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Abstract

Restoring and maintaining biodiversity in a changing world is increasingly
challenging due to the competing needs of species for suitable space and
resources. One ecosystem that has seen considerable anthropogenic changes in
extent and structure is the longleaf pine (Pinus palustris) ecosystem. Under-
standing how wildlife responds to restoration is important to informing forest
restoration and conservation. We monitored game birds and mid-large-sized
mammal occupancy in and around hardwood patches embedded within a
longleaf pine woodland at The Jones Center at Ichauway in Newton, GA. We
found that 11 species use the transition zone between the longleaf pine and
hardwood hammocks. Gray squirrels (Sciurus carolinensis), Virginia opossums
(Didelphis virginiana), and nine-banded armadillos (Dasypus novemcinctus)
occupancy increased along the gradient while fox squirrel (Sciurus niger)
declined. Our results suggest that oak patches and transitional zones are
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INTRODUCTION

Restoring and maintaining biodiversity in a changing
world is increasingly challenging due to the competing
needs of wildlife species for suitable space and resources
(Goodrich & Buskirk, 1995; Thompson et al., 1999).
These tensions are particularly pronounced in the
southeastern United States where endemism is high and
the amount of land under protection is small (Jenkins
et al., 2015). Within the southeastern United States, one
ecosystem that has undergone considerable anthropo-
genic change, increasing fragmentation, and restoration
effort, is the longleaf pine (Pinus palustris) forest.
Historically, longleaf pine forests covered much of North
America's southeastern Coastal Plain (Frost, 1993), but
only 3% of its historic range remains (Landers
et al., 1995). Much of the remaining longleaf pine forest
is fragmented and invaded by hardwoods (Landers
et al., 1995; Provencher et al., 2001). These structural
shifts change the vertebrate communities in the longleaf

important to maintaining biodiversity within the longleaf pine ecosystem.

community, edges, hardwoods, longleaf pine, mammal

pine, favoring generalist and closed canopy specialists
over open canopy species (Darracq et al., 2016; Sovie
et al., 2021). As a result, aggressive hardwood manage-
ment is common within the longleaf pine system,
resulting in homogeneous savanna-like conditions with
limited areas of oak canopy. Historically, longleaf pine
forests likely included patches of dryland oaks
(Frost, 1993) and it is unclear if these patches produce
important resources for native wildlife (Hiers et al., 2014)
or have negative ecological consequences due to chang-
ing predation risk and facilitating species invasions
(Sovie et al., 2021).

Hardwood edges within the longleaf pine matrix may
provide fine-scale resources where animals shelter from
predators, rear young (Huegel et al., 1986), and forage
(Boone et al., 2017). Recent research suggests that some
“longleaf-pine specialists” will utilize resources within
and around hardwood patches (Sovie et al., 2021).
Further, animals that utilize closed canopy areas can
persist within the longleaf pine woodland if some
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hardwood patches remain. Several studies have identified
fine-scale heterogeneity as important for maintaining
bird, small mammal, invertebrate, and reptile diversity,
but rarely for larger vertebrates (Batary & Baldi, 2004;
Hurst et al., 2013; Lang et al., 2002; Magura, 2002;
Reynolds et al.,, 2018). Understanding how species
respond to edges at fine scales is important in maintain-
ing diverse wildlife communities within longleaf pine
ecosystems and can improve restoration efforts
(Goodrich & Buskirk, 1995; Linnell & Strand, 2000;
Means, 2007).

The goal of this study was to understand how upland
game birds and mid-large-sized mammals use the edges
of hardwood patches at fine scales within a larger
longleaf pine matrix. We used closely spaced game
cameras to detect fine-scale habitat associations that can
be missed using radio collars or trapping. Specifically, we
focused our study on a 20m transect where open
pineland transitions to a closed canopy hammock. While
most mammalian species can traverse this area quickly,
their preferential utilization of fine-scale changes in
vegetation structure can influence a species' ecological
role (Steele et al., 2015), survival (Manning &
Edge, 2004), and fitness (Bloom et al., 2013). We chose
to focus our study on upland game birds and mid-larger
bodied mammals because these species are often the
focus of management and conservation efforts and are
reliably monitored using game cameras. We also
included the eastern chipmunk (7amias striatus) and
Southern flying squirrel (Glaucomys volans) in our
analysis due to their role as species of management
concern in our system. Eastern chipmunks are a unique
remnant population in our study area and flying squirrels
are frequently managed in longleaf pine woodlands due
to their competition with red-cockaded woodpeckers
(Leuconotopicus borealis) (Laves & Loeb, 1999). We
predicted that species considered longleaf pine specialists
(e.g., fox squirrels [Sciurus niger] and Northern bob-
whites [Colinus virginianus]) would utilize the edges of
hardwood patches but not the interior of these areas.
However, generalists and hardwood specialists (e.g.,
Nine-banded armadillos [Dasypus novemcinctus], gray
foxes [Urocyon cinereoargenteus], gray squirrels [Sciurus
carolinensis), coyotes [Canis latrans], Virginia opossums
[Didelphis virginiana), white-tailed deer [Odocoileus virgi-
nianus), raccoons [Procyon lotor], feral hogs [Sus scrofal,
eastern chipmunks, and eastern cottontails [Sylvilagus
floridanus]) would make use of the transition between
hardwood patches and the surrounding longleaf pine.

METHODS
Study area

We monitored wildlife in and around five hardwood
patches at The Jones Center at Ichauway in Newton, GA
(Figure 1). The Jones Center at Ichauway is a 12,000 ha
property managed for conservation and scientific research.
At the time of our study, Ichauway was comprised of a
range of ecological communities which included stands of
longleaf, slash (P. elliottil), and loblolly pine (P. taeda), as

Practitioner points

* Patches of closed-canopy hardwoods em-
bedded within longleaf pine woodlands sup-
port a variety of wildlife species.

* Future management and restoration of long-
leaf pine systems may be improved by retaining
small patches of hardwoods in the open pine
matrix to support a wider diversity of species.

+ Similar practices may be considered in other
open canopy systems that are maintained via
disturbance which create heterogeneous land-
scapes that enhance biodiversity—like oak
patches impeded in the longleaf pine
ecosystem.

well as mixed pine hardwoods, riparian hardwood forests,
depressional wetlands, and shrub-scrub uplands. Over
7000 ha of the property was open canopy upland pine-
grassland vegetation comprised of second-generation long-
leaf pine, and managed with frequent prescribed fire and
silviculture, which included removal of “off site” hard-
woods. Less common on the property were closed canopy
hardwood patches composed of a diverse array of oak
species including Quercus incana, Q. falcata, Q. laevis, Q.
stellata, Q. virginiana, and Q. hemisphaerica (Jacqgmain
et al., 1999; Loudermilk et al., 2013). The hard transitions
from open canopy pine to closed canopy hardwood
hammocks occurring on The Jones Center provide excellent
conditions to investigate the role of oak hammocks in other
longleaf and open pine systems.

Animal activity

We randomly selected five 4-10 ha hardwood patches in
the northern sector of the Jones Center to monitor with
camera traps (Figure la). Within each patch, we then
randomly selected four points along the edge to center a
perpendicular transect of cameras; we placed transects at
least 25 m apart to improve independence. To investigate
how animals respond to the edge at a fine scale we placed
a camera 10m into the longleaf pine, one at the patch
edge, and one 10 m into the hardwood patch (Figure 1b).
At each camera location, we assessed visual obstruction
using a modified Robel pole (Robel et al., 1970; Sovie
et al., 2016). We installed each camera 50 cm above the
ground and angled it towards a bait pile of pecans and
cracked corn (Greene et al., 2016). We deployed cameras
in each patch five times with each deployment lasting
10-15 days and replaced bait every 5 days. We stopped
collecting community composition data in two of the
patches after two deployments because we manipulated
gray squirrels for a related study (Sovie et al., 2021). We
programmed cameras to take three photos every time the
camera was tripped using the camera's normal sensitivity
setting and rest for 3 min between bursts. We considered
photos of animals of the same species taken >20min
apart as independent observations (Greene et al., 2016).
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FIGURE 1
savanna to hardwood gradient. Adapted from Sovie et al. (2021).

We treated camera failure as missing data (Foster &
Harmsen, 2012) and assumed failures were randomly
distributed and do not affect our analysis (Little &
Rubin, 2014). We followed the American Society of
Mammologists guidelines (Sikes and Animal Care and
Use Committee of the American Society of Mammalogists,
2016) for studying mammals. The University of Florida
Institutional Animal Care and Use Committee (IACUC)
approved our study (Protocol #: 201709855).

Data analysis

We visually identified species in pictures and extracted
metadata (date/time) from each photograph. We
produced detection history matrices for each camera
based on a sampling occasion of 5 days (0 = species not
detected; 1 =species detected; NA = inactive sampling
unit or occasion). We collapsed our detection data to

Hammock

(a) Location of study patches within The Jones Center at Ichauway in Newton, GA. (b) Example of camera placement along the

S5-day sessions to reduce the complexity of the
detection matrix and improve model performance
(Nichols et al., 2008). Due to the close spatial
distribution of camera traps, statistical tests between
cameras in the same transect and patch may be biased
due to autocorrelations in the data (Koenig, 1999).
To test for spatial autocorrelation, we fit a spline
correlogram using the function spline.correlog() in
package ncf and considered values < 0.2 lacking auto-
correlation (Bjornstad & Falck, 2001; McMurry &
Politis, 2010). A spline correlogram estimates spatial
dependence as a continuous function of distance. We
found no indication of spatial autocorrelation between
measures taken from a camera on different days or
among cameras within transects. Thus, within a patch,
we pooled cameras in the hardwood patch interior
together, cameras at the edge together, and cameras in
the pineland together. For species with >20 observa-
tions, we examined how the pineland to hardwood
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transition influenced species occupancy. Using a
hierarchical Bayesian multispecies occupancy model,
we accounted for differences in occupancy and detect-
ability among species (Dorazio et al., 2006; MacKenzie
et al., 2006). We treated each species in the community
as a random variable and estimated species-specific
and whole-community effects. Our modeling approach
also allowed us to measure how environmental vari-
ables affect occupancy on species-specific and whole-
community levels. We defined the probability of
occupancy as W for species k at site i and defined
detection probability as p;; over sampling period j. To
account for potential spatial autocorrelation among
cameras we modeled patch as a random effect centered
on 0 with a variance from the common distribution.
We also estimated how visual obstruction affected
capture success for different species. We modeled
detection probability as:

logit(p,./k) = oy + aly *visual obstruction;.

We assumed that W would vary across species along
the pineland to hardwood gradient. First, we investigated
if any of our focal species responded to the pineland to
hardwood gradient in a nonlinear way by incorporating a
quadratic effect. For all species, we found that the 95%
credible intervals (CRI) for the polynomial effect crossed
0, thus we focused on linear relationships. We modeled ¥
with location on the savanna to hardwood gradient
(0 = pineland, 1 =Edge, 2 = Hammock) as a continuous
fixed effect. We used a logit link function formulated for
the global model as:

logit(y;, ) = Bk + Bl xgradient; + 2 *patch,.

We adapted code from Kery and Royle (2016) and
Loggins et al. (2019) and used JAGS 4.0 (Plummer, 2003)
via the R package r2jags to build our models. We used
noninformative priors for all parameters and ran 100,000

Markov Chain Monte Carlo (MCMC) iterations
with three chains, using 12,000 samples (thin rate = 10,
burn-in = 60,000) and assumed chains converged if
Rhat<1.2 (Gelman et al., 2013). For each species, we
evaluated each parameter coefficient and considered
coefficients with 95% CRIs that did not cross zero to
indicate a clear relationship.

RESULTS

From 24 May 2017 to 24 December 2017, we collected
4,166 independent captures of 16 species (Supporting
Information: 1). We detected nearly all the game and
mid-large-sized mammals that occupy the longleaf
pine ecosystem (Darracq et al., 2016) with exception
of black bears (Ursus americanus), and striped
and spotted skunks (Mephitis mephitis & Spilogale
putorius). We recorded most species in all patches,
although we only captured coyotes, wild turkeys, and
bobcats in one patch each. Nine-banded armadillos,
Virginia opossums, gray squirrels, and raccoons were
abundant across study patches.

We analyzed the occupancy of 11 species with >20
observations (Supporting Information: 1). Species varied
in detection probability ranging from 0.01 for eastern
cottontails to 0.50 for raccoons (Supporting Informa-
tion: 2). Visual obstruction reduced detection of most
species, although the 95% confidence interval of these
estimates crossed 0 (Supporting Information: 3). Fox
squirrel detection increased with visual obstruction
(positive 95% CRI). Species varied in their occupancy
as a function of the pineland to hardwood gradient
(Figures 2 and 3). Occupancy for gray squirrels,
opossums, and armadillos increased along the pineland
to hardwood gradient (positive 95% CRI, Figure 2). Wild
turkey, raccoon, Eastern cottontail, Northern bobwhite,
flying squirrel, white-tailed deer, and eastern chipmunk
occupancy also tended to increase along the gradient, but

Wild Turkey
Raccoon |

Eastern Cottontail
Northern Bobwhite -
Opossum

Gray Squirrel

Fox Squirrel
Flying Squirrel
White-Tailed Deer

Eastern Chipmunk

Nine-banded Armadillo

0 10 20

Effect size

FIGURE 2 Species-level coefficients from multispecies occupancy model. Blue bars indicate significance based on non-overlapping 95% credible
intervals. Values represent relationships between species occurrence and location on the savanna-edge-hammock gradient.
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FIGURE 3 Posterior probabilities of the global model for community (black line) and species-level effect of location along the savanna to

hardwood gradient.

the 95% CRI included zero, indicating that location on
the gradient was not a clear predictor of . Fox squirrel
occupancy declined (negative 95% CRI) along the
gradient (Figure 3).

DISCUSSION

Edges and oak hammocks are important for maintaining
biodiversity within the longleaf pine ecosystem we
studied. We detected almost all the game species and
mid-large-sized mammals known to utilize the longleaf
pine ecosystem in this narrow band of transitional
habitat. Further, we observed high levels of occupancy
for most species across the pineland to hardwood
gradient. We also documented many species considered
longleaf pine specialists (fox squirrels and Northern
bobwhite) within the hardwoods, suggesting these areas
contain important resources for these species. Our results
support the findings of Magura et al. (2017), specifically
that anthropogenically maintained edges are often
porous to open-habitat species, allowing them to utilize
the forest.

While we documented many species utilizing the
transition zone between longleaf pinelands and hard-
wood patches, animals responded to the hardwood
patches in a variety of ways. Some species, such as the
fox squirrel, rarely utilize hardwood interiors while
others, such as the armadillo and gray squirrel, made
extensive use of them. This suggests that hardwood
patches support a unique assemblage of species within
the longleaf pine, contributing to beta diversity. This
supports findings by Darracq et al. (2016) that longleaf
pine ecosystems with moderate (>3-5 year) burn inter-
vals support the highest diversity. We also found that
several species considered generalists use some habitat

features more than expected. For example, raccoon
occupancy was greatest in the interior of hardwood
patches. This supports research that found that raccoons
use openings, edges, and forest interiors (Byrne &
Chamberlain, 2011) but select for mature hardwoods
during the breeding season (Chamberlain et al., 2002).
We predicted that game species such as deer, wild turkey,
and bobwhite, for which managers typically consider
edges to be beneficial, would increase their activity at the
habitat edge or at intermediate levels of canopy cover;
however, most species utilized the edge gradient equally.
Transitional ecotones can support increased biodiversity
due to the availability of resources in these areas (Manral
et al., 2022).

These species may respond to the habitat edge at
large scales (Alverson et al., 1988); however, their high
occupancy across the gradient indicates these areas are
important features in the landscape for them.

For wildlife, fine-scale vegetation structure can alter
predation risk, movement corridors, and connectivity;
these changes greatly alter how wildlife move through the
landscape and interact with the environment (Loggins
et al., 2019; Potash et al., 2019; Spirito et al., 2020). For
example, we found that opossums and armadillos both
preferentially utilized the interior of hammocks, suggest-
ing these areas may provide important linkages across
the landscape for these species. One of the negative
consequences of fragmentation and the creation of edges
is facilitating the incursion of invasive and/or generalist
species into areas occupied by specialists (Loggins
et al., 2019; Paton, 1994). We observed armadillos, wild
pigs, and coyotes utilizing the pineland to oak hammock
edge. These species did not historically occur in the
southeastern United States (Engeman et al., 2000;
Hody & Kays, 2018; Taulman & Robbins, 2014), and
closed canopy oak patches may facilitate their expansion
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into the longleaf pine. The Jones Center actively controls
wild pigs within their forest and the state of Georgia
manages coyotes as an invasive species, partly explaining
why coyotes and hogs were rare (only one observation
each) in our study. However, raccoons and armadillos
were common in our study and are important Northern
bobwhite nest predators (Staller et al., 2005). Increased
nest predation near habitat edges is a possible negative
consequence of maintaining hardwood patches in the
longleaf pine. However, we observed that Northern
bobwhite had high occupancy rates across the pineland
to hardwood gradient, indicating these areas remain
important to them despite possible increased preda-
tion risk.

Our results may be limited by our use of baited
camera traps over a relatively small area. Baited cameras
may artificially inflate the frequency of visitation and
some age and sex classes are more likely to visit bait
stations than others (Meek et al., 2014). However,
repeated survey hierarchical models appear to be robust
to within-species difference in detection probabilities
(Veech et al., 2016). Further, although we tested for
spatial autocorrelation between our cameras, some larger
species could visit each bait station in succession. This
would result in inflated occupancy estimates across the
gradient such as those we observed for white-tailed deer.
Further, while cameras can be used to monitor flying
squirrels (Diggins et al., 2022) and chipmunks (Perkins-
Taylor & Frey, 2018), in our study we can only detect
these species if they are on the ground. Traveling on the
ground is risky for small mammals and they may only
visit bait stations with high canopy cover (Loggins
et al.,, 2019). Thus, we may be observing changes in
behavior due to perceived risk and not necessarily
occupancy in these species. In addition, many of our
species had low detection probabilities which may skew
our results. However, our long survey duration (13
camera trapping sessions) means that even for species
with a 0.1 detection probability we had a 75% chance of
detecting at least one individual, if they are present, over
the course of our survey. We did not find that visual
obstruction affected detection probability except for fox
squirrels. Fox squirrel detection increased with visual
obstruction, which may reflect increased fox squirrel
activity in the longleaf pine where canopy cover is low
but herbaceous cover is high (Potash et al., 2019; Sovie
et al., 2021).

Understanding how landscape patterns provide ade-
quate resources to a range of wildlife is critical to
maintaining diversity in the future. Although the broad-
scale removal of hardwood patches has occurred in many
protected areas, we found that these patches are
important to supporting a broad diversity of wildlife.
Future restoration of longleaf pine ecosystems may be
improved by considering the services provided by hard-
wood patches (Hiers et al., 2014).
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