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Abstract
In evaluating conservation and management options for species, practitioners might consid-

er surrogate habitats at multiple scales when estimating available habitat or modeling spe-

cies’ potential distributions based on suitable habitats, especially when native environments

are rare. Species’ dependence on surrogates likely increases as optimal habitat is degrad-

ed and lost due to anthropogenic landscape change, and thus surrogate habitats may be

vital for an imperiled species’ survival in highly modified landscapes. We used spatial habi-

tat models to examine a potential surrogate habitat for an imperiled ambush predator (east-

ern diamondback rattlesnake, Crotalus adamanteus; EDB) at two scales. The EDB is an

apex predator indigenous to imperiled longleaf pine ecosystems (Pinus palustris) of the
southeastern United States. Loss of native open-canopy pine savannas and woodlands

has been suggested as the principal cause of the species’ extensive decline. We examined

EDB habitat selection in the Coastal Plain tidewater region to evaluate the role of marsh as

a potential surrogate habitat and to further quantify the species’ habitat requirements at two

scales: home range (HR) and within the home range (WHR). We studied EDBs using radio-

telemetry and employed an information-theoretic approach and logistic regression to model

habitat selection as use vs. availability. We failed to detect a positive association with marsh

as a surrogate habitat at the HR scale; rather, EDBs exhibited significantly negative associ-

ations with all landscape patches except pine savanna. Within home range selection was

characterized by a negative association with forest and a positive association with ground

cover, which suggests that EDBs may use surrogate habitats of similar structure, including

marsh, within their home ranges. While our HR analysis did not support tidal marsh as a sur-

rogate habitat, marsh may still provide resources for EDBs at smaller scales.
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Introduction
Wildlife conservation and management strategies rely strongly on knowledge of species-habitat
relationships. Species exploit resources from habitat patches that vary as ecological communi-
ties interact with human land use, geomorphology, and geo-physical processes (e.g., agricultur-
al fields, tidal marshes). Different patch types may be used to support various characteristics of
a species’ niche [1]. Alternatively, an animal may exploit substitutable resources in multiple
patches [2]. Thus, habitat patches that meet similar niche requirements, such as trophic inter-
actions and vegetation structure, may allow a species to use additional landscape patches as
surrogate habitats. This is a particularly relevant consideration for conservation scenarios that
may be constrained by an animal’s limited geographic distribution, specialized niche require-
ments, the loss or alteration of native habitats, or the need to meet multiple management objec-
tives. In evaluating conservation and management options for a species, practitioners might
consider surrogate habitats when estimating available habitat or modeling a species’ potential
distribution based on suitable habitats, especially when indigenous environments are rare or
degraded [3–5]. The ability of a landscape patch to serve as surrogate habitat may enhance or
broaden conservation and management options.

Animal home range behavior (establishment of and space use within a restricted area) is an
informative spatial concept underlying plans or protocols that target habitat conservation for a
species. By linking an animal’s repeated use of an area with the resources it needs for survival
and reproduction (“habitat”) [6–8], home range behavior provides a basis for modeling suitable
habitat and investigating the potential for habitats to function as surrogates. However, an ani-
mal’s establishment of a home range by developing a cognitive map of resources [8], and move-
ment within that home range, are influenced by habitat variables that may be scale-dependent
[9–12]. Thus, examining an animal’s home range habitat selection at both a landscape scale
and within the home range (second- and third-order selection, [13]) provides a more accurate
basis for habitat evaluation at multiple scales [10, 11, 13], consequently improving the accuracy
of models involving optimal and surrogate habitats.

A thorough evaluation of habitat conservation options is especially important in threatened
ecosystems, where native habitats are fragmented or lost due to anthropogenic change. Species
in these systems are likely to increasingly depend on surrogate habitats. In the southeastern
United States, loss of longleaf pine (Pinus palustris) ecosystems is an immediateconcern [14–
17]. Historically, these fire-maintained savannas and woodlands dominated approximately 37
million hectares across the southeastern Coastal Plain [14]. Following European settlement,
they experienced pronounced alterations and declines due to human land-use practices and
fire exclusion [15], and now occur over less than five percent of their former range [16, 17].
Among the most imperiled ecosystems in North America [14, 16], they exhibit notably high
rates of floral and faunal endemism [18, 19]. A number of threatened or endangered vertebrate
species depend on longleaf habitats, including the flatwoods salamander (Ambystoma cingula-
tum), gopher tortoise (Gopherus polyphemus), and red-cockaded woodpecker (Picoides
borealis).

The eastern diamondback rattlesnake (Crotalus adamanteus; EDB) is a cryptic predator in-
digenous to longleaf savanna and woodland habitats [18, 20–22]. Its historical range extended
from North Carolina to southern Florida, and west to Missisippi and southeastern Louisiana
[23]. Loss of pine savanna habitats has been suggested as the principal cause of the species’
widespread decline [23], and it is listed as a species of concern in all but two states throughout
its range, as state-endangered in North Carolina, and has been extirpated from Louisiana [23].
Consequently, few viable extant EDB populations remain throughout its former range and the
species is in review for listing under the Endangered Species Act [24]. Because the secretive

Multiscale Spatial Models for Assessing Surrogate Habitat

PLOS ONE | DOI:10.1371/journal.pone.0123307 April 27, 2015 2 / 13

and publication of these sensitive data could severely
endanger existing populations. However, the data
without geographic coordinates (e.g., habitat
attributes of used and random locations) are available
in the Supporting Information files.

Funding: Funding for this project was provided by
the South Carolina Department of Natural Resources
(www.dnr.sc.gov) to SHB. The National Science
Foundation (www.nsf.gov) awarded NSF DGE-
0929297 to JMF, who also received the Presidential
Fellowship from the University of South Carolina (sc.
edu). The Snake Advisory Group (snaketag.org)
awarded the Dana Payne Grant to JMF, and
Riverbanks Zoo provided assistance from their
Conservation Support Fund to JLW (www.riverbanks.
org).

Competing Interests: The authors have declared
that no competing interests exist.

http://www.dnr.sc.gov
http://www.nsf.gov
http://www.riverbanks.org
http://www.riverbanks.org


nature of many reptiles makes it difficult to monitor population status, information about their
natural history, including habitat use, is essential in developing conservation and management
strategies [25].

Although pine savannas have declined, EDBs in coastal tidewater areas may be using marsh
as surrogate habitat. The EDB is principally associated with open canopy, pine savanna habitats
at local and regional scales [21–23, 26, 27]. These are open-canopy ecosystems with an oversto-
ry dominated by pines and a dense herbaceous groundcover. Pine savannas burn frequently,
provide shelters for EDBs (gopher tortoise and armadillo (Dasypus novemcinctus) burrows,
fallen trees, burned-out stumps), and support large ground-dwelling mammalian prey items
such as cotton rats (Sigmodon hispidus) and fox squirrels (Sciurus niger) [23]. Although EDBs
are less commonly associated with extensive low-lying or frequently flooded areas [23], it has
been suggested that marshes are important surrogate habitat in coastal regions [28]. Marshes
have a vegetation structure similar to pine savannas (open canopy, low groundcover) and sup-
port suitable prey items as a substitutable resource [28]. Given the extensive decline of pine sa-
vannas [15–17], it is important to assess the potential role of marsh as suitable habitat for
EDBs when resource managers in tidewater regions are attempting to model available habitat
for EDBs at broad scales. This study represents the first attempt to examine habitat selection
where marsh is an available component of the landscape.

The purpose of this study was to examine EDB habitat selection in the Coastal Plain tidewa-
ter region with respect to vegetation and topography. We determined habitat selection by com-
paring EDB habitat use relative to availability [13]. Our objectives were to 1) evaluate the role
of marsh as a potential surrogate habitat and 2) further quantify the species habitat require-
ments at two scales: home range (HR) and within the home range (WHR). We hypothesized
that EDBs in coastal areas select pine savanna and marsh habitats; we therefore predicted that
EDBs would exhibit disproportionate use of pine savanna and marsh relative to their availabili-
ty. We further predicted that EDBs would display a positive association with groundcover and
a negative association with canopy cover. Additionally, we hypothesized that these habitat as-
sociations would be apparent at both scales of selection, but that selection for topographic char-
acteristics would only be apparent at the HR scale.

Materials and Methods

Study Area
We conducted this study on privately-owned property in Colleton County in the southeastern
South Carolina coastal plain. The study area was delineated in ArcGIS 10.1 [29] as the property
boundary, encompassing c. 4,600 ha of mixed upland longleaf, loblolly (Pinus taeda), and slash
pine (Pinus elliottii), mixed pine-hardwood, and hardwood bottom habitats. Fields and wildlife
food plots were interspersed throughout the property. The uplands were almost entirely bor-
dered by tidal marshes and 19th century rice impoundments now managed for waterfowl. For
two decades and ongoing, the property was part of the ACE Basin (the area at the confluence
of the Ashepoo, Combahee, and Edisto Rivers) Conservation Project, and was managed pri-
marily for bobwhite quail (Colinus virginianus) with high-frequency prescribed fire and timber
harvests to maintain and restore open-canopy pine savannas.

Radiotelemetry
Rattlesnakes (non-gravid females, n = 3; males, n = 5) were captured and surgically implanted
with radio transmitters (SI-2, 11–13 g, Holohil Systems, Carp, Ontario) as described by Wal-
dron et al. (2008). We used radiotelemetry to locate EDBs during four field seasons: May
2006–April 2008 and July 2011–January 2013. We radiotelemetrically monitored each of seven
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animals for one year during the two tracking periods, and one male was tracked for 14 months.
Each animal was located at least once per week during the active season (March–October) and
biweekly in the inactive season (November–February) using a Telonics TR-4 radio receiver
and an RA-14k ‘H’ antenna (Telonics, Inc., Mesa, AZ). Using homing techniques, each snake
location was visually identified in the field (eliminating triangulation error), and recorded
using a handheld GPS (Magellan, Explorist 500; or Trimble Pro XR, Sunnyvale, CA, USA).

Ethics Statement
Research was conducted in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institute of Health. We obtained protocol
approvals (1724-100370-061011) and (2011-100248-052311) from the University of South Ca-
rolina Institutional Animal Care and Use Committee. Isofluorane was used to anesthetize
snakes during surgery in accordance with approved procedures. We also obtained University
of Georgia permits (A2006-10175 and A2009 6–119).

Home Range Delineation
We used the Geospatial Modelling Environment (GME) in ArcGIS to generate 95% kernel
density estimates of home ranges for each individual [30]. We used the plug-in bandwidth esti-
mator as a conservative estimate of home range area, decreasing the likelihood of overestima-
tion [31, 32]. Although the least-squares cross-validation estimator has been recommended as
the most accurate smoothing parameter, it is not well-suited for datasets in which animals use
the same location multiple times [30] Autocorrelation can lead to inaccurate home range esti-
mates, but increasing the number of locations can decrease this bias [33]. Kernel density esti-
mators are much less sensitive to autocorrelation than other home range estimation methods
[33, 34]. They have also been shown to be robust to variable sampling intensities, as long as the
sampling duration is consistent among individuals [35, 36]. Inconsistency in kernel density es-
timates are most often associated with home range size; however, in this study we were con-
cerned with spatial ecology within the home range, making kernel density estimators
appropriate [37]. Each snake was tracked for one year; for the male tracked for 14 months, we
used only locations within one year from the start of telemetry for each individual to ensure
consistent sampling duration. Each snake had 29–55 fixes for use in the analysis (n = 281).

Generation of Use and Random Locations
For snakes sampled once per week, we considered each weekly location within the one-year
sampling duration as an indication of habitat selection by that animal. Eastern diamondback
rattlesnakes are ambush predators, frequently exhibiting limited movement for days at a time
[38]. When successive locations were within less than 15 m of each other and temporally sepa-
rated by less than one week, we randomly chose one of those locations as an independent ob-
servation of “use.”We used randomly generated points to assess habitat availability for both
scales of analysis. Because the number of random locations should be large relative to the num-
ber of used locations when examining selection [39], w e used the random point generator in
ArcGIS 10.1 to generate random locations within the home range in a 2:1 ratio for each snake
(total random n = 562). For each snake, we generated twice as many HR random locations
across the landscape as WHR locations. Random HR locations (total random n = 1148) were
restricted to within the boundary of the study area, which included extensive representation of
all cover types, but not the river channels. To minimize plot overlap (see next section) and
maintain compatibility with land cover spatial resolution, all random locations were separated
by a minimum distance of 30 m.
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Vegetation and Topographic Metrics
We characterized vegetation and topographic variables within a 15-m radius plot of each snake
and random location in ArcGIS (S1 Table). We chose a 15-m radius to account for imprecision
in the locations that were obtained using the handheld GPS (7-m accuracy) [40].

We obtained small footprint multiple return LiDAR (Light Detection and Ranging) from
the NOAA Coastal Services Center South Carolina LiDARMapping. This dataset included raw
LAS files for Colleton County that were collected using a Leica ALS-50 sensor between 2 Febru-
ary 2007 and 23 March 2007. We interpolated ground returns using second power Inverse Dis-
tance Weighted interpolation in the 3D Analyst GIS environment to obtain a Digital Elevation
Model (DEM) with 1-m resolution [41, 42]. The DEM heights were then assigned to all point
cloud data, allowing the computation of height above ground for every data point [42]. We ex-
tracted LiDAR measurements of canopy cover and ground cover to describe structural infor-
mation for each snake and random plot. Canopy cover (CANCOV) was measured by
redefining closed canopy returns as only the ones equal to or greater than two meters and di-
viding the total number of these returns in each plot by all discrete returns in the same plot, in-
cluding ground returns [42], [43]. Ground cover (GROUNDCOV) was measured as the
proportion of returns between 0.5 and 2 m in height [42].

We used 2006 National Land Cover Classification categories at 30-m resolution to define
the dominant vegetation cover type in each plot (COVER) [44]. We compared NLCD catego-
ries to 2008 high-resolution aerial photographs and knowledge of the study area. We combined
NLCD cover types to define relevant cover categories for this study (Table 1). Both woody wet-
lands (WW) and herbaceous wetlands (HW) categories encompassed marshy areas and brack-
ish impoundments. Woody wetlands were primarily mesic lowlands in the study area interior
but included landscape patches adjacent to marsh. Herbaceous wetlands primarily character-
ized marsh and impoundments. Since the NLCD developed open space category was primarily
dirt or gravel roads through pine savanna habitats, we included this in pine savanna (PS). We
used GME to identify the cover type of the greatest proportion in each plot.

Finally, we used Jenness Tools [45] to derive a raster of aspect in degrees for the study area
(ASP). We used GME to extract aspect and elevation (ELEV; from the DEM) for each plot. We
linearized aspect using the equation: [1-cosine(aspect in radians)] + [1-sine(aspect in radians)]
so that northeasterly aspects had low values and southwesterly aspects had high values [46, 47].
We standardized elevation so values were bound between zero and one.

Statistical Analysis
We used binomial logistic regression in PROC GLIMMIX [48] to compare used versus random
locations (use vs. availability) at the HR and WHR scales. We first developed a set of a priori
candidate models (Tables 2 and 3) [49]. We included LiDAR-derived canopy cover and

Table 1. Cover types (derived from 2006 National Land Cover Classification categories) for eastern di-
amondback habitat selection analyses in the South Carolina Coastal Plain tidewater region.

Cover type NLCD 2006 categories

Forested (FOR) Deciduous, evergreen, and mixed forest

Wildlife food plot (FP) Grassland/herbaceous, pasture/hay, cultivated crops

Herbaceous wetlands (HW) Emergent herbaceous wetlands

Open water (OW) Open water

Pine savanna (PS) Shrub/scrub, developed open space

Woody wetlands (WW) Woody wetlands

doi:10.1371/journal.pone.0123307.t001
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groundcover, and cover type as vegetative predictors. Aspect and elevation served as topo-
graphic predictors. We did not have enough females to justify inclusion of sex as a predictor.
We examined correlation coefficients among predictor variables to check for collinearity; those
with r> 0.7 would be excluded. No predictors were correlated. We ran each model as logistic
regression with the Laplace approximation [50], including snake as a random factor. Since our
hypotheses addressed canopy cover and cover independently, we used the global model only to
examine fit using Pearson’s χ2/df. We retained candidate models with an Akaike’s Information
Criterion difference (ΔAIC) of< 2.00 for statistical inference. We used 95% confidence inter-
vals to determine the sign of parameter estimates; those that included zero were indeterminate.

Results

Home Range Selection
Fit statistics indicated good model fit in both scales (Pearson χ2/df: HR = 1.05; WHR = 1.00).
At the HR scale, only one candidate model received support. Cover type, aspect, and elevation
were important predictors of EDB habitat selection (Table 2). The next highest-ranking candi-
date model had a ΔAIC much greater than 2.00, indicating little empirical support. Both vege-
tation and topography had significant influence on HR selection (Table 4). EDBs exhibited
significantly negative associations with all land cover classes other than PS (Fig 1), and selected
locations that were oriented in a southwesterly direction (Table 4). All three predictors were

Table 2. Candidate models for eastern diamondback rattlesnake habitat selection at the home range scale (n = 1429) in the South Carolina Coastal
Plain tidewater region.

Rank Model k AIC ΔAIC wi

1 COVER+ASP+ELEV 8 1300.44 0 1.00

2 CANCOV+GROUNDCOV+ASP+ELEV 5 1335.67 35.23 0.00

3 COVER 6 1351.38 50.94 0.00

4 CANCOV+ASP 3 1354.27 53.83 0.00

5 CANCOV+GROUNDCOV+ASP 4 1354.46 54.02 0.00

6 CANCOV 2 1396.89 96.45 0.00

7 CANCOV+GROUNDCOV 3 1397.27 96.83 0.00

Included are the number of estimated parameters (k), Akaike’s information criterion (AIC), Akaike’s information criterion differences (ΔAIC), and Akaike

weights (wi). Models retained for statistical inference are in bold.

doi:10.1371/journal.pone.0123307.t002

Table 3. Candidate models for eastern diamondback rattlesnake habitat selection at the within-home range scale in the South Carolina Coastal
Plain tidewater region (n = 917).

Rank Model k AIC ΔAIC wi

1 COVER+ASP+ELEV 8 1098.12 0 0.45

2 CANCOV+GROUNDCOV+ASP 4 1098.62 0.50 0.35

3 CANCOV+GROUNDCOV+ASP+ELEV 5 1100.53 2.41 0.13

4 CANCOV+ASP 3 1101.80 3.68 0.07

5 COVER 6 1124.22 26.10 0.00

6 CANCOV+GROUNDCOV 3 1130.17 32.05 0.00

7 CANCOV 2 1132.68 34.56 0.00

Included are the number of estimated parameters (k), Akaike’s information criterion (AIC), Akaike’s information criterion differences (ΔAIC), and Akaike

weights (wi). Models retained for statistical inference are in bold.

doi:10.1371/journal.pone.0123307.t003
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equally important, with each parameter contributing 100% to model weights. Odds ratios indi-
cated that the odds of rattlesnakes using pine savanna were 5.0, 5.5, 3.5, 6.9, and 3.7 times
higher than those of rattlesnakes using forest, food plot, herbaceous wetland, open water, and
woody wetland cover types, respectively (Fig 1, Table 4).

Within Home Range Selection
At the WHR scale, there were two supported models of EDB habitat selection (Table 3). Con-
trary to our predictions, both vegetation and topographic characteristics had significant influ-
ence on WHR selection. Cover type was a significant predictor, indicating a strong negative
association with forested cover alone (Table 5). While our LiDAR-derived canopy cover was
not a significant predictor, the LiDAR-derived measure of ground cover was significantly asso-
ciated with EDBWHR selection. Not only was aspect a significant influence on habitat selec-
tion, with snakes selecting southwesterly-facing aspects (model-averaged β = 1.202,
LCL = 0.740, UCL = 1.670), but it was also the most important predictor at this scale, contrib-
uting to almost 100% of model weights. Elevation, canopy cover, ground cover, and cover fol-
lowed, contributing to 58%, 55%, 48%, and 45% of model weights, respectively. Sex, however,
only accounted for 32% of model weights. Odds ratios indicated that the odds of rattlesnakes

Table 4. Parameter estimates and 95% confidence intervals (CI) for the top-rankingmodel of eastern diamondback rattlesnake habitat selection at
the home range scale in the South Carolina Coastal Plain tidewater region.

Parametera Estimate SE Lower 95% CI Upper 95% CI P > |t|

Intercept -6.230 1.103 -8.837 -3.622 <0.001

Cover (FOR) -1.664 0.227 -2.110 -1.219 <0.001

Cover (FP) -1.717 0.488 -2.674 -0.761 <0.001

Cover (HW) -1.247 0.271 -1.778 -0.717 <0.001

Cover (OW) -1.935 0.655 -3.220 -0.650 0.003

Cover (WW) -1.308 0.210 -1.718 -0.897 <0.001

Aspect 1.568 0.243 1.092 2.044 <0.001

Elev -0.037 0.032 -0.101 0.026 0.247

Pine savanna (PS) was the reference for cover. FOR = forested, FP = wildlife food plot, HW = herbaceous wetland, OW = open water,

WW = woody wetland.
a Intercept df = 7; variable df = 1414

doi:10.1371/journal.pone.0123307.t004

Fig 1. Odds ratios by cover type for eastern diamondback rattlesnake habitat selection at the home
range scale in the South Carolina Coastal Plain tidewater region.Reference = forest; PS = pine savanna,
FP = wildlife food plot, HW = herbaceous wetland, OW = open water, WW = woody wetland.

doi:10.1371/journal.pone.0123307.g001
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using forest were significantly less than the odds of rattlesnakes using other cover types within
their home ranges (Fig 2, Table 5).

Discussion
Although we detected some differences in the strength of selection, our EDB habitat analyses
were largely consistent across scales and further demonstrated the species’ association with
open canopy habitats (i.e., savannas). However, at the HR scale EDBs exhibited a significant
negative association with tidal marshes. Contrary to our expectations, EDBs do not appear to
use tidal marshes as a surrogate habitat at the HR scale, and the significant negative association
excludes using landscape patches defined by tidal marshes as suitable EDB habitat at this scale.

Table 5. Parameter estimates and 95% confidence intervals (CI) for top-rankingmodels of eastern diamondback rattlesnake habitat selection at
the within-home range scale in the South Carolina Coastal Plain tidewater region.

Parameter Estimate SE Lower 95% CI Upper 95% CI P > |t|

Model 1a

Intercept -4.527 1.163 -7.276 -1.778 0.006

FOR -0.722 0.236 -1.186 -0.259 0.002

FP -0.904 0.508 -1.900 0.093 0.075

HW -0.094 0.281 -0.645 0.457 0.738

OW -0.572 0.714 -1.973 0.829 0.423

WW 0.015 0.232 -0.441 0.471 0.948

Aspect 1.173 0.236 0.710 1.636 <0.001

Elevation -0.013 0.035 -0.081 0.056 0.720

Model 2b

Intercept -4.505 0.741 -6.258 -2.753 <0.001

Cancov -0.492 0.417 -1.311 0.327 0.239

Groundcov 4.364 1.899 0.637 8.091 0.022

Aspect 1.231 0.236 0.769 1.694 <0.001

Pine savanna (PS) was the reference for cover. FOR = forested, FP = wildlife food plot, HW = herbaceous wetland, OW = open water,

WW = woody wetland.
a Intercept df = 7, variable df = 902
b Intercept df = 7, variable df = 906

doi:10.1371/journal.pone.0123307.t005

Fig 2. Odds ratios by cover type for eastern diamondback rattlesnake habitat selection at the within-
home range scale in the South Carolina Coastal Plain tidewater region. Reference = forest; PS = pine
savanna, FP = wildlife food plot, HW = herbaceous wetland, OW = open water, WW = woody wetland.

doi:10.1371/journal.pone.0123307.g002

Multiscale Spatial Models for Assessing Surrogate Habitat

PLOS ONE | DOI:10.1371/journal.pone.0123307 April 27, 2015 8 / 13



The results of our HR analysis are an important consideration for large-scale conservation
strategies because they preclude using tidal marsh as ‘suitable’ EDB habitat when modeling the
species potential distribution or estimating available habitat.

At the HR scale, EDBs exhibited significant negative associations with all cover types other
than pine savanna, likely reflecting selection of savanna ecosystems at the landscape scale. This
result is consistent with other published studies of EDB habitat selection. Landscape-scale EDB
occupancy rates on coastal barrier islands are negatively influenced by maritime forest area,
and positively influenced by secondary dune habitat, a cover type similar in structure to pine
savannas [51]. Likewise, inland EDB populations are positively associated with pine savannas
and flatwoods [21, 27], and negatively associated with forested cover types [21] at large scales.
These studies demonstrate the importance of savanna ecosystems at landscape scales, and may
reflect the extent to which both EDBs and savannas historically occurred within southeastern
USA. When coupled with species’ longevity [52] it seems evident that EDB spatial distributions
may serve as a signal of high-integrity habitat at broad scales.

We failed to detect a positive association with any cover type when modeling WHR selec-
tion. Instead, EDBs distributions at our study site appeared to be driven by a negative associa-
tion with forested cover within the home range, as are inland populations [21, 27]. Stohlgren
(2013) also failed to detect any influence of barrier island landscape composition on EDB occu-
pancy at smaller scales. Our failure to document other significant habitat relationships at this
scale allows for the possibility that EDBs are using surrogate habitats of similar structure (e.g.,
marsh and food plots), within their home ranges. Therefore, although our HR analysis did not
support tidal marsh as a surrogate habitat, marsh may still provide resources for EDBs at
smaller scales.

Our LiDAR-derived estimates of canopy closure did not provide valuable habitat metrics at
either scale of analysis. The study site was predominately open-canopied and a lack of hetero-
geneity likely reduced the utility of our LiDAR-derived habitat metric. Other model parameters
support the importance of canopy cover for delineating EDB habitat, thus an integrated mea-
sure of ecological structure and function, such as cover type, may be more appropriate when
defining habitat patches and characterizing the EDB’s landscape. For example, an integrated
approach could account for more than simply the open-canopy structure of a range of cover
types (dry sandhills, coastal dunes, mesic flatwoods) within the EDB’s geographic range. For
example, the relative availability of specific prey items could also be modeled.

LiDAR-derived ground cover was positively associated with EDB habitat selection at the
WHR scale. This result is consistent with microhabitat selection by inland EDBs [22], and may
reflect selection of shrubby microhabitats for foraging within their home ranges. As open cano-
py ecosystems with a diverse groundcover, including shrub patches [53], pine savannas support
a number of ground-dwelling prey [54]. For example, large prey species such as cotton rats are
associated with shrub cover and low canopy cover [55] and with high grass density [56]. How-
ever, we found a non-significant negative association of EDBs with fields within their home
ranges, similarly to other studies [27, 38]. Predation risk from insufficient cover might account
for rattlesnake avoidance of fields, or snakes may be simply using the edges around fields. Wal-
dron et al. (2006a) found a significantly positive association of EDBs with fields at the HR
scale. These fields were planted with corn and likely attracted greater numbers of prey, whereas
many of those in the present study were fallow. Fields may therefore be an important compo-
nent of EDB home ranges when crops that attract prey function as predator subsidization.

We predicted that topography would provide insight into EDB distributions only at large
scales, and thus inform our understanding of home range selection. Interestingly, however, as-
pect was a significant predictor at both scales. Other rattlesnake species are known to use hiber-
nacula in south- or southwest-facing locations [57–59], yet there is no information on the role
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of aspect in EDB habitat selection. It is possible that our results reflect EDB thermoregulatory
needs [60]; however, this is unlikely because the majority of our radio telemetry observations
were recorded during the active season. Ambient conditions during the active season in this re-
gion considerably reduce the need for basking behavior, which we suspect is more important
during winter when animals spend intermittent periods on the surface during the dormant sea-
son. Elevation was a statistically important but non-significant predictor at both scales. This is
likely due to the low variation in elevation at our study site (~12 m), necessitating further study
at sites with more prominent topography to elucidate the role of elevation in EDB habitat
selection.

Loss of habitat, particularly of longleaf pine savannas, is a dominant factor in EDB decline
[21–23]. Our study adds to previous research that underscores the importance of pine savannas
for maintaining EDB populations at large scales. Eastern diamondback rattlesnake conserva-
tion is therefore fundamentally linked with management and restoration of remnant savanna
landscapes on a regional level [22]. Fire exclusion or changed fire regimes in pine savannas
support invasion of more mesic plant species that modify the fuel structure, alter fire frequency,
and destabilize the pine savanna state [61–63]. These disturbances have consequences for EDB
prey abundance and distribution [64–66] and thermoregulatory opportunities [67]. Thus, de-
spite potential for additional habitats to serve as surrogates at smaller scales, pine savanna sig-
nificance at both scales underscores the importance of pine savanna integrity to EDB viability.

Our classification approach did not support tidal marsh or agricultural fields as valid surro-
gate habitats for tidal-region EDB populations at the landscape scale. However, within their
home ranges, EDBs at our study site appear to use structurally similar open-canopy habitats
that we suspect may be satisfying their trophic niche requirements by supplying large-bodied
prey. In coastal areas, these patches include marsh and brackish impoundments that support
large ground-dwelling mammals. These results demonstrate the utility of multi-scale examina-
tions of surrogate habitat potential that may inform approaches to animal conservation and
management.

Supporting Information
S1 Table. Vegetative and topographic characteristics of used and random locations in anal-
yses of EDB habitat selection.
(XLSX)
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