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Human activities are changing the environments that animal communities utilize, altering
competition and co-existence dynamics as well as changing species distributions.
A global consequence of human activity is increased woody cover, which changes
environmental conditions on landscape, local, and fine spatial scales. These multi-scale
processes are likely to change species interactions and distributions in unexpected
ways. To elucidate these effects, we investigated the co-occurrence of two interacting
species in a rapidly changing ecosystem. Eastern fox (Sciurus niger) and gray (Sciurus
carolinensis) squirrels occur sympatrically throughout the southeastern United States.
We used single-season, two-species occupancy modeling to understand what factors
influence competition between the squirrels at three spatial scales. We found evidence
that fox and gray squirrels compete at fine scales but not at local and landscape
scales. The best model to explain fox and gray squirrel co-occurrence at fine scales
was an additive fine-scale understory and tree canopy closure model. Increased fine-
scale canopy closure correlated with increased fox and gray squirrel occupancy, while
increased fine-scale understory cover correlated with decreased gray and fox squirrel
occupancy. Fox squirrel occupancy probability declined in the presence of gray squirrels.
The intensity of interaction was modified by fine-scale canopy cover and understory
density. These findings support the hypothesis that species interactions can be an
important factor in structuring biotic communities; however, the strength of the effect
changes across spatial scales. Our results support the importance of considering
species interactions at multiple scales when predicting and addressing changes in
community composition in human modified and managed systems.

Keywords: gray squirrel, fox squirrel, competition, multispecies occupancy, woody encroachment

INTRODUCTION

Human activities are changing the environments that animal communities utilize (Lewis and
Maslin, 2015). These activities can alter species interactions and co-existence dynamics and change
species distributions and community composition (Lyons et al., 2016). Changes in community
composition are likely to be pronounced for ecologically similar species that often co-occur through
specializations on multiple dimensions which result in multi-scale “trade-offs” (Kneitel and Chase,
2004). The benefits of ecological specialization at one scale often come with fitness costs at other
scales (Fry, 2003; Bonsall et al., 2004). For example, local competitive advantage may be coupled
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with reductions in a species’ ability to colonize new sites across
a landscape (Cadotte, 2007). It is hypothesized that these multi-
scale and dimensional competitive advantages allow similar
species to co-occur (Kneitel and Chase, 2004). Nevertheless, the
mechanism by which common, human-driven environmental
changes alter how species interact at multiple scales is poorly
understood (Tews et al., 2004).

Habitat loss and fragmentation, two major features of
anthropogenic environmental change, are typically assessed
at landscape spatial scales (Fischer and Lindenmayer, 2007).
However, humans also change environments at more localized
scales (Wilbanks and Kates, 1999), such as by suppressing
fire or altering the number of trees within a forest patch
through forest management. On a landscape, increased habitat
edge from fragmentation may favor species that are poor
competitors but can cross the matrix separating patches (Marvier
et al., 2004). However, on the local level, fragmentation may
favor species that are superior competitors, especially when
resources are scarce (Ditchkoff et al., 2006). Understanding these
patterns is critical to predicting how human activities will alter
ecological communities.

One global environmental change that may be altering
how species interact is woody plant encroachment hereinafter,
woody encroachment (Eldridge et al., 2011; Stanton et al.,
2018). Globally, grassy and savanna biomes are changing as
woody species increase understory density and close canopies
(Spector and Putz, 2006). Anthropogenic induced changes
including fire suppression, increased atmospheric carbon, and
unmanaged livestock grazing contribute to this environmental
change (Roques et al., 2001; D’Odorico et al., 2012). Areas
impacted by woody encroachment experience changes in
species composition, such as open savanna specialists being
replaced by generalists (Sirami and Monadjem, 2012). Woody
encroachment can lead to increased homogeneity on landscape
scales (Anthelme et al., 2007), while increasing structural
complexity at fine scales (Sirami et al., 2009). Further, the physical
characteristics of woody encroached areas may differ depending
on successional conditions, with early stages exemplified by
heightened understory cover and later stages defined by closed
canopies with little to no understory (Van Auken and Bush,
2013).

To better understand how woody encroachment and habitat
fragmentation alter species interactions on multiple scales, we
investigated the co-occurrence of two sympatric species in a
rapidly changing savanna ecosystem: the eastern fox (Sciurus
niger) and gray (Sciurus carolinensis) squirrels. These two
species have overlapping distributions throughout most of the
southeastern United States. The historic pine savannas of this
region are changing as hardwoods, especially oaks (Quercus spp.),
have begun to dominate the understory and midstory, causing the
once open canopy to close (Provencher et al., 2001; Freeman and
Jose, 2009; Platt et al., 2015). Fox squirrels appear to be sensitive
to competition and gray squirrels may be replacing fox squirrels
in some parts of their range due to their competitive advantage
in closed canopy systems (Brown and Batzli, 1985; Sexton, 1990;
Sovie, 2019). Fox and gray squirrels partition resources but the
scale, how they partition resources over time and space, and the

intensity of interactions may change over ecological gradients
(Sexton, 1990; Edwards et al., 1998; Derge and Yahner, 2000;
Van Der Merwe et al., 2005; Sovie et al., 2019). Moreover, these
ecological gradients and partitioning of resources are likely being
altered by fragmented landscapes and woody encroachment.

Our objective was to identify if anthropogenically altered
environmental conditions influence fox and gray squirrel
co-occurrence across scales. Co-occurrence and conditional
occupancy (i.e., the probability of a species occupying a site
given the presence of another species) can be thought of as a
measure of competition (Gotelli and McCabe, 2002; Ovaskainen
et al., 2010; Richmond et al., 2010; Sebastian-Gonzalez et al.,
2010). If a species is less likely to occur in the presence of
another species, that may be a signal of competitive exclusion
(Richmond et al., 2010).

We investigated squirrel co-occurrence at three biologically
relevant spatial scales. In line with some ecological theories
(Pearson and Dawson, 2004), we predict that species interactions
are not an important driver of squirrel distributions at landscape
scales. However, we predict that fox and gray squirrels interact
in localized areas and their interactions may be influenced
by landscape scale processes that regulate path connectivity
and dispersal (Goheen et al., 2003). Finally, we predict that
interactions between the squirrels may be moderated by fine-scale
vegetation characteristics that increase predation risk (minimal
understory and canopy cover) and decrease gray squirrel foraging
advantage (Bowers et al., 1993; Van Der Merwe et al., 2005).

MATERIALS AND METHODS

Study Area
To investigate fox and gray squirrel co-occurrence, we conducted
field surveys throughout North and Central Florida in 2012 and
2013. The region had a humid, sub-tropical climate, with warm
wet summers (May–October: average high of 35◦C and 121 cm
of rain) and dry, mild winters (November–April: average high of
25◦C and 25 cm of rain) (Hagemeyer et al., 2010). Vegetation
communities across our study sites included open grasslands,
pine-dominated forests, pine hardwoods, hardwood hammocks,
bottomland hardwood forests, and pine clear cuts. Canopy
trees commonly included longleaf (Pinus palustris), slash (Pinus
elliottii), and loblolly (Pinus taeda) pines, and turkey (Quercus
laevis), live (Quercus virginiana), laurel (Quercus laurifolia), and
water (Quercus nigra) oaks.

Study Design
Squirrels select habitat on multiple scales, and variables that
influence selection on one scale may not have predictive power
at other scales (Johnson, 1980; Greene and McCleery, 2017a).
Selection on smaller scales may be dependent on processes
occurring at larger scales (McGregor et al., 2014). To assess
the influence of environmental features on the co-occurrence of
gray and fox squirrels, we surveyed using a nested (hierarchical)
design at three spatial scales: fine (0.01 ha), local (5.3 ha), and
landscape (765 ha) (Figure 1; Greene and McCleery, 2017a).
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FIGURE 1 | The distribution of the 40 landscapes, local girds, and camera points (fine scale) surveyed in a multi-scaled study of habitat use and selection of fox
squirrels and gray squirrels in North and Central Florida, United States, 2013–2014.

To represent the landscape scale, we placed 40 7.65 km2

blocks throughout North and Central Florida using ArcGIS 10.1
(ESRI, Redlands, CA, United States). We selected 10 landscapes
in upland pine or sandhills, 10 in mesic/shrubby flatwoods, and
20 landscapes randomly without regard to a land cover type. To
represent the local scale, we randomly placed five 5.3 ha grids
within each landscape. To maximize grid independence and to
reduce spatial autocorrelation, we separated grids by ≥500 m;
the pooled mean maximum distance moved from southeastern
fox squirrel trapping and radio-telemetry studies (Greene and
McCleery, 2017b). To study fine-scale occupancy, we placed nine
camera traps within each grid as a 3 × 3 array with 115 m
spacing between points.

We surveyed for each species using camera traps, a
reliable method to survey squirrels (Greene et al., 2016;
Greene and McCleery, 2017b). At each point, we placed a
game camera (Bushnell Trophy Cam model 119436, Bushnell
Outdoor Products, Overland Park, KS, United States) 50 cm
above the ground and angled toward a bait pile of pecans
and cracked corn. We set cameras to take three photos
every time the camera was triggered using the camera’s
“normal” sensitivity setting. We placed camera traps within
a landscape and grid concurrently and allowed cameras to
collect data for <10 days. We conducted camera trapping
from 01 January to 01 July in 2013 and 2014 and surveyed
during this time because temperatures are mild and squirrels
are more active (Moore, 1957; Weigl et al., 1989). See

Greene and McCleery (2017a) for more details on the camera
trapping protocol.

Environmental Measurements
We measured fine, local, and landscape scale variables
hypothesized to affect squirrel occupancy, detection, and
co-occurrence. Non-random co-occurrence may result from
species-specific habitat preference, and thus, we controlled for
species-specific habitat preference by measuring variables known
to influence fox and gray squirrel occupancy. These variables
included pine and oak density, understory cover, canopy closure,
and canopy heterogeneity (Cottam and Curtis, 1956; Conner
et al., 1999; Boone et al., 2017; Greene and McCleery, 2017a).
We hypothesized that structural elements such as canopy cover,
canopy cover heterogeneity, understory cover, and local and
landscape fragmentation and connectivity mitigate squirrel
interactions due to the ability of each species to move about the
matrix differently (Goheen et al., 2003). Finally, we measured
variables that we expected to influence the probability of
detecting fox and gray squirrels. Specifically, these included
visual obstruction that may interfere with the cameras field
of vision and variation in camera trapping effort across the
grid and landscape.

Fine scale
Interactions between fox and gray squirrels appear to be the
most pronounced at fine scales, which includes interactions
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on individual trees (Conner et al., 1999). Fox squirrels will
change their temporal behavior if they overlap with gray squirrels
at individual cameras (Sovie et al., 2019). The competitive
advantage of gray squirrels may be moderated by fine-scale
vegetation characteristics that increase predation risk such as
minimal understory and canopy cover (Caswell, 1978). Fox
squirrels may use these risky areas and avoid antagonistic
interactions with gray squirrels (Brown, 1999; Steele et al.,
2015). Therefore, at each fine-scale site, we measured canopy
closure using a concave spherical densiometer (Lemmon, 1956;
Forestry Suppliers, Inc., Model-C). To capture variation in woody
encroachment, we measured understory cover using the line-
intercept method (Canfield, 1941; Greene and McCleery, 2017a).
Finally, we measured visual obstruction that may interfere
with the cameras field of vision (<45 cm in height) in five,
1/2 m × 1/2 m quadrats (Daubenmire, 1959; Greene and
McCleery, 2017a).

Local scale
Fox and gray squirrels both respond to localized (∼1–4 ha)
forest structure, specifically canopy and understory cover (Brown
and Batzli, 1985; Greene and McCleery, 2017a). Gray squirrels
occupy areas with elevated understory cover, closed canopy
cover, or dense hardwoods (Brown and Batzli, 1985). Fox
squirrels appear to avoid these areas but will enter them in
the absence of gray squirrels (Sovie, 2019). Increased canopy
and understory cover on landscape and local scales may deter
squirrel predators (Potash et al., 2019), allowing gray squirrels
to proliferate and out compete fox squirrels. How fox and gray
squirrels interact in localized areas may also be influenced by the
degree of canopy cover fragmentation or connectivity (Zollner,
2000; Goheen et al., 2003). To measure local environmental
characteristics, we used the U.S. Forest Service Tree Canopy
analytical layer (Jin et al., 2013) from the 2011 National Land
Cover Database. We estimated the average percentage of canopy
cover at each grid from 30 × 30 m pixels. Southeastern fox
squirrels generally occupy areas with non-overlapping canopies
typical of older, fire maintained pine stands (Perkins et al., 2008),
and thus, we defined each 30 × 30 cell as either closed (>50%
canopy cover) or open (<50% canopy cover) and calculated
patch metrics for closed patches. We calculated mean patch
size and patch density as measures of fragmentation and used
the area-weighted mean patch radius of gyration as a measure
of connectivity (McGarigal, 2014). We calculated patch metrics
using the calculate_lsm function in the landscapemetrics package
(Hesselbarth et al., 2019) in R version 3.6.1 (R Core Team, 2019).
To estimate local measures of understory cover, we used the
enhanced vegetation index (EVI) from March 22, 2013, from the
MODIS satellite recording (Didan, 2015). EVI is remote-sensed
measure of biomass that corrects for canopy background noise
and is sensitive in areas with dense vegetation (Singh et al., 2015).

Landscape scale
We examined squirrel interactions at the landscape scale even
though some ecological theories suggest that environmental
gradients, not biotic interactions, should drive species
distribution at larger spatial scales (Pearson and Dawson, 2004).

However, it is possible that species compete across landscapes
(Araújo and Luoto, 2007). Specifically, fragmentation generally
favors species with higher dispersal ability (Cote et al., 2017).
Fragmentation and heterogeneity may increase the fox squirrels’
competitive advantage at the landscape scale, specifically when
habitat characteristics mimic savanna-like conditions (Greene
and McCleery, 2017a). Gray squirrels are generally found on
homogeneous landscapes with large forest patches proximate to
each other (Moore and Swihart, 2005). Landscape characteristics
that act as barriers to gray squirrels, such as agricultural fields
(Goheen et al., 2003), may diminish their competitive advantage
and facilitate coexistence on large spatial scales. In contrast,
processes like hardwood encroachment may increase landscape
homogeneity and favor gray squirrels. Therefore, we calculated
mean canopy cover, understory cover, mean patch size, patch
density, and mean gyration for each 7.65 km2 landscape using
the methods described for local scale metrics.

Data Analysis
We elected to investigate fox and gray squirrel interactions
using multi-species occupancy models (Rota et al., 2016). Multi-
species occupancy models can reveal evidence of interactions
between species that are imperfectly detected and from data that
cannot reliably produce density estimates (Gotelli and McCabe,
2002; Ovaskainen et al., 2010; Richmond et al., 2010; Sebastian-
Gonzalez et al., 2010). We converted raw camera trap data
into encounter histories (detected or not) for each species and
scale. We defined sites and surveys differently between scales.
Starting with the fine scale, we considered each camera trap point
(N = 1,800) as a site, and each 24-h period the camera was active
a survey (≤10 days). For the local scale, we considered each grid
as a site (N = 200) and each camera point as a survey [9 surveys
(i.e., points per grid)]. For the landscape scale, we considered each
7.65 km2 block as a site (N = 40) and the local scale grids within
each landscape as a survey (N = 5).

We analyzed squirrel occupancy in R version 3.6.1 (R Core
Team, 2019) using the package unmarked (Fiske et al., 2015). We
used the Rota et al. (2016) single season, two-species occupancy
model. In our parameterization, we estimated the probability
of: (1) occupancy of fox squirrels (9A), (2) occupancy of
gray squirrels (9B), (3) occupancy of fox squirrels given gray
squirrels are present (9A:B), (4) occupancy of gray squirrels
given fox squirrels are present (9B:A), (5) detecting fox squirrels
(pA), and (6) detecting gray squirrels (pB). The Rota et al.
(2016) parametrization allows for stable model behavior and the
incorporation of covariates; however, it does not a priori assume
one species is dominant over the other.

To identify if environmental variables influence how gray
and fox squirrels interact on different scales, we were primarily
interested in the conditional occupancy parameters (9A:B and
9B:A). Nevertheless, we wished to control for detection and
independent habitat associations [(pA), (pB), (9A) (9B)]. To
determine the best models for (pA), (pB), and (9A) (9B),
we undertook a sequential modeling process (Supplementary
Table S1). Using the best predictors for (pA), (pB), and (9A)
(9B), we then built models to test how woody encroachment,
fragmentation, and habitat connectivity influence squirrel
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interaction (9A:B and 9B:A). Depending on the stage of
succession, woody encroached sites may have elevated understory
cover (as measured by line-intercept or EVI), or increased canopy
closure (as measured by concave densiometer or canopy cover),
or both (high understory and canopy closure) (Table 1; Van
Auken and Bush, 2013). We measured fragmentation as the
mean patch density of closed canopy forest at grid and landscape
scales and connectivity as the mean gyration at grid and
landscape scales. We normalized habitat variables using a log+ 1
transformation to improve model convergence. For additive
models, we examined the relationships between our covariates at
each scale and dropped 1 of the pair if their Pearson’s correlation
coefficient was >| 0.70|. We allowed hypothesized drivers to
influence squirrel occupancy across scales. For example, gray
squirrels may use low canopy closure fine-scale areas and
exclude fox squirrels if the broader environment has high canopy
cover and supports gray squirrels (e.g., tree fall gaps) (Dill
and Houtman, 1989; Van Der Merwe et al., 2005). Further,
fox squirrels may use fine-scale areas with high canopy cover
within highly heterogenous landscapes where gray squirrels
do not usually occur (e.g., within pine savannas). Finally, we
considered models that did not incorporate interaction (i.e.,
9A:B = 0) or that treated species interaction as independent
from environmental conditions (i.e., constant 9A:B = 1). We
ranked models using AIC and model weight (Burnham and
Anderson, 2002). We considered models within 2 AIC units of
the top model competing models. We inspected the 95% CIs
around the parameter estimates and β coefficients of competing
models to see if the CIs crossed 0. If competing models differed
from the best model by only one parameter and the CI of that
parameter crossed 0, we based our inference off the simplest
model (Burnham and Anderson, 2002).

RESULTS

At the fine scale, we successfully surveyed 1,737 sites. We detected
gray squirrels at 270, fox squirrels at 217, and both at 17 points.
At the local (grid) scale, gray squirrels were present at 86 of 200
sites, fox squirrels at 74 sites, and both at 23 sites. At the landscape
scale, we detected gray squirrels on 38 of 40 landscapes, fox
squirrels on 26 sites, and both on 20 sites. Our samples captured
the environmental gradient in our system (Supplementary Table
S1). We found that tree canopy and understory cover were
weakly positively correlated at all scales (Fine = 0.27, p < 0.01;
Grid = 0.28, p < 0.01; Landscape = 0.20, p < 0.01).

TABLE 1 | Measured variables.

Prediction Fine Local Landscape

Canopy closure Densiometer Canopy cover Canopy cover

Understory cover Line-intercept EVI EVI

Fragmentation Patch density Patch density

Mean patch area Mean patch area

Connectivity Mean gyrate Mean gyrate

The best model to explain fox and gray squirrel fine-scale co-
occurrence indicated that fox squirrels were less likely to occur at
points occupied by gray squirrels. This interaction was moderated
by fine-scale canopy cover and understory density (9A:B βFine

canopycover = −6.25, SE = 0.79; βFine understorydensity = 3.19,
SE = 0.54). Fox squirrel occupancy increased with fine-scale
canopy closure in the absence of gray squirrels and decreased
with fine-scale canopy closure in the presence of gray squirrels
(Figure 2A). Fox squirrel occupancy remained stable with
increasing understory cover in the presence of gray squirrels and
declined with increased fine-scale understory cover in the absence
of gray squirrels (Figure 2B). We did not detect a change in gray
squirrel conditional occupancy in the presence of fox squirrels
(Supplementary Figure S1). Increased fine-scale canopy closure
correlated with increased fox squirrel occupancy and increased
fine-scale understory cover correlated with decreased fox squirrel
occupancy (9A βFine canopycover = 0.60, SE = 0.08; βFine

understorydensity = −3.30, SE = 0.36). Increased fine-scale canopy
closure correlated with increased gray squirrel occupancy and
increased fine-scale understory cover correlated with decreased
gray squirrel occupancy (9A βFine canopycover = 5.91, SE = 0.76;
βFine understorydensity = −0.12, SE = 0.36). Co-occurrence for
all models at fine-scales included obstruction decreasing p
for both species [pA βObstruction = −0.29, SE = 0.30; pB
βObstruction =−2.18, SE = 0.31].

At the local scale, the best model did not include a para-
meter for co-occurrence, matching the no interaction predic-
tion (Table 2). Increased landscape canopy cover correlated
with decreased fox squirrel occupancy (9A βLandscape
canopycover = −4.59, SE = 0.90), while local canopy cover
correlated with increased gray squirrel occupancy (9B βLocal
canopy = 1.16, SE = 0.28). Survey effort influenced fox squirrel
detection [pA βEffort = 0.39, SE = 0.10], and gray squirrel
detection was constant [pB βIntercept = −0.67, SE = 0.08]. Models
incorporating landscape understory cover, mean patch area,
constant interaction, and mean patch gyration had similar AICc
support to the top model (Table 2), but the 95% CIs for the
parameter estimate for 9A:B crossed 0.

At the landscape scale, the best model also did
not include a parameter for co-occurrence, matching the
no interaction prediction (Table 2). Fox squirrel occupancy
correlated with decreased landscape canopy cover (9A βLandscape
canopycover =−5.21, SE = 2.12), while gray squirrel occupancy was
constant (9B = βIntercept = 1.52, SE = 0.44). The model included
constant detection probability for both fox and gray squirrels
[pA βIntercept 0.25, SE = 0.18; pB βIntercept 0.10, SE = 0.17]. The
model representing constant species interaction had a similar
AICc support (Table 2); however, the 95% CIs for the parameter
estimate for 9A:B crossed 0.

DISCUSSION

We found patterns of fox and gray squirrels co-occurrence
that are indicative of potential competition at fine scales
(0.01 ha) but not at local (5.3 ha) or landscape scales
(765 ha). At fine scales, fox squirrels were less likely to
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FIGURE 2 | Relationship between fox squirrel occupancy probability and fine-scale canopy closure (A) and undercover cover (B), given gray squirrels are absent
(light gray) or present (dark gray) in fine-scale sites located in North and Central Florida, United States, in 2013–2014. (A) Fox squirrel occupancy increased with
fine-scale canopy closure in the absence of gray squirrels and decreased with fine-scale canopy closure in the presence of gray squirrels. (B) Fox squirrel occupancy
remained stable with increasing understory cover in the presence of gray squirrels and declined with increased fine-scale understory cover in the absence of gray
squirrels.

occur in areas occupied by gray squirrels, while gray
squirrel occupancy was not influenced by the presence of
fox squirrels. Further, physical site characteristics helped
to explain the co-occurrence patterns of fox and gray
squirrels. In the absence of gray squirrels, fox squirrels
readily utilized closed canopy areas but did not utilize them
in the presence of gray squirrels. These findings support the
hypothesis that the strength of species interactions changes
over spatial scales and vegetation gradients (Kelt et al., 1995;
Pearson and Dawson, 2004).

In the few fine-scale environments where they co-occurred
fox squirrels were limited by gray squirrel in areas of closed
canopy. These fine-scale interactions may help us explain the
broad habitat partitioning patterns we observed. Generalist gray
squirrels were ubiquitous in human modified landscapes, while
specialist fox squirrels were not. In the more open landscapes
where fox squirrel still occur, they appear limited at the fine
scale by gray squirrels in areas of closed vegetation which are
spreading across the region. These fine-scale patterns suggest a
competitive advantage for gray squirrels in conditions that are
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TABLE 2 | Top four multispecies occupancy models for fox and gray squirrels in North and Central Florida, United States, for fine, local, and landscape scales
based on AIC ranking.

Scale Model name K AIC 1AIC AICw

Fine1 9A:B(Fine understory density + Fine canopy cover) 13 5982.40 0.00 1.00

9A:B(Fine canopy cover) 12 6005.13 22.72 0.00

9A:B(Fine understory cover) 12 6019.42 37.01 0.00

9A:B(Grid EVI) 12 6019.62 37.22 0.00

Local2 9A:B(No interaction) 7 2159.85 0.00 0.16

9A:B(Grid canopy cover) 9 2160.14 0.29 0.14

9A:B(Constant) 8 2160.41 0.56 0.12

9A:B(Grid patch density) 9 2160.71 0.86 0.10

Landscape3 9A:B(No interaction) 5 485.89 0 0.39

9A:B(Constant) 6 487.45 1.56 0.18

9A:B(Landscape canopy cover) 7 487.78 1.89 0.15

9A:B(Landscape canopy cover + Landscape EVI) 8 488.91 3.02 0.08

Scale multispecies occupancy models included: 1Fine: 9A(Fine understory density + Fine canopy cover), 9B(Fine understory density + Fine canopy cover),
pA(Obstruction), pB(Obstruction); 2Local: 9A(Landscape canopy cover) 9B(.) pA(.) pB(.); 3Landscape: 9A(Landscape canopy cover) 9B(Grid canopy cover)
pA(.) pB(Effort).

increasingly common and also suggest a potential mechanism for
broader scale patterns.

Fox and gray squirrels both responded positively to increases
in canopy closure and negatively to increases in understory
cover; however, they differed in the intensity of their response to
each factor. Fox squirrels responded strongly (>25× more than
gray squirrels) to understory cover and gray squirrels responded
strongly to canopy closure (∼10× more than fox squirrels). Our
results suggest that gray squirrels are better at utilizing closed
canopy areas and outcompete fox squirrels in these areas. In
the absence of gray squirrels, fox squirrels appear to readily
utilize sites with closed canopies. Our results support the idea
that interaction between these species may also be mediated by
predation (Caswell, 1978; Van Der Merwe et al., 2005). Increases
in understory density limit sightlines to detect predators for fox
squirrels, thus reducing foraging efficiency (Potash et al., 2019).
Further, increases in canopy closure reduce the foraging efficiency
of gray and fox squirrel avian predators (Bowers et al., 1993; Van
Der Merwe et al., 2005). Increases in canopy and understory cover
are often due to human-induced factors including increased
atmospheric CO2 and fire suppression (Roques et al., 2001;
D’Odorico et al., 2012). Historically, fire shaped southeastern
forests by maintaining broken canopies and low understory
growth (Glitzenstein et al., 1995). Fire suppression on a local scale
results in woody succession, first by increasing understory density
(discouraging fox squirrels) and eventually leading to closed
canopies (favoring the invasion of gray squirrels) (Keane et al.,
2002; Swihart et al., 2007). Gray squirrels are efficient foragers
and can persist in highly modified systems (Williamson, 1983;
Kenward and Holm, 1989). Their ability to utilize resources in a
small area may compensate for their poor dispersal ability across
fragmented landscapes (Williamson, 1983; Goheen et al., 2003).
Fine-scale interaction with fox and gray squirrels and increased
canopy cover at the landscape scale may result in the loss of fox
squirrels across woody encroached systems (Conner et al., 1999;
Van Der Merwe et al., 2005; Greene and McCleery, 2017a).

As woody encroachment alters the interactions between fox
and gray squirrels, there may be cascading effects throughout the
ecosystem. Gray squirrels tolerate higher densities and overlap
than fox squirrels (Koprowski, 1994), increasing both inter and
intraspecific competition in invaded ecosystems. Fox and gray
squirrels are important seed predators and scatter hoarders.
Competition alters the probability that a seed is cached and
where animals place those seeds (Muñoz and Bonal, 2011).
Changes in scatter hoarding behavior alter the dispersal and
reproductive success of many tree species (Whittaker and Jones,
1994; Terborgh et al., 2001; Silman et al., 2003). In the presence
of competitors, squirrels are more likely to cache seeds in high-
risk areas, such as broken canopy savannas (Heinrich and Pepper,
1998; Murray et al., 2006). Placing hard mast in risky, open
areas may accelerate hardwood encroachment in these areas and
act as a positive feedback mechanism. Thus, the invasion of
pine savannas by gray squirrels due to woody encroachment
may have long-term consequences for forest structure. Future
investigations of the interactions between fox and gray squirrels
may benefit from considering density dependent interactions and
temporal changes in occupancy rates. Competition is a density
dependent process and the relationship between fox squirrels,
gray squirrels, and their environment may be highly dependent
on their relative densities (Rosenzweig, 1991; van Beest et al.,
2014). Further, we investigated a specific point in time for our
analysis and compared different habitat types as a “space-for-
time” substitution (Pickett, 1989). Longer term monitoring of
fox and gray squirrel co-occupancy may reveal more nuanced
relationships or expose competition at larger scales.

Our results suggest that human modification of environmental
conditions favor generalist species that can utilize fine-scale
resources. In our system, canopies are closing on fine, local,
and landscape scales due to human activities. Generalists,
like gray squirrels, have greater tolerances to the broad
landscape changes occurring in our system (Sirami and
Monadjem, 2012). Fox squirrels, like many longleaf pine
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savanna specialists, did not occur in areas with extensive
canopy cover indicative of homogenizing human landscapes.
In our system, generalists like gray squirrels, Southern flying
squirrels (Glaucomys volans), and Virginia opossums (Didelphis
virginiana) with good fine-scale competitive advantages are
likely to replace specialists like fox squirrels, red cockaded
woodpeckers (Leuconotopicus borealis), and gopher tortoises
(Gopherus polyphemus), ultimately simplifying species diversity
in this imperiled ecosystem. Our results support the importance
of considering species interactions at multiple scales in predicting
and addressing changes in community composition in human
modified systems (Araújo and Luoto, 2007).
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