
was the most unique behavior (36.17% overlap
with all other behaviors, collectively), and ecdy-
sis was the least unique behavior (67.47% overlap
with all other behaviors, collectively). Gestation
and ecdysis had the most overlap of any two
individual behaviors (44% overlap). By compar-
ison, foraging and digestion had relatively little
overlap (8.5% overlap).

DiscussioN

We found limited support for our hypothesis
that snakes exhibiting more predictable patterns
of behavior related to longer-term physiological
states would be most affected by environmental
variables at a larger spatial scale of effect. The
best-supported model predicting our finest tem-
poral scale behavior (foraging) only included
variables at relatively fine spatial scales of effect
(25 m). Conversely, the best-supported model
predicting our coarsest temporal scale behavior
(gestation) mostly included variables assessed at
the 105-m scale. Importantly, mean tree basal
area, tree density, and maximum canopy height
were among the most important predictors of
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Fig. 1. Effects of the six most influential environmental covariates (5-m scale) on the probability of general site
use by timber rattlesnakes (Crotalus horridus) in southern Ohio. The probability of site use by snakes increases
with increasing temperature (A), solar radiation (B), tree basal area (D), and maximum canopy height (E) and
decreases with increasing distance to stream (C) and later forest successional stages (NMDS 2, F).
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Table 3. Model comparisons using leave-one-out
information criteria (LOOIC) for timber rattlesnake
site use (Use) and behavior in southern Ohio.

Model K LOOIC ALOOIC w

Use_5 14 14485.780 0.0000 0.9837
Use_25 14 14493.990 —8.2012 0.0163
Use_MS 14 14507.060 —21.2710 0.0000
Use_55 14 14553.550 —67.7608 0.0000
Use_105 14 14664.840 179.0595 0.0000
For_25 7 2385.960 0.0000 0.7460
For_5 7 2388.816 —2.8561 0.1789
For_MS 7 2391.541 —5.5805 0.0458
For_55 7 2392.488 —6.5276 0.0285
For_105 7 2399.574 —13.6133 0.0008
Dig_MS 6 785.212 0.0000 0.4679
Dig_105 6 785.239 —0.0271 0.4616
Dig_55 6 789.039 —3.8273 0.0690
Dig_25 6 796.768 —11.5562 0.0014
Dig_5 6 802.412 —17.2000 0.0001
Ecd_MS 13 2230.439 0.0000 1.0000
Ecd_105 13 2252.125 —21.6862 0.0000
Ecd_5 13 2264.357 —33.9181 0.0000
Ecd_55 13 2265.355 —34.9162 0.0000
Ecd_25 13 2271.700 —41.2613 0.0000
Ges_MS 14 673.375 0.0000 0.9891
Ges_5 14 683.946 —10.5707 0.0050
Ges_25 14 684.047 —10.6715 0.0048
Ges_55 14 686.966 —13.5909 0.0011
Ges_105 14 726.450 —53.0745 0.0000

Notes: For behavioral models, model name prefixes corre-
spond to particular behaviors (For = foraging, Dig = diges-
tion, Ecd = ecdysis, Ges = gestation) and all model names
end with an indication of the scale at which variables were
smoothed (5, 25, 55, 105 m, MS = multi-scale).

gestation and were included in the final model at
our two coarsest scales. Collectively, low mean
tree basal area, high tree density, and low maxi-
mum canopy height are indicative of early suc-
cessional habitats and, given that these effects
generally increased with scale, gestating females
are clearly selecting for more disturbed macro-
habitats. However, both digestion and ecdysis
were also best predicted by variables assessed
mostly at our coarsest scale (105 m). Though
these three behaviors do occur over longer tem-
poral scales and were best predicted by covari-
ates at larger spatial scales than foraging, it is
important to also consider that foraging snakes
are selecting habitat based on prey availability
(Tutterow et al. 2020) and not necessarily on how
suitable the habitat is for their own physiology.
Our behavioral models also shed light on the
space use of timber rattlesnakes in a nuanced
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way that captures important habitat associations
that traditional habitat use models might over-
look. Our behavioral models indicate that within
the generally warmer sites selected by snakes
across the landscape, a temperature gradient
exists that snakes are non-randomly exploiting
based on their physiological state and behavior.
Warmer mean temperatures were predictive of
snakes that were gestating, undergoing ecdysis,
or digesting a meal and the strength of this rela-
tionship increased with increasing spatial scale.
These patterns indicate that snakes are moving
to warmer parts of the landscape during these
times, and not simply selecting warm microhabi-
tats (e.g., canopy gaps). During ecdysis, gesta-
tion, and while digesting a meal, snakes
maintain higher body temperatures (Gibson
et al. 1989, Brown 1991), which was reflected in
our behavioral models where temperature had a
relatively strong effect on the probability of a
snake exhibiting these behaviors. Conversely,
our general site use model found a more modest
effect of temperature on the probability of site
use, likely because snakes are more likely to for-
age in relatively cool to moderate parts of the
landscape and foraging locations accounted for
18% of our snake observations.

LiDAR-derived measures of canopy height
and density were only moderately predictive of
site use and site-specific behavior and generally
only at finer scales. We suspect a disconnect
exists in the scale at which these data are
obtained and the scale at which vegetative struc-
ture influences snake habitat use. Plot-based,
ground-collected data are typically used to
describe the vegetative structure or microhabitat
characteristics of sites used by snakes (Moore
and Gillingham 2006, Sutton et al. 2017), and
remotely sensed data are likely less precisely
capturing this fine-scale variability. Our best site
use model also only included variables measured
at the immediate snake location, further indicat-
ing that characteristics of the immediate environ-
ment (microhabitat) may be more important for
timber rattlesnakes than variation in habitat at a
larger scale (i.e., macrohabitat), as in other snake
species (Steen et al. 2010, Bauder et al. 2018).

Stand age had no discernable effect on the
probability of foraging or digesting a meal, but
gestating females and snakes in ecdysis tended
to use younger stands. While stand age had an
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Table 4. Model-specific effects of each covariate on the probability of timber rattlesnakes (Crotalus horridus)

exhibiting one of four distinct behaviors.

Parameter Foraging Digestion Ecdysis Gestation
Mean temperature —0.44 (—0.56 to —0.32) 0.17 (—0.01 to 0.35) 0.25 (0.13 to 0.37) 0.94 (0.55 to 1.33)
25 m 5m 5m 105 m
Solar radiation —0.17 (—0.32 to —0.03) 0.21 (0.01 to 0.42) —0.35 (—0.54 to —0.17) —1.50 (—2.06 to —0.92)
25 m 105 m 105 m 105 m
Stand age —0.16 (—0.27 to —0.04) —0.07 (—0.42 to —0.29)
25 m 105 m
Slope —0.16 (—0.29 to —0.03) —0.19 (—0.41 to 0.02) —0.70 (—0.87 to —0.54) —1.25 (-1.72 to —0.81)
25 m 55 m 105 m 105 m
Stream distance 0.14 (0.03 to 0.24) —0.19 (—0.32 to —0.06) 1.79 (1.41 to 2.20)
25 m 105 m 25 m
Beers 0.11 (—0.01 to 0.24) —0.33 (—0.48 to —0.16) —0.74 (-1.18 to —0.32)
25 m 105 m 105 m
Tree basal area —0.52 (—0.73 to —0.32) —3.31 (—4.00 to —2.60)
105 m 55 m
Tree density —0.24 (—0.35 to —0.13) 1.92 (1.40 to 2.45)
105 m 105 m
Canopy height 0.16 (—0.02 to 0.36) 0.42 (0.22 to 0.63) —0.16 (—0.52 to 0.18) 1.51 (0.56 to 2.47)
25 m 105 m 105 m 105 m
Overstory 0.29 (0.05 to 0.53) 0.53 (0.00 to 1.04)
105 m 25 m
Midstory —0.28 (—0.48 to —0.08) 0.16 (—0.41 to 0.76)
5m 25 m
Understory 0.15 (0.03 to 0.29) 1.20 (0.80 to 1.59)
5m 105 m
NMDS 1 —0.34 (—0.48 to —0.21) —0.18 (—0.35 to —0.01) 0.47 (0.06 to 0.92)
25 m 55 m 105 m
NMDS 2 —0.70 (—1.21 to —0.18)
5m
NMDS 3 —0.18 (—=0.36 to —0.01) 0.09 (—0.01 to 0.20)

105 m

5m

Notes: Parameter estimates are given alongside 89% highest density intervals and the scale at which each variable had the
greatest effect. All listed variables have strong support for having the estimated effect on behavior (probability of direction
>95%). Boldface text indicates that >89% of the posterior distribution fell outside of the ROPE for that variable. Results pre-
sented are from reduced, multi-scale models for digestion, ecdysis, and gestation and for a reduced, single-scale model (25-m)
for foraging. The identified scale (5-105 m) for each covariate is indicated below the parameter estimate.

increasingly positive effect on the probability of
gestation with increasing spatial scale, the proba-
bility of ecdysis declined for stand age with
increasing spatial scale. Both gestating snakes
and snakes digesting meals were more likely to
use sites with lower mean tree basal area, and
this effect increased with increasing scale.

The forest successional metric NDMS 2 was
also negatively predictive of gestation, which
indicated that gravid snakes used disturbed sites
with lower canopy height more frequently than
non-gravid females. Snakes broadly selected for
slightly more disturbed sites, synthesized among
the vegetation data, suggesting this preference is
even more pronounced in gravid females. Our
results align with the known thermal require-
ments for gestating snakes (Reinert and Zap-
palorti 1988, Charland and Gregory 1995,
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Sprague and Bateman 2018). While snakes
exhibiting thermoregulation-related behaviors
generally selected warmer, more exposed sites,
there are behavior-specific differences in the vari-
ables that influence their site use and the scale of
effect for each of these variables. Ordination axis
NMDS 1 had a relatively strong influence on the
probability of foraging and indicates that snakes
tended to forage at drier, oak-dominated sites
relative to sites selected for other behaviors.

Our findings also emphasize the importance of
multiple spatial scales for rattlesnake habitat use,
especially for thermoregulation. Previous studies
have also used multi-scale models to study the
hierarchical nature of habitat selection in snakes
(Moore and Gillingham 2006, Steen et al. 2010,
Sutton et al. 2017, Bauder et al. 2018), but ours is
the first to present a temporal hierarchy of space
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Fig. 2. Effects of the six most influential covariates on the probability of timber rattlesnake (Crotalus horridus)
foraging at a given site in southern Ohio. The probability of foraging decreases with increasing temperature (A),
solar radiation (B), slope (C), and moisture (F) and increases with increasing distance to stream (D) and maxi-
mum canopy height (E).
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Fig. 3. Effects of the six most influential covariates on the probability of timber rattlesnakes (Crotalus horridus)
digesting a meal at a given site in southern Ohio. The probability of digestion increases with increasing tempera-
ture (A), solar radiation (B), and maximum canopy height (E) and decreases with increasing slope (C), tree basal
area (D), and elevation (NMDS 3, F).
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being in ecdysis at a given site in southern Ohio. The probability of ecdysis increases with increasing temperature
(A) and overstory density (E) and decreases with increasing solar radiation (B), slope (C), values for Beer’s index
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Fig. 6. Venn diagram showing the spatial overlap in the most suitable (top 20%) habitat for timber rattlesnakes
exhibiting four unique, time-varying behaviors in southern Ohio. Numbers represent the amount of land area (in

hectares) in each category.

use where scale of effect is dependent on behav-
ior and synthesized simultaneously across a
range of spatial scales. While fine-scale environ-
mental data better predicted snake site use across
the landscape and foraging behavior, multi-scale
models were the best predictors of thermoregula-
tion behavior. This indicates that resource selec-
tion by individual rattlesnakes is complex and
influenced by environmental variation at differ-
ent spatial scales.

To more precisely define potentially important
habitats for timber rattlesnakes, we also spatially
extrapolated our models across our study site to
predict areas that are most suitable for each
behavior. By calculating the overlap in site suit-
ability between behaviors, we determined which
behaviors were the most unique in their habitat
associations. There was considerable overlap
(26%) between our predicted most suitable
regions for ecdysis and gestation, which is unsur-
prising given we often find gestating females in
the same logs as snakes undergoing ecdysis (per-
sonal observation). There was considerably less
overlap between other behaviors. The majority of
regions (70%) identified as most suitable for for-
aging or digestion did not overlap our best-
predicted regions for either ecdysis or gestation.
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Foraging is clearly a critical component of sur-
vival for rattlesnakes, but foraging snakes use
habitat they would not normally use for ther-
moregulation. Without explicitly identifying
these foraging locations, the importance of such
habitats might be obscured in space use models.
Our results highlight the importance of contextu-
alizing models of space use for wildlife by explic-
itly accounting for both spatial and temporal
variation in behavior. Traditional habitat selec-
tion and site use modeling weights the impor-
tance of a habitat based on its frequency of use
rather than how important the use of a site is to
the survival or reproduction of an animal. Short-
term behaviors (such as foraging or digesting a
meal) reliant on more subtle changes in local
habitats may be infrequent, relatively cryptic,
and easily lost in a larger data set of point loca-
tions. We found that foraging rattlesnakes select
for different habitat features and operate at a
more localized scale than snakes primarily con-
cerned with thermoregulation. This not only
emphasizes the importance of a heterogeneous
landscape but also of interpreting the reasons an
animal uses a given site.

Although this approach may not be suitable
for animals that are more difficult to directly
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observe, we believe this is a good model for
studying wild snakes and some other ectotherms
where direct observation is possible. By model-
ing predictors of site use, researchers can define
the general habitat preferences for a species and
then situate predictive models of behavior, or
physiological state, within this broader context.
When used in combination with finer-scale
microhabitat assessment, this approach can also
pinpoint more localized habitat features that
may be important to maintain within that pre-
ferred habitat type. Such models would ensure
that managers are better able to accommodate
these specialized habitat needs and could lead to
better outcomes for threatened and endangered
species.
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Landscape Temperature Model — To model near-ground temperature variation across the
landscape, we followed methods detailed by Fridley (2009) and George et al. (2015).
Specifically, we deployed HOBO Pendant data loggers (UA-002-08) at 150 locations across the
landscape (Figure 1). All loggers were affixed to a 25-cm U-shaped stake and wrapped in 3-mm
hardware cloth to deter small mammal chewing. Loggers were deployed to random locations,
stratified to encompass the range of topographic and structural forest features present across the
study area. At the randomly selected location, loggers were deployed at the base of a tree > 25
cm DBH, on the north side, ~ 2.5 cm above the ground surface. This deployment minimized
large temperature fluctuations that can occur when loggers are exposed to direct sun.

Loggers collected data hourly from 30 April 2016 — 31 December 2017. Of the 150 loggers
deployed, 129 were recovered with data. We focused temperature modeling during the peak
active season (1 May — 30 September 2017), modeling daily mean temperature. Models were fit
with the R package ‘nlme’ (Pinheiro et al. 2013), using the spatial topographic and habitat
structure variables used to model behavioral habitat selection in the main manuscript. All spatial
variables were assessed at the original scale of 5-m.

The final model fit the data well (marginal R? = 0.97) and had high predictive power (mean
predictive accuracy = 0.56° C £ 0.48; Figure 2). Using this model, we predicted the mean
temperature for 15 July 2017, which became our spatial measure of temperature across the
landscape. This measure should be considered as a relative index of temperature on the
landscape.

To justify the use of a temperature measure from 15 July, regardless of the season snakes were
observed, we calculated the correlation of daily mean temperatures estimated across the
landscape from 1 April (corresponding with earliest emergence) to 30 September. The Pearson’s
correlation between days ranged from » = 0.90 — 1.0 with a mean of 0.98. So, while estimated
temperatures varied from 13.9° C to 24.0° C across the landscape, across days, there is an
extremely high correlation in estimated temperatures indicating that our use of a single date as a
temperature index is justified.

Validation of temperature model — In 2016-2017, we had eight snakes that were implanted
with experimental WeePIT (Alpha Mach) temperature data loggers. We encountered numerous
issues with these loggers that precluded their extended or expanded use. Nonetheless, we
recovered some data from these loggers and fit a linear mixed effects model to relate mean daily
snake body temperatures measured from WeePITs with the mean daily temperatures estimated at
the spatial locations on the landscape where snakes were located. Spatio-temporal landscape



temperatures were estimated from the above fitted mixed effects model. Individual snakes were
included as random effects in the model. The model fit the data well (marginal R? = 0.71) and
had decent predictive accuracy (mean = 1.16° C £ 0.95 SD) with accuracy ranging from 0.002 —
4.44° C (Figure 3). This serves as an independent and biologically relevant validation that our
landscape temperature model accurately reflects snake body temperatures in space and time.
Combined with the evidence that spatial-temporal estimates of temperature are highly correlated,
we have a high degree of confidence that our use of a temperature index is relevant and
meaningful.



Literature Cited

Fridley, J. D. 2009. Downscaling climate over complex terrain: high finescale (<1000 m) spatial
variation of near-ground temperatures in a montane forested landscape (Great Smoky
Mountains). Journal of Applied Meteorology and Climatology 48:1033-1049.

George, A. D., F. R. Thompson III, and J. Faaborg. 2015. Using LiDAR and remote
microclimate loggers to downscale near-surface air temperatures for site-level studies.
Remote Sensing Letters 6:924-932.

Pinheiro, J. C., D. M. Bates, S. DebRoy, and D. Sarkar. 2013. nlme: Linear and Nonlinear Mixed
Effects Models. R package version 3.1-108.



2

e weesss s Kilometers

0 05 1

Figure S1. Locations of 150 HOBO temperature data loggers at Vinton Furnace Experimental Forest.
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Figure S2. Relationship between measured and model-estimated temperature at Vinton Furnace
Experimental forest.
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Figure S3. Relationship between daily mean snake body temperatures estimated with WeePIT
temperature loggers and daily mean landscape temperatures estimated from the fitted model presented in
Figure 2. Individual snakes are indicated by different colors.



