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ABSTRACT

Burrowing organisms are ecosystem engineers that augment the availability of resources
for other species. Throughout the Coastal Plain of the southeastern United States the gopher
tortoise (Gopherus polyphemus) is a keystone species in open canopy pine-forest ecosystems as
its burrows are utilized by over 360 species. These species are responsible for numerous
ecosystem processes that maintain ecosystem functionality and health. Across its current range,
the gopher tortoise is in decline and has been listed as a vulnerable species by the International
Union for the Conservation of Nature (IUCN). Declining tortoise abundance negatively impacts
the populations of species that depend on tortoise burrows which will, in turn, have negative
impacts on ecosystem function. The introduced nine-banded armadillo (Dasypus novemcinctus)
is another burrowing species of similar size that is highly abundant and syntopically distributed
with the gopher tortoise. Recent research has found high diversity of vertebrates utilizing
armadillo burrows, implicating that armadillos support local biodiversity in a similar manner as
gopher tortoises. I compared vertebrate visitation between armadillo and tortoise burrows in a
mixed-pine hardwood forest at the Lake Louise Field Station in Lowndes County, Georgia using
motion activated game cameras placed at equal numbers of burrows produced by each excavator
species. I also tested for burrow and microhabitat effects on visitation by associate vertebrates
and investigated patterns of metacommunity nestedness within the study area. A total of 40
vertebrate taxa were observed visiting burrows between October 2019 and December 2020.
Species richness, biodiversity, and community composition were not significantly different
between burrow types. However, total visitation was significantly greater at tortoise burrows as

well as visitation frequency for 15 taxa. Burrow and microhabitat variables showed varying



effects on burrow visitation for different categories of vertebrates. Most notably, vertebrate
visitation frequency was positively affected by tortoise burrows, active burrows, and increased
tree species richness while consistently negative effects were observed for increased canopy
cover and high proportions of hardwood trees. Patterns of nestedness were not found to
correspond with any applicable environmental variable. This research provides a unique
framework for comparing utilization of habitat features, adds information to the growing body of
work on the ecological effects of the nine-banded armadillo’s range expansion, and pinpoints
aspects of the habitat that relate to the importance of burrows for other species. My study also
highlights and reinforces the ecological significance of the gopher tortoise and suggests that

armadillo control efforts may need to be considered on a case-by-case basis.
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Introduction

Burrows provide refugia from stressful environmental conditions such as severe weather, thermal
extremes, fire, and predation while also providing a safe location for essential life processes such
as mating, resting, and growth (Friend 1993; Pike and Mitchell 2013; Laidre 2018). Burrowing
organisms are considered ecosystem engineers due to their ability to modify habitats through soil
mixing and creation of important habitat features (Jones et al. 1994). Many vertebrates and
invertebrates use burrows that have been excavated by other animals (Kinlaw 1999). Burrow
usage is an example of a direct positive interaction between ecosystem engineers (i.e., burrowing
species) and the species that benefit from their habitat modification (Jones et al. 1994).
Specifically, these interactions are classified as commensalism, where one or more species
benefit from another without positively or negatively affecting the species providing the benefits
(Van Beneden 1887). In arid regions, burrows in the landscape are especially important for many
species in preventing desiccation, thus increasing local biodiversity that would otherwise not be
supported given the circumstances of the environment (Kinlaw 1999; Read et al. 2008;

Mukherjee et al. 2017).

In the southeastern United States, the gopher tortoise (Gopherus polyphemus), a medium-
sized terrestrial reptile, inhabits the arid and semi-arid regions of the Coastal Plain (Fig. 1A) and
constructs extensive burrow systems that are utilized, for various purposes, by other species
(Auffenberg and Franz 1982; Jackson and Milstery 1989). Organisms that have been
documented using tortoise burrows can be separated into two distinct categories: “obligate
commensals”, if a burrow is required for their survival, or “facultative associates” if the species
is not fully dependent on burrows but utilizes them opportunistically (Dziadzio and Smith 2016).

These species are often referred to as “commensals” or “associates” depending on the degree of



the animal’s dependance on burrows (Jackson and Milstery 1989). Many other burrowers also
have associate species that utilize their burrows (Anker et al. 2005; Aya-Cuero et al. 2017;
Tamaki et al. 2018), but of all terrestrial burrowing vertebrates that have documented associate

species, the gopher tortoise’s burrow supports the greatest diversity (Kinlaw 1999).

Burrows excavated by the gopher tortoise are utilized by over 350 species, more than 65
of which are vertebrates (Jackson and Milstrey 1989; Lips 1991; Alexy et al. 2003; Dziadzio and
Smith 2016; White and Tuberville 2017), and due to the high quality refugia created by a tortoise
burrow, the presence of gopher tortoises supports and maintains local biodiversity in habitats
where tortoise colonies are established (Cantano and Stout 2015). Additionally, active burrows
(i.e., burrows that are consistently occupied by a tortoise) may contain a continuous supply of
dung which has been implicated in driving commensal use through cascading effects by
providing a direct food source for coprophagous organisms who, in turn, are a food source for
other species within the burrow (Young and Goff 1939; Lips 1991; Witz et al. 1991; Kent and
Snell 1994; Dziadzio and Smith 2016). Facilitation of biodiversity is associated with areas of
high environmental stress or predation risk (Hacker and Gaines 1997), and ecosystem engineers
that manipulate habitats in a way that reduces environmental stress or predation risk for other
species are deemed facilitator species that positively affect local biodiversity (Jones et al. 1997;
Bruno et al 2003). Therefore, the gopher tortoise can be classified as a facilitator species because
it positively influences the survival of other species and increases local biodiversity through its

manipulation of the environment (Jones et al. 1994; Hacker and Gains 1997).

Gopher tortoises are associated with different habitat types, including longleaf pine-oak
uplands, xeric hammocks, sand pine-oak ridges, and ruderal successional habitats (Auffenberg

and Franz 1982). Historically, gopher tortoise populations were abundant throughout a vast and



continuous longleaf pine (Pinus paulustris) wiregrass (Aristrida stricta) ecosystem; which has
been reduced to an estimated 3% of its original range within the last century (Noss 1989; Noss et
al. 1995; Kush 2016), leaving tortoise populations severely fragmented and their abundance
reduced by up to 80% (Auffenberg and Franz 1982; Hermann et al. 2002; McCoy et al. 2006).
Despite this drastic reduction in abundance, the gopher tortoise is only federally listed as a
threatened species in the portion of its range west of the Mobile and Tombigbee Rivers in
Alabama (Smith et al. 2006). However, the International Union for the Conservation of Nature
(IUCN) recognizes the gopher tortoise as a vulnerable species, and it is protected under state
regulations in all parts of its range (Ernst et al. 1994; Tortoise & Freshwater Turtle Specialist

Group 1996).

Essential gopher tortoise habitat is subject to frequent fire regimes, which are necessary
to maintain habitat suitability for tortoises, and the inclusion of prescribed fire has been
demonstrated to increase vertebrate use of tortoise burrows (Knapp et al. 2018). Therefore,
declines in gopher tortoise populations, along with fire suppression, can negatively impact
populations of burrow-associated species (Kinlaw and Grasmueck 2012), potentially leading to
an overall decrease in ecosystem function (Paine 1966; Catano and Stout 2015). For this reason,
the gopher tortoise is considered a keystone species in the longleaf pine-wiregrass ecosystem

(Eisenberg 1983; Catano and Stout 2015).

Throughout its current range, the gopher tortoise is now fully syntopic with another
species of similar size that also excavates burrows, the nine-banded armadillo (Dasypus
novemcinctus; hereafter “armadillo”) (Taulman and Robbins 2014). The armadillo is a medium-
sized mammal that is not native to the United States. There are no records of armadillos

occurring within the United States before 1850 (Audubon and Bachman 1854); before the



1850’s, armadillos were only widely distributed throughout South and Central America,
including Mexico. At that time, the armadillo’s distribution within the United States was
restricted to the lower Rio Grande River Valley (Taber 1945). The spread of armadillos
throughout the southern United States began in Texas after armadillos crossed the Rio Grande
River from Mexico but later, captive animals originating from this source were intentionally
and/or accidentally released in Florida (Bailey 1924; Humphrey 1974). During the twentieth
century, armadillos expanded their range (Fig. 1B), encompassing the distribution of the gopher
tortoise. Currently, the armadillo can be found throughout the southern United States, from New
Mexico east to the Atlantic coast and as far north as Nebraska (Humphrey 1974, Loughry and

McDonough 2013, and Taulman and Robbins 2014).

In certain parts of the United States, the armadillo has been classified as an invasive
species because: 1) it was, in part, introduced by humans, 2) it causes economic harm through its
burrowing behavior, 3) it predates nests of species that are of conservation concern, and 4) it
poses a threat to human health (Staller et al. 2005; Holcomb and Carr 2013; Dziadzio et al. 2016;
Ober et al. 2011; Pristo de Medeiros Oliveria et al. 2019). For these reasons, efforts to control
armadillo populations have been placed in effect (Chamberlain 1980; Layne 1997). However,
classification of armadillos as an invasive species is debated as their range expansion is thought
to be the result of both natural and anthropogenic factors (Humphrey 1974; Loughry and
McDonough 2013), and, since their arrival, people have speculated whether this species will

have positive or negative interactions with local fauna in the introduced ecosystems.

Numerous gaps exist within armadillo research (Loughry et al. 2015) one of which is the
topic of burrow commensalism. Vertebrate and invertebrate associates of armadillo burrows have

been documented in the United States (Taber 1945; Clark 1951; Hunt 1959; Thomas 1974;



Butler 2020) and Belize (Platt et al. 2004), and although their burrow system differs from that of
the gopher tortoise in physical [e.g. entrance shape, width, and length (Sawyer et al. 2012)] as
well as microhabitat aspects, this research suggests that armadillo burrows serve as important
habitat features for other organisms as well. The most extensive study pertaining to commensal
use of armadillo burrows documented 46 vertebrate species interacting with burrows in a dune
complex and maritime forest on Little St. Simon’s Island, Georgia, U.S.A. (Butler 2020).
However, this study represents only two habitat types on one barrier island where armadillos are
the only medium-sized burrowing species present, and an exhaustive list of burrow-associated
species (vertebrates and invertebrates) for the armadillo throughout its full range has not yet been
produced. Therefore, additional studies on species utilization of armadillo burrows are needed in
other habitat types as well as in other parts of its range to adequately assess the ecological
importance of these burrows and the effects that the armadillo’s range expansion may have on
ecosystems where it has been introduced. For this reason, there exists a unique opportunity, not
only to document novel observations of armadillo burrow associates in different habitat, but also
to compare commensal visitation between armadillo and gopher tortoise burrows in areas where

both burrowers co-occur.

Study Objectives

The main objective of this study was to compare measures of commensal burrow visitation and
community composition of burrow-associated vertebrates between two syntopic burrowing
organisms of similar size that occur in the southeastern United States: the gopher tortoise, being
of well-known ecological importance (Eisenberg 1983), and the armadillo, classified in Georgia
and Florida as an invasive species (FFWCC 2011; GISTF 2011). I compared and contrasted

community composition (i.e., species richness and diversity index) and frequency of visitation by



vertebrate fauna at gopher tortoise and armadillo burrows by implementing non-invasive,
passive-monitoring techniques and evaluating microhabitat variables that could potentially

influence burrow visitation and patterns of species nestedness.

Previous methods for investigating burrow dwelling-organisms of armadillo burrows
have included active methods such as burrow excavation and using flashlights to search visible
portions of burrows (Taber 1945; Clark 1951; Platt et al. 2004); the former being arguably too
destructive and laborious, while the latter may not be a thorough enough approach to yield
quantitative results. Passive monitoring of gopher tortoise burrows has been utilized in recent
years (Alexy et al. 2003; Dziadzio and Smith 2016; White and Tuberville 2017; Knapp et al.
2018), but to date, only one study has used passive monitoring, via camera traps, to investigate

vertebrate associates of armadillo burrows (Butler 2020).

Within the last two decades, camera trapping has become a commonly used observational
method that has improved our understanding of ecological relationships and allowed researchers
to collect data on the behavior of cryptic species that are sensitive to active observational
methods (O’Connell et al. 2011). The disruptive nature of the invasive techniques used in
previous studies (i.e., burrow excavation and visual observations) to investigate armadillo
burrow associates may have resulted in taxonomic bias (Taber 1945; Platt et al. 2004). Because
certain taxa may be more sensitive to disturbance and remain undetected when using active
observational techniques, the use of camera traps allows improved detection of burrow visitation
by vertebrates while minimally disturbing the burrow and surrounding habitat (Caravaggi et al.
2017). Camera traps have also been demonstrated to be a viable alternative to live trapping,
allowing for reliable detection of animals without causing physiological stress and while still

producing comparable density estimates (Villette et al. 2017). However, there are limitations to



using camera traps. For example, collecting data on individual animals is often not possible
unless target species possess unique markings (Kolowski and Forrester 2017) and similarities

between closely related species hinder accurate identification.

My study incorporated a series of motion-activated camera traps deployed at the
entrances of armadillo and tortoise burrows in a study area where gopher tortoises and armadillos
co-occur. This method allowed me to test quantitatively for associate species’ preference of
burrow type and activity status, compare vertebrate assemblages between burrow types and
burrows of differing activity statuses, identify shared associate species between burrow types,
and assess the influence of various spatial and environmental factors on measures of commensal

burrow visitation.

Research on the potential ecological effects of armadillo burrows in the United States has
only recently become a topic of interest for ecologists (Butler 2020) and has not been thoroughly
investigated. Nevertheless, research on armadillo species in South and Central America has
demonstrated their ability to provide numerous ecosystem services (Platt et al. 2004; Aya-Cuero
et al. 2017; Rodriquez et al. 2019; Di Blanco et al. 2020). Currently, no studies compare the
commensal assemblages between gopher tortoise and armadillo burrows despite the fact that
both co-occur throughout the Coastal Plain of the southeastern United States and can occupy the
same habitats (Kinlaw 2006; Bhandari 2019). Many studies have documented associate
vertebrates of gopher tortoise burrows (Jackson and Milstrey 1989; Lips 1991; Alexy et al. 2003;
Smith et al. 2005; Dziadzio and Smith 2016; White and Tuberville 2017). Conversely, very few
studies documenting vertebrate utilization of armadillo burrows have mentioned more than one
animal associate (Taber 1945; Clark 1951; Platt et al. 2004; Butler 2020). While studies of

vertebrate associates of gopher tortoise burrows have documented over 65 vertebrate species



(Jackson and Milstrey 1989; Dziadzio and Smith 2016; White and Tuberville 2017), only one
study has reported more than 10 associate vertebrates of armadillo burrows (Butler 2020). The
degree to which armadillo burrow commensalism has been understudied may indicate that more
research is needed to identify additional vertebrate species utilization of burrows and to

determine the ecological significance of these burrows within the armadillo’s introduced range.

Comparative studies of burrow-associated species of gopher tortoise and armadillo could

provide insight into ecological questions pertaining to the range expansion of the armadillo:

1) Will associate species of tortoise burrows be adequately supported by armadillo
burrows in areas with reduced or extirpated tortoise populations? One study found that burrows
produced by two different species were not interchangeable options for nesting burrowing owls
(Athene cunicularia) in South America (Machicote et al. 2004), while another suggests that
introduced European rabbits (Oryctolagus cuniculus) have, to an extent, replaced the ecological

role of locally extinct burrowing mammals in arid regions of central Australia (Read et al. 2008).

2) Will associate species of armadillo and tortoise burrows colonize new areas following
the range expansion of the armadillo? For example, burrowing shrimp reportedly facilitated
range expansion of a commensal amphipod in tidal flat ecosystems (Tamaki et al. 2018).
However, in range expansions that occur along climactic gradients, as is the case for the
armadillo, environmental conditions may limit the dispersal of symbionts but not the host
organism, causing replacement of symbiont assemblages (Rolshausen et al 2020). This could
result in tortoise associates utilizing armadillo burrows in place of species that utilize armadillo
burrows in lower latitudes and the possibility of undocumented assemblages of armadillo

associates occurring in higher latitudes.



3) If vertebrate communities are dissimilar between gopher tortoise and armadillo
burrows, what consequences would an abundance of armadillo burrows have on ecosystems
where armadillos have been introduced? Abundance of armadillo burrows could lead to the
development of novel networks within ecosystems where new species assemblages and/or
altered community compositions may now be supported by burrows constructed by an
introduced excavator, which could have unpredictable consequences as new combinations of

species co-occur and potentially disrupt delicate ecosystem processes (Hobbs et al. 2006).

Hypotheses

During the preliminary stages of the current study, many of the same vertebrates were observed
visiting both armadillo and gopher tortoise burrows, as well as a few that only visited one burrow
type. While not all previously documented armadillo burrow associates were observed during the
short duration of preliminary data collection, many species that have not been noted in the
literature were identified, indicating that more species utilize these burrows than previously
assumed. These results may also indicate that some commensals and associates of gopher
tortoise burrows could utilize armadillo burrows for the same purposes, with the main
implications of this work being that armadillos may aid in supporting local biodiversity in a
similar manner as the gopher tortoise despite their classification as an invasive species.
Specifically, our study compared associate species visitation between burrow types by using
camera trap data to calculate the following response variables: 1) Vertebrate species richness, 2)

Shannon-Weiner diversity index, and 3) frequency of vertebrate species visitation.

Burrow visitation between armadillo and gopher tortoise burrows was not expected to be
equal for several reasons. Gopher tortoise burrows are similar to armadillo burrows in terms of

tunnel height and width but are more spacious, as they are typically much longer and therefore
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greater in volume (Kinlaw and Grasmueck 2012; Sawyer et al. 2012). Tortoise burrows also may
be more easily detectable by associate species, particularly birds, as their burrow aprons are
larger and generally composed of light-colored sandy soil (White and Tuberville 2017), as well
as being excavated in areas with less dense vegetation than armadillo burrows (Bhandari 2019).
Lastly, the fact that gopher tortoises are native to the region and have a long standing co-
evolutionary relationship with most associate species observed in this study may play a role in

the frequency of vertebrate visitation of burrows.

Community composition was expected to be dissimilar between vertebrate assemblages
visiting tortoise and armadillo burrows for many of the same reasons visitation frequency by
associate species was expected to be unequal between burrow types: burrow size differences,
potential differences in microhabitats of burrow locations between tortoises and armadillos
(Bhandari 2019), large burrow aprons of tortoise burrows serving as a visual cue to associate
species, and differences in co-evolutionary history between the local species pool and the two

excavators.

Microhabitat characteristics were expected to influence vertebrate assemblages visiting
burrows (D1 Blanco et al 2020). Specifically, species richness and biodiversity were expected to
be highest near habitat edges where there is a greater diversity of foundation species (i.e., trees,
shrubs, and other vegetation) (Harris 1988), as habitat edges in this study were ecotonal habitats
between pine and hardwood forests. Additionally, I expected variables relating to thermal stress
(i.e., high light intensity, low vegetative density, and low canopy cover) to influence burrow
visitation by temperature and moisture sensitive species (i.e., reptiles and amphibians).
Specifically, burrows in areas with low shade and high light intensity are expected to have higher

visitation by herpetofauna.

10



In ecology, nestedness is a concept relating to processes that determine community
composition, generally when comparing high richness communities to low richness communities
and 1s typically based on one or more environmental variables that relate to distance or habitat
quality (Atmar and Patterson 1993; Almeida-Neto et al. 2008). A system is considered nested if
there is an ordered decrease in species richness and abundance observed across sampling
locations that corresponds to a variable relating to species dispersal potential or habitat
suitability. The distance of a habitat from source areas, habitat patch size, and degree of isolation
are examples of variables that influence nested patterns (Wright et al. 1998). Treating monitored
burrows in the pine stand as insular units, I expected to detect nested patterns based on
increasing distance from habitat edges as well as with decreasing values of burrowing intensity.
Distance from pine stand edges was expected to produce a nested pattern across community
assemblages due to the expectation that species richness would be highest near habitat edges,
much in the way that the mainland is expected to have the highest species richness in island
biogeography (McArthur and Wilson 1963) and would show an ordered decrease when moving
toward the interior of the study site. Burrowing intensity was used in this study as a measure of
isolation, with burrows in lower intensity areas considered more isolated than those in high
intensity areas. The higher intensity areas should produce a nested pattern because dispersal of
vertebrate associates between burrows would be more likely to occur in areas with greater

burrow availability.

I examined the following hypotheses: H1) burrow visitation by associate species is not
equal between tortoise and armadillo burrows; H2) community composition is not equal between

tortoise and armadillo burrows; H3) burrow type, activity status, location, and microhabitat
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characteristics have an effect on burrow visitation by associate species; and H4) patterns of

nestedness coincide with spatial attributes of burrows within the study area.

Methods

A. Study Site

Data were collected in a mixed-pine and hardwood stand (hereafter, “pine stand”) at the Lake
Louise Field Station (LLFS) in Lowndes County, Georgia (Fig. 2). LLFS is a 76.9-hectare plot
of land located in a rural area 15 kilometers south of Valdosta State University. The defining
feature of the property is a 5.7-hectare lime-sink pond on the southwest part of the property
known as “Lake Louise.” The lake is located immediately west of Interstate 75, the latter of
which comprises the western border of LLFS. Several habitat types occur within LLFS
including: an Atlantic Coastal Plain Streamhead Seepage Swamp, Pocosin, and Baygall; a Gulf
and Atlantic Coastal Plain Swamp System; and a Southern Atlantic Coastal Plain Wet Pine
Savanna and Flatwoods (Riggs et al. 2010). The study area within LLFS was a 10.4-hectare
section of forest located north of the lake and west of the main entrance off Touchton Road,
consisting predominantly of slash pine (Pinus elliottii) and loblolly pine (P. taeda). Hardwood
encroachment [by water oak (Quercus nigra) and, to a lesser degree, by southern live oak (Q.
virginiana)] occurred along the margins of the stand, with some pockets of hardwoods in the
interior. The northwest sector was generally more open and xeric, containing an understory with
more grasses, sedges and forbes. Otherwise, the understory was highly variable, consisting of
hardwood saplings and small shrubs, including Vacinuum spp., Asimina augustafolia, and

Myrica cerifera. Hardwood forest surrounded the pine stand on all sides and was partitioned
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from the study area by a dirt road. Predominate hardwood species in the surrounding forest were
southern live oak, water oak, southern red oak (Q. falcata), black cherry (Prunus serotina),

pignut hickory (Carya glabra), and American sweetgum (Liquidambar styraciflua).

The study area was heavily modified during the twentieth century, being used for
agriculture, turpentine production, and logging (Riggs et al. 2010). Most notably, aerial photos
indicate that it was used as an agricultural field up until the 1940s and was subsequently scatter
planted with slash and loblolly pine, with the exception of a portion of the northeastern sector
that was not part of the field and contains a higher density of older growth oak and hickory
compared to the rest of the pine stand. Prescribed burning, conducted at intervals of one to five
years, is now used to maintain the pine stand. The stand was first burned in 1998 and

subsequently in 2000, 2005, 2006, 2010, 2014, and 2019.

Evidence of armadillo activity existed throughout LLFS, as many burrows and foraging
depressions were found in the hardwood forest surrounding the pine stand. However, the
hardwood forest was not surveyed, and these burrows were not included in this study. Gopher
tortoises were mostly restricted to the pine stand due to preference for loose sandy soils that are
required for burrowing, and open-canopy habitat that facilitates thermoregulation and nest
incubation (Auffenburg and Franz 1982; Diemer 1986). Both species excavate burrows and co-

occur within the pine stand.

B. Survey

Following the prescribed burn of 2019, the pine stand was exhaustively surveyed for tortoise and

armadillo burrows. Four surveys took place from April and May of 2019. During each survey,
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one to two teams of two observers, spaced several meters apart, walked the length of the stand, in

overlapping belt transects, searching along a north-south bearing.

Three burrow types were present in the study area: armadillo, tortoise, and co-opted.
Burrows were differentiated by the presence of an apron and shape of the burrow entrance.
Tortoise burrows were identified by their characteristic half-moon shaped entrance (Fig. 3B) and
age class (i.e., hatchling, juvenile/subadult, or adult) which was determined by entrance size
(Doonan and Stout 1994). Armadillo burrows were identified as having a circular to ovular
entrance (Fig. 3A) (McDonough et al. 2000; Sawyer et al. 2012). Age class was not taken into
account as this species only constructs burrows once it is nearly adult size (McDonough et al.
2000). Co-opted burrows were those that were first excavated by a tortoise but had been taken
over and maintained by an armadillo and were typically characterized by the presence of pine
straw and other dried vegetation lining the burrow entrance and modifying it into a circular
shape. However, due to the low abundance of co-opted burrows in the study area, they were
excluded as a category for monitoring but were included as data points in burrowing intensity

calculations described later.

I included burrow activity status as a categorical variable in certain analyses; four
categories of activity status were recorded: active, inactive, abandoned, and uncertain. Activity
statuses were determined for both burrow types using criteria from Cox et al. (1987). Active
burrows were considered those with freshly disturbed soil at the burrow mouth. Inactive burrow
entrances did not contain disturbed soil but retained their shape and the apron did not exhibit an
overabundance of vegetation. Abandoned burrows had severely degraded or misshapen entrances
with an excess of vegetation present on the apron or were partially collapsed. If activity status

could not be agreed upon by both observers in the survey team, the burrow activity status was
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recorded as “uncertain”. Due to the high degree of changing activity statuses (i.e., active burrows
becoming inactive and vice versa) observed during preliminary data collection, active and
inactive burrows were grouped into a single category named “possibly occupied”. Therefore, in
my analyses there are two categories for burrow activity status: possible occupied and
abandoned. There were no instances of uncertainty when differentiating between abandoned and

possibly occupied burrows.

All burrows were marked with a metal tag displaying a unique identification number at
ground level on the right side of the entrance. Brightly colored ground flags displaying the
burrow’s identification number, burrow type, and activity status were placed directly adjacent to
the metal tag and fluorescent pink flagging tape was tied to the nearest eye-level vegetation.
Burrow locations were georeferenced in Universal Transverse Mercator (UTM) coordinates with
200 fixes per burrow using a centimeter grade Trimble Geoexplorer 6000 Series (GeoXT)
handheld GNSS unit. Coordinate data were post-processed using Trimble GPS Pathfinder Office
software, and then exported in a database format containing the following information: burrow
identification number, burrow type, activity status, UTM coordinates, and relevant comments
[e.g., if armadillo burrows were feeding burrows (i.e., excavations made during foraging < 25cm

in length) and age class of tortoise burrows if they were not adult size].

C. Camera Trap Configuration

Camera traps were used to monitor entrances of 10 tortoise and 10 armadillo burrows (N = 20)
from October 2019 to December 2020. At each burrow entrance we placed a Bushnell

NatureView HD Cam (Model# 119740) with a 16 or 32 gigabyte SD card. The NatureView HD
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Cam was chosen for its unique external viewing feature that shows a first-person view through
the camera’s lens displayed on a handheld screen that is separate from the camera itself. This
provided greater precision of lens orientation during camera trap deployment and data retrieval.
Using the external viewer during camera placement, I was able to ensure that the burrow
entrance was the focal point of the camera’s field of view and that surrounding ground would be
visible in all directions from the entrance to maximize observations of vertebrate visitation of

burrows.

Camera mounts consisted of 40 to 45 cm sections of 2x4 (inch) mounting board with a
2.5 cm hole drilled near each end of the 4-inch side, 100 cm lengths of 1.2 cm diameter PVC
pipe inserted into each pre-drilled hole, and 7.6 cm wood screws fastening the PVC to the
mounting board (Fig. 4). The length of board used for the mount depended on the width of each
monitored burrow. Most tortoise burrows required a camera mount with a 45 cm mounting board
while most armadillo burrows, being narrower, only required a 40 cm board. Cameras were
fastened to the underside of the mounting boards using a canvas belt threaded through two
eyelets on the back of the camera housing. Belt eyelets were not equidistant between the top and
bottom of the cameras but were slightly closer to the top causing the bottom end of the cameras
to progressively sag over time, altering the camera’s field of view. To mitigate this, a zip tie was
used to loosely fasten the bottom end of the camera to the mounting board which stabilized
cameras and prevented sagging for consistently accurate lens orientation throughout the

monitoring period.

D. Sampling
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To distribute camera traps evenly across the study area and promote spatially independent
sampling, we developed a random burrow selection function which we applied in conjunction
with a quadrat system using custom scripts in R (v. 4.0.4, R Core Team 2021). The quadrat
system was created by reading in a shapefile of the pine stand boundary using the R package,
‘rgdal’ (Bivand et al. 2021), then overlaying a 3x4 quadrat grid using the “quadrats” function
within the R package ‘spatstat’ (Baddeley et al. 2015). Quadrats 8 and 11 were combined along
with quadrats 9 and 12 due to the small area of quadrats 11 and 12 (Fig. 5). Survey data were
then divided into subsets of burrows based on the quadrat where they were found, and the
random selection function was employed to select one armadillo burrow and one tortoise burrow

for monitoring within each quadrat.

Activity status of selected burrows was alternated so that a possibly occupied and an
abandoned burrow would be monitored within each quadrat. This sampling technique was to
assess variation in commensal use between burrow types as well as examine variation in
commensal use between activity statuses. In total there were four categories of burrow type and

activity status combination with five replicates of each.

Because larger burrow entrances are correlated with longer burrow lengths (Hansen
1963), only adult tortoise burrows (entrance width > 23 cm; Alford 1980) were considered
eligible for monitoring in order to obtain the greatest diversity and visitation frequency estimates.
Similarly, for armadillos, the distinction between feeding burrows and shelter/nest burrows was
made in the survey data and only shelter or nest burrows (length > 25cm; McDonough et al.

2000) were chosen for monitoring.

Camera trigger parameters were standardized across all cameras (Table 1). Cameras

were set to operate 24 hours per day and image format was set to full screen. Hybrid mode was
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applied, which allowed cameras to record images and videos during each trigger. Image size was
set to eight megapixels and video size was set to 1920x1080 pixels per frame with each trigger
producing two still images and a 10-second video with a two second interval (i.e. wait time
before next trigger can occur) between triggers. Trigger sensitivity was set to low to avoid an
overabundance of false triggers leading to a depletion of SD card storage and battery life.
However, even at low sensitivity, cameras were triggered by small insects. To reduce the number
of blurred images, the night vision shutter was set to its maximum speed. LED control was set to
low to minimize flashes reflecting from sandy soil, which was further reduced by covering the
flash of each camera with yellow electrical tape. All images and videos were time stamped and

display the unique identification name of the camera.

Camera traps were checked every two to four weeks. SD cards were exchanged if a
camera had taken over 200 photos and videos, if the camera had malfunctioned since the
previous check, or if the SD card had not been exchanged in two or more checks. All photos and
videos were reviewed by eye. During photo review, vertebrate animals were identified to species,

when possible, using field guides or confirmation from experts.

Due to the limited inclusion of surrounding ground around burrows in the camera’s field
of view (~ 15 cm), we considered any vertebrate present in an image or video to be utilizing the
burrow in some way. Many photos could not be identified to species due to poor image quality or
the identifying characteristic of the animal being out of frame. In these instances, images were
only identified to class. We were also not able to identify mouse, skink, and shrew observations
to species level for various reasons. Mouse observations were pooled because they were
primarily active during night hours, thus identifying characteristics were obscured by low quality

night-vision images. Possible mouse species that have been reported utilizing tortoise burrows
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and occur in South Georgia are the oldfield mouse (Peromyscus polionotus), cotton mouse
(Peromyscus gossypinus), house mouse (Mus musculus), and golden mouse (Ochrotomys
nuttalli) (Jackson and Milstrey 1989; Dziadzio and Smith 2016). Skink observations were also
pooled due to the similarity in coloration of juvenile life stages of the three common species
occurring in South Georgia; the broadheaded skink (Plestiodon laticeps), common five-lined
skink (Plestiodon fasciatus), and the southeastern five-lined skink (Plestiodon inexpectatus)
(University of Georgia 2021). Lastly, shrews were not identifiable from images because
distinguishing characteristics (i.e., belly and tail coloration and dentition) were not visible in
camera trap images. However, it is of note that all shrews observed in this study had short tails
that appeared to be less than one inch in length. Therefore, possible shrew species were the
southern short-tailed shrew (Blarina carolinensis) and the least shrew (Cryptotis parva) as they

are the only short-tailed shrews occurring in the region (Reid 2006).

Camera trap photos and videos were sorted into directories formatted for compatibility
with the R package “camtrapR” (Niedballa et al. 2016). Directories consisted of a network of
nested file folders where each burrow was represented with a unique folder labeled with its
respective burrow identification number. Within each burrow folder were subfolders for each
species observed at that location. During the image sorting process, photos were placed into the
correct species folder within the correct burrow folder to construct the directory. A database was

generated from the directories using the ‘recordTable’ function in “camtrapR”.

D. Environmental Data
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Microhabitat variables were included in our multivariate analyses to identify environmental
factors that influence commensal use. Variables were chosen based on microhabitat
characteristics that influenced burrow site selection from Bhandari (2019) and included: light
intensity, distance from the nearest habitat edge, canopy cover, and percent visibility surrounding
burrow entrances. Additional variables expected to influence commensal use of burrows
included burrow type, easting, northing, burrowing intensity, vegetative density, richness of tree
species, proportion of hardwood trees, relative abundance of excavator species (i.e., frequency of
visitation by tortoises and armadillos), and initial activity status (activity status of burrow during

the 2019 burrow survey).

Light intensity was measured using a lux meter. Lux was measured at ground-level over
the burrow entrance and again at 2.5 meters from the entrance to the north, south, east, and west.
Measurements were taken over a one-week period, after camera trapping was completed, on
clear sunny days between 12PM and 2PM to ensure the highest possible light intensity would be
recorded. The five lux measurements were averaged for each burrow before incorporation into
our analyses. Canopy cover was visually estimated as a proportion at monitored burrows using a
canopy densitometer. Five canopy cover estimates were taken at each burrow location; from
directly above the burrow entrance, and again, from 2.5 meters to the north, south, east, and west

of the burrow and averaged for analyses.

Burrow visibility was estimated using a 43 x 31 cm black and white checkerboard. The
checkerboard was placed at the entrance at ground-level of each monitored burrow and visibility
was calculated as the percent of visible black squares. Four visibility percentage estimates were
taken at 5 m from north, south, east, and west of each burrow and averaged then converted to a

proportion. Mean proportion estimates of visibility were used in analyses.
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Burrowing co-intensity was calculated by creating a point pattern of burrow locations
then using the ‘density’ function in “spatstat” (with the default method of bandwidth selection
based on the study area geometry) to return a kernel-smoothed surface representing the co-
intensity of burrowing at each burrow location (i.e., number of burrows per hectare) (Fig. 6).
Burrowing co-intensity values at monitored burrows were extracted from this data set and used
as a covariate in our analyses. Because our goal was to measure overall burrowing activity by
both species in different areas, hatchling and juvenile gopher tortoise burrows were included in

intensity calculations (Cox et al. 1987).

Distance from the nearest habitat edge was calculated using the ‘nncross’ function in
“spatstat”. In our case the function was used to measure the distance between each burrow
location in the point pattern and the line segment pattern that was derived from the shapefile
representing the pine stand boundary. Distance from the nearest habitat edge was included as a
covariate because the pine stand’s edges represent the boundary between pine forest and
hardwood forest where we expected the highest values of commensal use to occur. We also
expected a negative relationship between commensal use of burrows and greater distances from

habitat edges.

Vegetative density measurements at burrow locations were derived from LiDAR data,
downloaded as a LAS file from the National Oceanographic and Atmospheric Administration
(NOAA) Office for Coastal Management. LAS file data were processed in ArcGIS 10.4.1, with
the aid of the LAS Point Statistics as Raster utility and Spatial Analyst Toolbox. Vegetative
density was measured as the proportion of above ground returns in 10x10 m pixels. The
vegetative density raster was saved as TIFF file, imported into R via the “rgdal” package, and

then into “spatstat” where vegetative density data were extracted to each camera position.
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Values of tree species richness and proportion of hardwood species were generated using
universal Kriging interpolation of lattice data collected at 186 points within the pine stand
(Oliver and Webster 1990). Kriging interpolation is used to predict data values at unsampled
locations by using data from adjacent sampled locations. Interpolated surface maps of tree
richness and hardwood proportion were created using the ‘krige’ function within the R package
“gstat” (Pebesma 2004). Kriging interpolated surface maps were converted to raster layers and
values at burrow locations were extracted using the ‘extract’ function in the package “raster”

(Hijmans 2020).

E. Statistical Analysis

Commensal use of burrows was used as the response variable to examine associations with
selected environmental variables in our analyses. Commensal burrow use was quantified in four
ways: 1) species richness, 2) visitation frequency (counts) 3) Shannon-Weiner diversity index,
and 4) relative abundance index (RAI). Mean values are displayed in the results in parentheses

followed the standard error.

Species richness was calculated by summing the number of species observed at a burrow
entrance during the sampling period. Visitation frequency was calculated for each species by
summing the number of independent visitation events per burrow. We considered a single
visitation event as the presence of any vertebrate captured on camera at a burrow entrance. Due
to the inability to distinguish individuals for most associate species, consecutive observations of
conspecifics were condensed to a single event for subsequent triggers occurring within 10

minutes of the previous trigger. Visitation frequency data were used to calculate guild- and class-
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level visitation frequency as well as total commensal visitation for each monitored burrow.
Shannon-Weiner diversity was calculated from visitation frequency data using the ‘diversity’
function in the R package “vegan” (Oksanen et al. 2020). Shannon-Weiner diversity was
included as a response variable because it is a metric influenced by both richness and evenness of
species’ abundance. Therefore, rare species will have less influence on the measure of diversity
than they will on species richness. A relative abundance index (RAI) representing the number of
burrow visits per 100 trap nights was calculated for each species by dividing the number of
independent visitation events by the number of trap nights then multiplying by 100 (O’Brien et
al. 2003). Species RAIs were calculated at two levels: on a burrow-by-burrow basis and by

pooling observations for each burrow type.

Differences in Commensal Visitation Between Burrow Types

Due to species richness at armadillo burrows being non-normally distributed, richness
between burrow types was compared using a Mann-Whitney U test. Shannon-Wiener diversity
indices were normally distributed for both burrow types and a Welch’s two-sample t-test was
used to compare mean diversity of visitation between armadillo and tortoise burrows. To test for
differences in total commensal visitation between burrow types, as well as differences in
commensal visitation at guild, class, and species levels, we tested for fit to a proportional model
using the Chi-square goodness of fit test, where expected counts were based on the proportion of
total trap nights for each burrow type. The null hypothesis was that frequency of commensal
visitation would fit a proportional model when comparing between burrow types. For these
analyses, all observations of burrow specific excavator species (i.e., tortoises at tortoise burrows

and armadillos at armadillo burrows) were removed from the data set so that only observations

23



of associate species remained. For guild-level comparisons each associate species was assigned
to its respective guild (i.e., carnivore, granivore, herbivore, insectivore, or omnivore) and
visitation events for each guild were summed. Guilds were determined using species information
from animaldiversity.org (University of Michigan 2020). Taxonomic classes of associate species
included mammals, birds, reptiles, and amphibians. Due to the low number of amphibian
observations (N = 4), reptiles and amphibians were grouped into one category named
“herpetofauna”. Species that could only be identified to class level were included in the data for
total commensal use and class-level commensal use but were removed from data used to
compare commensal use by guilds. Variation in sampling effort was accounted for by setting the
proportion of total trap nights for each burrow type as the probability argument in the ‘chisq.test’

function in R.

Because expected counts were low for some guilds, P-values were calculated via Monte
Carlo simulation (rather than the Chi-square distribution). The number of trap nights were
randomly sampled from individual burrows 999 times to generate expected frequencies of
visitation for each species per burrow type under a proportional model. Expected frequencies
were then compared to observed frequencies to calculate X2 scores and P-values. For species that
had less than five observations at one or both burrow types we used two tailed binomial tests,
setting the number of successes as the number of observations at tortoise burrows and setting the
probability of success as the proportion of trap nights at tortoise burrows. Rare species (i.e.,

species with less than five total observations) were not included in this test.

Community Dissimilarity
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In order to decipher whether armadillo and tortoise burrows have the potential to support
similar communities of vertebrates we used distance-based measures of dissimilarity between the
two burrow types (Bray and Curtis 1957). A data matrix of Bray-Curtis dissimilarity values was
generated using the ‘metaMDS’ function from the “vegan” package in R. This function
calculates pairwise dissimilarity values for each possible pair of monitored burrows in the study
area by comparing the community composition between all burrows. For this test we used RAI

data to standardize rates of species detections based on sampling effort.

Significance testing was done using a permutational analysis of variance
(PERMANOVA) specific to distance matrices. We used the ‘adonis’ function in the “vegan”
package with 999 permutations to test if mean dissimilarity between armadillo and tortoise
associate species communities was significantly different from random. An assumption of this
test is that there is homogeneity of multivariate dispersion, thus a test for inhomogeneity of
multivariate dispersion was conducted using the ‘anova’ function in conjunction with

‘betadisper’ on the dissimilarity distance matrix before running the PERMANOVA.

Environmental Characteristics’ Influence on Commensal Visitation

I used correlational principal components analyses (PCA) to visualize relationships
between predictor variables as well as response variables. I also generated a correlation matrix to
measure the magnitude of Pearson’s product moment correlation coefficients between all
predictor and response variables using the ‘cor’ function in R. Canonical correspondence
analysis (CCA) was used to identify relationships between each burrow associate species and

environmental variables and to determine how much variance in species data was explained by
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these variables (Ter Braak 1986). This was accomplished using the ‘cca’ function within the R

package “vegan”.

To quantify the effect of changes in predictor variables on commensal visitation of
burrows, we used both generalized linear models (GLMs) and linear models (LMs), depending
on the type of response variable. Environmental variables included for our models were burrow
type, Easting, Northing, distance from the nearest habitat edge (in meters), burrowing co-
intensity, excavator species RAI (RAI of combined observations of armadillos and tortoises at
each burrow), light intensity, proportion of canopy cover, proportion of visibility at 5 m,
vegetative density, tree species richness, and proportion of hardwood trees. Response variables
tested against environmental predictor variables in our models were species richness, Shannon-
Wiener diversity, and total commensal visits. Additional GLMs included response variables at
the guild and class level. Total number of visits from guilds and classes were tested
independently against environmental predictor variables. Log trap nights were included as an
offset term in all models that used count data as a response variable to account for variation in

sampling effort.

Stepwise model selection was conducted using Akaike Information Criterion (AIC)
(Akaike 1974). We accomplished this by first running GLMs and LMs that included the full set
of environmental predictor variables using the ‘glm’ function in base R (R Core Team 2021). We
then passed each GLM and LM to the ‘stepAIC’ function from the R package “MASS”
(Venables & Ripley 2002). This function reduces the number of variables included in a model
using stepwise forward and backward model selection and retaining only the predictor variables

that are informative.
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Meta-Community Nestedness

Nestedness analyses are applied to insular systems in island biogeographic studies where
a system is considered perfectly nested if there is an ordered decrease in species richness from
areas of high richness to areas of low richness with each sampling location containing only a
subset of species that were present in the previous sampling location (Ulrich et al. 2009). These
analyses are helpful in making predictions on the order of species extinction and recolonization,
as well as identifying barriers to dispersal, across island archipelagos and habitat fragment
networks (Atmar and Patterson 1993). In the current study, burrows were treated as insular units
in a semi-xeric environment and nestedness was tested based on increasing distance from the
pine stand edges (distance), decreasing burrowing intensity (degree of isolation), increasing

vegetative density (habitat quality), and increasing proportion of hardwood trees (habitat

quality).

Using site specific species RAI data, I tested for patterns of nestedness using a recently
developed technique: nestedness metric based on overlap and decreasing fills (NODF) (Almeida-
Neto et al. 2008). NODF measures the degree of overlap in species abundances as well as the
decrease in species richness between sampling locations with data frames being ordered by a
particular environmental variable. I performed four nestedness analyses with sampling locations
ordered by: increasing distance from the nearest edge, decreasing burrowing intensity values,

increasing degree of vegetative density, and increasing proportion of hardwood trees.

[ used the ‘nestednodf” function within the R package “vegan” to calculate nestedness
values and the ‘oecosimu’ function to develop a null model for comparison and significance
testing by specifying “swsh samp” for the “method” argument and setting this function to

generate 999 simulated random communities from the data set via permutation. The “alternative”
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argument within the ‘oecosimu’ function was set to “greater” which prompted this function to
only test for a greater-than-expected pattern of nestedness when compared to a fully random

pattern.

Results

A. Survey Data

A total of 234 burrows were recorded within the pine-stand during the post-burn burrow survey.
The majority of burrows were armadillo (N = 145; 61.96%) with tortoise burrows being less

numerous (N = 82; 35.04%). Only seven co-opted burrows (3%) were found.

Of the tortoise burrows, 57 (69.5%) were initially identified as possibly occupied with 37
active (45.1%) and 20 inactive (24.4%) (Fig. 7B). Seventeen abandoned tortoise burrows
(20.7%) were identified during the survey and activity status was uncertain for the remaining
eight (9.8%). Adult tortoise burrows (i.e., entrance width > 23 cm) comprised 65.9% of all
tortoise burrows (N = 54), while 26.8% were juvenile/subadult burrows (N = 22), and 7.3% were

hatchling burrows (N = 6).

For armadillo burrows, possibly occupied was also the most abundant activity status
category with 108 (74.5%) burrows, where 26 (17.9%) were active and 82 (56.6%) were inactive
(Fig. 7A). Twenty-five (17.2%) armadillo burrows were identified as abandoned and activity
status was uncertain for 12 (8.3%). Of the seven burrows that were co-opted by armadillo from
the gopher tortoise, three (42.9%) were possibly occupied with one active (14.3%) and two

inactive (28.6%) and activity status was uncertain for the remaining four burrows (57.1%).
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B. Camera Trap Data

Camera traps were operational for a total of 7064 trap nights over the 14-month sampling period.
Sampling effort varied across stations due to camera malfunctions, battery depletion, and user

error. Trap nights per station ranged from 174 to 405 days (353.2 + 14.37).

Camera traps produced a total of 36604 images and 18302 videos representing 18302
camera triggers comprising 7281 independent burrow visitation events from 40 vertebrate
species (Table 2). Of these visitation events, 6991 produced images and videos of vertebrates
that could be identified beyond taxonomic class. Overall, 14 mammal, 14 bird, 9 reptile, and 3
amphibian species were observed interacting with burrows, comprising 64.5%, 14.4%, 21%, and
0.05% of total visitation events, respectively. Species from five guilds were observed: carnivores
(1.4%), granivores (0.4%), herbivores (17.3%), insectivores (17.9%), and omnivores (62.8%). In
addition, images and videos revealed 11 species that have not yet been documented utilizing
armadillo burrows and four species that have not been documented utilizing tortoise burrows

(Table 2).

Visitation was highest at tortoise burrows for both the burrow engineer and commensal
visitation. However, there was greater variation in tortoise burrow visitation when compared to
visitation at armadillo burrows. A total of 4638 visitation events occurred at tortoise burrows
while 2643 occurred at armadillo burrows, with a respective 3678 and 2459 events being from
associate fauna (i.e., vertebrate species other than the respective burrow excavator). Total
visitation events per burrow (including visits from respective excavator species) ranged from 48
to 1372 across all burrows (363.8 + 63.87), 48 to 585 for armadillo burrows (264.1 + 47.24), and

59 to 1372 for tortoise burrows (463.5 = 113.07) (Table 3). Associate visitation events ranged
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from 46 to 655 across all burrows (306.85 + 37.87), 46 to 554 for armadillo burrows (245.9 +

46.05), and 57 to 655 for tortoise burrows (67.8 = 55.77) (Table 3).

Species richness and Shannon-Weiner diversity were highest for tortoise burrows and
showed greater variation than armadillo burrows, the latter of which were more uniformly
distributed in these metrics. Pooled species richness (across all burrows for each excavator)
equaled 31 for armadillo burrows and 37 for tortoise burrows. For individual burrows, species
richness ranged from 10 to 25 for both species, combined (15.9 + 0.82), 12 to 17 for armadillo
burrows (4.5 + 0.67), and 10 to 25 for tortoise burrows (17.3 + 1.41) (Fig. 10). Twenty-eight
species were observed utilizing both burrow types, while three species were only observed at
armadillo burrows and nine species were only observed at tortoise burrows (Table 2). Shannon-
Weiner diversity ranged from H = 1.2 to H = 2.24 across all burrows (1.78 = 0.06), H = 1.49 to
H =2.09 across armadillo burrows (1.77 £ 0.06), and H = 1.2 to H = 2.24 across tortoise

burrows (1.79 £ 0.11).

The most frequently observed taxa across all burrows were mice (RAI =36.65, 37.03%),
gopher tortoise (RAI = 15.15, 15.3%), and hispid cotton rat (Sigmodon hispidus;, RAI=11.98,
12.1%). At armadillo burrows the most observed associate species were mice (RAI = 27.06,
41.6%), hispid cotton rat (RAI = 11.43, 17.5%), and Carolina wren (Thryothorus ludovicianus;
RAI=5.91, 9.1%) while the most observed associate species at tortoise burrows were mice (RAI
=47.74, 42.4%), armadillo (RAI = 12.73, 11.3%), and hispid cotton rat (RAI = 12.61, 11.2%).
Armadillos were a frequent user of tortoise burrows and although tortoises were occasional users

of armadillo burrows the frequency of visitation was low compared to most burrow associates.

Few species using burrows in our study site were of conservation concern. Most notably,

the gopher tortoise, listed as vulnerable by the IUCN, was the most frequently observed species
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of conservation concern (N = 1070) and was observed interacting with both burrow types. Other
species of conservation concern observed in this study were the northern bobwhite (Colinus
virginianus; near threatened; N = 23) and the eastern box turtle (Terrapene carolina; vulnerable;

N = 8) both of which were observed at both burrow types.

C. Multiple Individuals

Two or more individuals were present in images and videos from 85 burrow visitation events.
Fifteen events of multiple individuals occurred at armadillo burrows while 70 occurred at
tortoise burrows. Eighty-three events of multiple individuals were conspecific and contained two
or more individuals of the following species: armadillo, bobcat, Carolina wren, hispid cotton rat,
mouse spp., northern bobwhite, raccoon, skink spp., and tortoise. The most frequently observed
conspecific event was two tortoises present at tortoise burrows (N = 25) which included images
and videos of tortoises fighting (8/25) as well as mating attempts (13/25). The highest number of
individuals present in a conspecific event was six northern bobwhites, which occurred at tortoise
burrow #2119 potentially due to this burrow having much greater than average visitation by
gopher tortoises, thus being well maintained, and being located in an area with low canopy cover
and high light intensity. Conspecific events at armadillo burrows included two or more
individuals of the following species: armadillo, bobcat, Carolina wren, hispid cotton rat, mouse
spp., and skink spp. The most frequently observed conspecific event at armadillo burrows was
two mice (N = 6) and the most individuals present simultaneously was three mice. Only two
interspecific visitation events occurred during the monitoring period: a Carolina wren and
tortoise present at tortoise burrow #2119 and an unidentified frog sp. and hispid cotton rat seen

together at tortoise burrow #90.
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D. Comparison of Species Richness, Diversity, and Visitation Frequency

Mean Comparisons

Mean species richness between armadillo and tortoise burrows (Fig. 8 A) could not be compared
with a parametric test due to armadillo burrow richness not being normally distributed, even after
log transformation. Nonetheless, a Mann-Whitney U test revealed no significant difference in
median species richness between burrow types (U =29.5, P =0.1). The null hypothesis of equal
variance in diversity indices could not be rejected at a significance level of 5% based on the F-
test (F=0.28, df =9, P=0.07). Shannon-Weiner diversity (Fig. 8B) was not statistically
different between burrow types (t = -0.13065, df = 18, P = 0.8). Additionally, variance in species
richness and biodiversity was greater for tortoise burrows when compared to armadillo burrows

which were more consistent in these metrics.

Comparisons of Burrow Visitation Frequency

There was strong evidence against a proportional model for total commensal visitation to
each type of burrow (X’ =453.46, df = 1, P =< 0.001), with visitation frequency much higher
than expected at tortoise burrows (7, = 15.59) and lower than expected at armadillo burrows (7, =
-14.5) (Table 4). Class (Fig. 9A) and guild-level (Fig. 9B) comparisons of commensal visitation
frequencies were all significantly higher than expected at tortoise burrows and lower than

expected at armadillo burrows (Table 4), with the exception of herbivores (X° = 10.2, df=1, P =
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0.001) and herpetofauna (X? = 4.06, df = 1, P = 0.04), which both had higher than expected
frequencies at armadillo burrows (r,=2.17 and r, = 1.37, respectively) and lower than expected
frequencies at tortoise burrows (7, = -2.34 and r, = -1.48, respectively). However, Chi-square
Goodness-of-Fit results for herbivore and herpetofauna visitation can be attributed to one
individual tortoise that took up residence in armadillo burrow #2382 and increased visitation
frequencies for these categories by 108 observations between the 12" and 29" of June 2020.
These data were considered outliers and when tortoise observations from armadillo burrow
#2382 from this time period were removed from herbivore and herpetofauna counts at armadillo
burrow #2382, visitation frequency for herbivores (X° = 16.99, df =1, P < 0.001) and
herpetofauna (X? = 5.79, df = 1, P = 0.01) was higher than expected at tortoise burrows (7, = 3.02
and r, = 1.76, respectively) and lower than expected at armadillo burrows (r,=-2.81 and r, = -

1.64, respectively).

For class-level visitation frequencies (Table 4), the deviation between expected and
observed frequencies was highest for mammals (X? = 424.94, df =1, P =< 0.001) and birds (X’
=105.01,df =1, P=<0.001), both of which were observed at higher than expected frequencies
at tortoise burrows (7, = 15.09 and r, = 7.5, respectively) when compared to armadillo burrows

(rp=-14.04 and r, = -6.98, respectively).

For guild-level frequencies (Table 4), the deviation between expected and observed
frequencies was highest for omnivores (X? =419.2, df=1, P <0.001) and insectivores (X> =
88.708, df =1, P < 0.001) with both guilds having higher than expected frequencies at tortoise
(rp=14.99 and r, = 6.89, respectively) versus armadillo (r, =-13.94 and r, = -6.41, respectively)

burrows.
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For individual species, comparisons of visitation between burrow types revealed
significantly higher than expected visitation frequency (P < 0.05) at tortoise burrows for 15
species (Table 5). Eleven species were not observed at higher-than-expected frequencies (P >
0.05) at either burrow type, and the remaining 14 species were too rare (N < 5) for inclusion in

these tests.

E. Community Dissimilarity

Non-metric multidimensional scaling (NMDS) via ‘metaMDS’ implemented a square root
transformation on the Bray-Curtis dissimilarity matrix of burrow community composition.
Twenty runs were produced, and a solution was reached after the 20" run with a high stress
value of 0.22. To assess the assumption of homogeneity of multivariate dispersion required for
PERMANOVA, we employed the ‘anova’ and ‘betadisper’ functions together on our Bray-Curtis
dissimilarity matrix; a multivariate analog to Levene’s test for equal variance. The null
hypothesis of equal variance of dissimilarity between burrow types could not be rejected (P =
0.4) and our data was considered appropriate for NMDS. Spider plot centroids representing
mean dissimilarity scores obtained from community RAI data showed minimal separation. This
result shows that there was little dissimilarity between armadillo and tortoise burrow community
assemblages. The P-value obtained from PERMANOVA was near significant at 0.08 and
substantial overlap between point clouds representing armadillo and tortoise burrow

communities was observed in our plot (Fig. 11).

Tortoise burrow communities showed greater variance in species composition than

armadillo burrow communities. The degree of spread observed in spider plot point clouds was
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wider for tortoise burrow communities when compared to armadillo burrow communities,

meaning tortoise burrows supported a wider array of vertebrate assemblages.

F. Environmental Factors’ Effects on Commensal Visitation

In the canonical correspondence analysis (CCA) biplot, burrow visitation for many species was
shown to be associated with one or more environmental variables (Fig. 12A). A second biplot
shows the variation among monitored burrow locations with respect to environmental variables
(Fig. 12B). Total inertia for the CCA model was 0.83 and constrained inertia was 0.74. This
result suggests that 74% of variance in species data had the potential to be explained by the
included environmental variables and of that percentage, our model accounted for 83% of
explainable variance in species occurrences. The CCA axes 1 and 2 had eigenvalues of 0.41 and
0.11, respectively, showing that 52% of variance in species occurrences was explained by the
first two CCA axes. Several environmental variables contributed significantly to the variance in
species data, including initial activity status (P = 0.01), easting (P = 0.002), northing (P = 0.01),
distance from the nearest edge (P = 0.002), average light intensity (P = 0.02), canopy cover (P =

0.02), and relative abundance of excavator species (P = 0.003).

Strong correlations were discovered between predictor and response variables in a
correlation matrix displaying all relationships between variables in the study (Fig. 13). Most
notably, a strong positive correlation was detected between excavator species RAI and bird
visitation (» = 0.82, df = 18, P <0.001). Associations among predictor variables and response
variables were investigated using correlational principal components analyses (PCA). In the PCA

for predictor variables (Fig. 14A) the first two principal components (PCs) accounted for 41% of
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the variation and the scree plot (Fig. 14B) does not display a steep decline after PC1&2. No
correlations with 7 values greater than 0.8 were found between predictor variables. In the PCA
for response variables (Fig. 15A) PC1&2 accounted for 68% of the variance and the scree plot
displays a steep decline after PC2 (Fig. 15B). For response variables strong correlations existed
between insectivore visitation and bird visitation (» = 0.97, df = 18, P <0.001), omnivore
visitation and mammal visitation (» = 0.99, df = 18, P <0.001), omnivore visitation and total
commensal visitation (» = 0.97, df = 18, P < 0.001), and mammal visitation and total commensal
visitation (» = 0.97, df = 18, P <0.001). These results indicate significant overlap between
species contributions to each category of response variable; most insectivore observations were
of bird species, most omnivore observations were of mammal species, and the total count of

commensal visitation events was heavily influenced by mammal visitation.

Measures of burrow visitation were used as response variables in generalized linear
models (GLMs) and linear models (LMs) with predictor variables set as microhabitat and burrow
characteristics. Three sets of regressions were performed at the three levels of response; 1) full
measures of commensal visitation: vertebrate species richness, Shannon-Wiener diversity index,
and total number of observations of associate species, 2) total frequency of observations of each
vertebrate class, and 3) total frequency of observations of each vertebrate guild. All models that
used counts as a response variable included log trap nights of camera trap stations as an offset

term to account for variation in sampling effort.

After forward and backward model selection via ‘stepAIC’, 3 out 13 predictors were
found to have statistically significant effects on vertebrate species richness: easting (f = 0.025,
SE =0.0073, P = 0.003), burrow type (tortoise; 5 =4.22, SE = 1.33, P =0.006), and activity

status (possibly occupied; = 2.74, SE = 1.23, P =0.04) (Table 6). A standard linear model
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detected five predictors that had a significant effect on Shannon-Wiener diversity: burrow type
(8=0.19, SE = 0.082, P = 0.03), northing (8 = -1.44x107, SE = 4.52x10*, P = 0.008),
burrowing intensity (8 = 0.056, SE = 0.015, P = 0.003), light intensity (8 = 6.38x10™, SE =
2.69x10™%, P =0.03), and visibility of burrow entrance at five meters (6 =-1.01, SE =0.35, P =
0.01) (Table 6). Four burrow and microhabitat variables had statistically significant effects on
total commensal visitation. Activity status (possibly occupied; 5= 106.6, SE =41.51, P=0.03),
northing (6 =0.97, SE = 0.38, P = 0.03), burrow type (tortoise; 5 =202.9, SE =36.49, P =
0.004), and tree species richness (5 =266.8, SE =95.27, P =0.02) had positive effects on total

commensal visitation (Table 6).

For class level GLMs, burrow visitation frequency by mammals, birds, and herpetofauna
were used as response variables. Of the 13 predictor variables, burrow type (tortoise; f = 179.8,
SE =28.88, P <0.001), activity status (possibly occupied; = 122.8, SE =27.96, P = 0.003),
and northing (5 = 0.69, SE = 0.27, P =0.03) had statistically significant positive effects on
mammal visitation frequency (Table 7). For visitation by birds, tree species richness (5 = 68.29,
SE =25.85, P =0.02) had statistically significant positive effects while statistically significant
negative effects were detected for canopy cover (f =-1.15, SE =0.39, P=0.01) and proportion
of hardwood trees (5 =-260.2, SE = 108.8, P = 0.04) (Table 7). For herpetofauna visitation, tree
species richness (f = 34.28, SE = 10.22, P =0.007) and distance from the nearest habitat edge (f
=0.31, SE =0.12, P =0.02) had statistically significant positive effects, while activity status
(possibly occupied; f =-10.26, SE =4.43, P = 0.04), canopy cover (f =-42.9, SE=17.22, P=
0.03), northing (5 =-0.15, SE = 0.039, P = 0.003), and proportion of hardwood trees (f = -64.11,

SE =27.88, P =0.04) had statistically significant negative effects (Table 7).
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Guild level GLMs were performed using commensal visitation frequencies of carnivores,
granivores, herbivores, insectivores, and omnivores as response variables (Table 8). No predictor
variable had a statistically significant effect on visitation by carnivores, but near significant
effects were detected for burrow type (tortoise; f = 2.99, SE = 1.46, P = 0.06), relative
abundance of excavator species (f =-0.014, SE = 0.012, P = 0.06), and visibility of burrow
entrance at five meters (f =-8.57, SE =4.12, P = 0.06) (Table 8). For visitation by granivores,
activity status (possibly occupied; f=2.61, SE =0.93, P =0.02) and easting (f = 0.026, SE =
0.0093, P =0.02) had statistically significant positive effects and distance from the nearest edge
(f=-0.11, SE =0.028, P = 0.006) and proportion of hardwood trees (5 =-0.28, SE = 6.76, P =
0.004) showed statistically significant negative effects (Table 8). Statistically significant positive
effects on visitation by herbivores were detected for burrow type (tortoise; f =4.39, SE = 1.46, P
=0.01) and easting (f = 0.025, SE = 0.0085, P =0.01) while a negative effect was observed for
distance from the nearest habitat edge (f =-0.081, SE =0.027, P =0.01) (Table 8). For visitation
by insectivores, statistically significant positive effects were found for northing (5= 0.31, SE =
0.11, P=0.02) and tree species richness (= 96.03, SE =29.33, P =0.01) while statistically
significant negative effects were observed for canopy cover (f =-1.48, SE =0.47, P=0.01),
vegetative density (f =-509.3, SE =202.8, P =0.03), and proportion of hardwood trees (f = -
334.7, SE =120.8, P =0.02) (Table 8). Statistically significant positive effects on omnivore
visitation were detected for burrow type (tortoise; f = 169, SE =28.32, P <0.001), initial
activity status (possibly occupied; f = 112.6, SE =27.42, P = 0.004), and northing (f = 0.65, SE

=0.26, P = 0.04) (Table 8).

G. Meta-Community Nestedness
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Nested patterns were expected to be found across burrow locations with increasing distance from
habitat edges and with decreasing burrowing intensity values as a measure of isolation due to
these variables being applicable for nested patterns in island biogeography. Other variables
selected as indices of habitat quality that were tested for influencing nested patterns were
vegetative density and proportion of hardwood trees due to their negative influence on burrow
visitation frequency in GLMs. When species RAI data were tested with data frame rows
arranged by increasing distance from the habitat edges (Fig. 16A), the NODF value was 55.18 (P
=0.7), showing that nestedness across burrow associated communities based on increasing
distance from habitat edges was not statistically significant when compared to the null
hypothesis of a random pattern. Arranging data frame rows by decreasing co-intensity of
burrowing produced an NODF value of 55.74 (P = 0.7) showing that a nested pattern in species
data compared to a random pattern was not statistically significant based on an increasing degree
of burrow isolation (Fig. 16B). Data arranged by increasing vegetative density (Fig. 16C) yielded
an NODF value of 55.31 (P = 0.6) and arranging data by increasing proportion of hardwood trees
(Fig. 16D) resulted in an NODF value of 53.85 (P = 0.7), neither of which were statistically

significant in comparison to simulated random communities.

Discussion

This study is the first to compare vertebrate visitation between gopher tortoise and armadillo
burrows in a syntopic population and the first to incorporate this type of analytical framework in
assessments of commensal utilization for either burrow type. In the southeastern United States,
the armadillo has been largely regarded as a nuisance species (Armstrong 1991; Bruggers et al.

2002; Mengak 2003) and listed as an invasive species in Georgia and Florida (FFWCC 2011;
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GISTF 2011). Invasive species are considered a significant threat to imperiled species and
biodiversity in general (Wilcove et al. 1998). However, my study, along with others (Taber 1945;
Clark 1951; Platt et al. 2004) favors the concept that armadillos augment local biodiversity in a

similar manner as the gopher tortoise (Butler 2020).

In my study, proportions of taxonomic classes of burrow associates differed from
observations from a recent camera trapping study of tortoise burrow associates showing birds
then mammals making up the majority of species richness and herpetofauna being less numerous
(Dziadzio and Smith 2016). And these results differed from a similar study from the same region
where herpetofauna then birds comprised the majority of the species richness of tortoise burrows
and mammal species were less numerous (Murphy et al. 2021). For camera trapping studies of
armadillo burrow associates, less research has been conducted. However, taxonomic proportions
of burrow associate species in my study also differed from a recent camera trapping study on
armadillo burrows which found that birds contributed the most to species richness with mammals

and herpetofauna exhibiting less richness (Butler 2020).

While species composition overlapped between burrow types, tortoise burrows were
visited more frequenty (in terms of total observations of associate fauna). Tortoise burrows were
also visited more frequently by all classes and guilds. In addition, of the 40 vertebrate taxa
observed interacting with burrows in this study, 15 were observed with greater-than-expected
frequency at tortoise burrows (as compared to a proportional null model), suggesting these
animals may have a stronger association with tortoise burrows. Then again, 11 species were
observed at frequencies that were not significantly different between burrow types, suggesting
that they may benefit from the presence of either burrow type. Several species of concern were

observed visiting burrows in this study, namely the eastern box turtle which is both vulnerable
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and in decline and the northern bobwhite which is near threatened and a commercially important
game species (Dozier and Bramwel 2010; BirdLife International 2016). No obligate tortoise
burrow commensals [i.e., eastern indigo snake (Drymarchon couperi), gopher frog (Lithobates
capito), and Florida mouse (Podomys floridanus)], as identified by Jackson and Milstery (1989),

were observed during this study.

Median species richness, mean biodiversity and the PERMANOVA test for community
dissimilarity were not statistically different between burrow types. However, the test result for
dissimilarity was near significant and both median species richness and mean Shannon-Weiner
diversity were greater at tortiose burrows. Additionally, greater species richness and biodiversity
for tortoise burrows was further supported by the GLM and LM (Table 6). This suggests that
armadillo burrows potentially support similar communities of associate vertebrates as tortoise
burrows but may not be perfect syrogates in open canopy pine-forest ecosystems. That said,
associate vertebrates may have more opportunities to benefit from armadillo burrows because the
majority of burrows in our study were armadillo. Thus, within the study site armadillo burrows

likely provided the greatest overall support for many taxa.

Burrow visitation was affected by several microhabitat and burrow characteristics. In
general, possibly occupied tortoise burrows in areas with high tree species richness were
associated with increased commensal visitation. This result may be due to habitat heterogeneity
in these areas as biodiversity is expected to be greater near the ecotonal habitats of the pine stand
(Harris 1988; Lidicker 1999) where increased resource availability from diverse tree

communities likely increases species richness.

Microhabitat variables influenced the composition of assemblages visiting burrows as

certain taxa’s burrow visitation frequency was affected differently by certain habitat
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characteristics. Althought statistically higher than expected at tortoise burrows, visitation by
birds was not strongly associated with burrow type, but was positively affected by increased tree
species richness which could be due to increased resource availability in these areas (May-Uc et
al. 2020). However, increased canopy cover and proportion of hardwood trees negatively
affected bird visitation of burrows. This may be due to these variables obscuring aerial visability
of burrows for birds which rely heavily on vision for foraging (Fernandez-Juricic et al. 2004).
Additionally, many frenquently observed birds in this study (10/14) were insectivores or
omnivores which may use burrows as a food resource, relying on burrows with high arthropod
abundance facilitated by tortoise excrement within heavily used tortoise burrows (Young and
Goff 1939; Lips 1991; Dziadzio and Smith 2016; White and Tuberville 2017). However, this
hypothesis may require further research in the context of burrow commensalism by way of

measuring intra-burrow arthropod abundance and testing for associations with bird visititation.

Mammalian visitation was also higher than expected at tortoise burrows and positively
associated with possibly occupied burrows. This suggests mammals observed in our study show
interest in well-maintained tortoise burrows. Potentially, burrows that were identified as possibly

occupied are higher quality sources of refugia for mammals or may be a viable food resource.

Herpetofauna visitation was higher than expected at tortoise burrows, although the
deviation from expected visitation frequency by herpetofauna was much lower when compared
to birds and mammals. Additionally herpetofauna visitation of burrows was not strongly
associated with burrow type, but was associated with abandoned burrows and areas of low
canopy cover with a low proportion of hardwood trees. As expected, low canopy cover and low
hardwood proportion increased herptile visitation of burrows likely due to increased thermal

stress in less shaded areas. Herpetofauna may also display an aversion for occupied burrows
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whereas abandoned burrows in areas with open canopy may be important sources of thermal
refugia (Taylor et al. 2020). Higher visitation at abandoned burrows may be due to negative
interactions between herptiles and burrow engineers or may indicate that these species are less

reliant on possibly occupied burrows as a food resource.

Microhabitat variables also affected visitation by different feeding guilds observed in this
study. Granivore visitation was associated with possibly occupied burrows near habitat edges in
areas with low proportion of hardwood trees. However, granivore visitation counts were heavily
influenced by observations of northern cardinal (Cardinalis cardinalis) whose presence is
associated with habitat edges (Woodward et al. 2001), and all granivores observed in this study
were birds which were also negatively associated with increased canopy cover and proportion of
hardwoods. Burrow visitation by herbivores was also associated with burrows near habitat edges,
specifically tortoise burrows, but was not associated with a particular activity status. This result
may be due to the increased diversity of plant species associated with the ecotonal edges of the
pine stand, and the lack of association with a burrow activity status suggests herbivores are not
reliant on burrows for a food resource. Insectivore visitation of burrows was positively
associated with increased tree species richness. However, burrows in areas with a higher
proportion of hardwood trees, increased vegetative density, and increased canopy cover were
visited less by insectivores. Insectivore GLM results were similar to the GLM results for bird
visitation, with the exception of a significant effect from vegetative density, due to the majority
of insectivore observations being from bird species despite the fact that less than half (4/11) of
insectivores were birds. Visitation by omnivores was positively associated with tortoise burrows,
particularly those that were possibly occupied, which is consistent with the concept of burrows

serving as a food resource facilitated by cascading effects of tortoise dung. Additionally,
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omnivore observations were heavily influenced by mouse spp. which were the most frequently
observed taxa for both burrow types. No burrow characteristics or microhabiat variables had a
statistically significant effect on carnivore visitation, despite carnivore visitation being higher

than expected at tortoise burrows.

Although not consistent for all GLM responses, burrow variables that repeatedly showed
positive effects on visitation by associate species were tortoise burrows and possibly occupied
burrows. Most likely, these results reflect the necessity of high quality refugia in this
environment as tortoise burrows have greater overall volume than armadillo burrows allowing
occupancy by more individuals, and possibly occupied burrows are well maintained and
potentially more easily accessible to associate species. Furthermore, microhabitat variables
showing repeated significant effects across responses also reiterate the importance of burrows as
sources of refugia as canopy cover, vegetative density, and proportion of hardwood trees were
negatively associated with burrow visitation by several categories of vertebrates. These results
imply that resources provided by burrows (i.e., thermal refugia and food resources) may be less
important for associate species in areas with abundant canopy cover, high proportions of

hardwoods, and dense vegetation.

One limitation of this study was small sample size which was constrained by the number
of available cameras and so, we were not able to survey more than 20 burrows at a time. This
prevented us from using generalized linear mixed models (GLMMs) which would have
accounted for random effects and provided more clairity to the effects of microhabitat
characteristics on commensal burrow visitation. Neverthless, the addition of UTM coordinates as
a covariate may have accounted for effects of variation in burrow location. In future studies,

adding burrow dimension as an explanatory variable to a study using this framework could
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uncover associations between commensal use and burrow volume. Lastly, future studies should
include monitoring of random sites which may be needed to assess the degree of burrow use by

associate fauna compared to randomly selected locations serving as a control group.

There was not strong evidence of meta-community nestedness (Ulrich et al. 2009)
associated with any examined variable. At the spatial scale of the study area, the dispersal
potential of most vertebrate associates was presumably high relative to the average nearest-
neighbor distance between burrows, so it is not necessarily suprising that we did not observe
nested subsets of species with increasing distance from the stand edge (Wright et al. 1998). On
the other hand, it would not be suprising to find subsets of commensal species in some isolated
burrows, compared to areas where both species burrow intensively as the degree of isolation may
play a part in limiting the number and types of species capable of using burrows that were not
excavated near others. However, the degree of habitat heterogeneity and small area of the study
site may have produced confounding effects (Clark 2010), and this hypothesis will require futher
investigation, ideally at a larger spatial scale and in a study site with less habitat heterogeneity, to
obtain a more clear result on the effects burrow isolation may have on associate community

nestedness.

Biodiversity has long been associated with ecosystem function and efficiency (Naeem et
al. 1994). It is clear that both armadillo and tortoise burrows provide important habitat features
that support local biodiversity and these features may facilitate increased biodiversity and
ecosystem processes (Hacker and Gaines 1997; Hooper et al. 2005). It is reasonable to suspect
that burrow associate species would be adversly affected in areas where tortoise populations
have been eliminated (Jackson and Milstery 1989; Read et al. 2008; Kinlaw and Grasmueck

2012; Hofstede and Dziminski 2017), and in turn the health of the ecosystem would decline as
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well. This presents a clear benefit to the increasing presence of armadillos in the United States,
as many tortoise burrow associate species in our study were observed visiting armadillo burrows.
It has recently been demonstrated that armadillos in insular systems within their introduced range
support local biodiversity where gopher tortoises have never occurred (Butler 2020). However,
commensal use of armadillo burrows remains an understudied aspect of armadillo ecology and
future research should focus on mainland regions where this species has expanded its range to

areas where gopher tortoises and other medium-sized burrowers are not present.

One factor that could be playing a part in the range expansion of armadillos is climate
change (Wilson et al. 2005). Warming temperatures may allow dispersal of this species into
higher latitudes (Taulman and Robbins 2014), and this could prove beneficial to native
vertebrates in these areas as increased thermal stress could be mitigated by the availability of
medium-sized burrows (Pike and Mitchell 2013). Additionally, shifts in vegetative communities
associated with climate change (Kullman 2001; Kimball et al. 2010), which could potentially
result in succesional, heterogeneous habitats that either increase in aridity and/or predation risk,
could result in armadillo burrows being essential habitat features for maintaining biodiversity in

these high stress environments.

Tortoises and armadillos are both medium-sized vertebrate excavators that can cohabitate
the same environment, which could result in competitive interactions between the two species
(Case and Gilpin 1974; Alley 1982). Although negative interactions between armadillos and
tortoises occur (Degroote et al. 2013; Smith et al. 2012), the two excavators differ in food habits,
temporal activity patterns, and microhabitat preferences (Kronfeld-Schor and Dayan 1999;
Houadria et al. 2015; Bhandari 2019). A concerning result from this study is that armadillos were

observed visiting tortoise burrows more frequently than their own. This may be problematic as
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armadillos are a known nest predator of the gopher tortoise (Smith et al. 2012). It has been
demonstrated recently that armadillos do not exhibit preference or attraction toward tortoise eggs
(Degroote et al. 2013) and that a long implicated negative interaction between armadillos and sea
turtles has been largly overstated (Butler et al. 2020). But considering the armadillo’s foraging
style and the fact that tortoises mostly nest on their burrow apron (Lamb et al. 2013), armadillos
may be more likely to discover tortoise nests in areas where these species co-occur. The range of
the gopher tortoise has become reduced with the reduction of longleaf pine forests of the Coastal
Plain (Hermann et al. 2002), and with the expansion of the armadillo (Taulman and Robbins
2014), the gopher tortoise is now fully sympatric with the armadillo. This may have severe direct
negative consequences for tortoise recruitment as well as indirect consequences for several
obligate tortoise commensals with restricted ranges whose populations may suffer further
declines in the absence of tortoise colonies (Diemer and Speake 1983; Eisenberg 1983; Layne
and Jackson 1994; Roznik and Johnson 2009; Kinlaw and Grasmueck 2012). More research
should be conducted on interactions between armadillos and gopher tortoises, obligate
commensals of gopher tortoise burrows, and all species of conservation concern that occur

within the introduced range of the armadillo before prioritizing armadillo control efforts.

This thesis should provide novel insight for land managers who are looking to make
informed decisions as to whether or not armadillos should be controlled in certain areas based on
their management goals. The results of this study will also inform conservationists attempting to
re-establish or optimize the ecological functions of degraded longleaf pine ecosystems and
identify habitats for gopher tortoise relocation projects where their keystone function will be
most advantageous. Furthermore, this study provides a framework for investigating the

community level effects of introduced ecosystem engineers that will increase our knowledge of
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interactions between medium-sized burrowers in novel ecosystem networks and the effects of

syntopic populations of burrowing species on local biodiversity.

Conclusion

Armadillo burrows were utilized by dozens of species in this study, many of which are
considered associates of gopher tortoises and had not been considered associates of armadillos. I
did not observe any noteworthy instances of a species consistently visiting only one burrow type,
and many species that were observed at armadillo burrows had not been previously documented

in the literature.

The remaining gaps in research regarding armadillo burrow commensalism, the diversity
of vertebrate utilization of armadillo burrows reported by Butler (2020), and the similarity in
richness, diversity, and community composition between armadillo and tortoise burrows
observed in this study highlights the need for range-wide monitoring of armadillo burrows.
Future research should also include comparisons between sites that include armadillos and those
that exclude them as well as between sites with and without tortoises to better clarify the effects

that these excavators have on local biodiversity.

My study may support the notion of armadillos being important ecosystem engineers in
xeric, open-canopy environments with increased thermal stress. However, burrows may be less
important for local biodiversity in areas where other sources of refugia are abundant.
Furthermore, differences in tortoise and armadillo burrow site selection (Bhandari 2019) could
mean that armadillo burrows, by default, will be utilized less by associate vertebrates since they
are typically excavated in shadier areas with greater vegetative density. Thus, the gopher tortoise

should retain its status as the more important burrowing species for local biodiversity.
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Keystone function of gopher tortoises may be optimized by habitat management to
include prescribed fire and removal of excessive hardwood encroachment, to prevent the
development of a closed canopy, while retaining some richness of tree species. Lastly, the
removal of armadillos from areas containing gopher tortoise populations may be advised as
armadillos were observed visiting tortoise burrows more frequently than their own which may
have implications of negative effects on tortoise demographics but will require further

investigation.
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| Federally Listed Threatened
] Remainder of Range

Figure 1. (A) Current geographic range of the gopher tortoise

(https://gophertortoisecouncil.org/gopher-tortoise). Red portions of the range map indicate areas

where the gopher tortoise is federally listed as threatened and green portions indicate areas where
it is not listed as a threatened species. (B) Current geographic range of the nine-banded armadillo

within the United States (Loughry et al. 2014).
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Figure 2. Satellite view of Lake Louise Field Station (LLFS) in Lowndes County, GA, USA.

The light blue line represents the dirt road edge that is the boundary of the 10.4-hectare pine
stand. The highway to the west of the pine stand is Interstate 75 and the body of water directly

south of the pine stand is Lake Louise.
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Figure 3. A typical armadillo burrow (A) and a typical gopher tortoise burrow (B). Note the
difference in shape between the two burrow entrances: the armadillo burrow is more

circular/ovular while the tortoise burrow displays a characteristic half-moon shape. Another
important difference to note between burrow types is the burrow apron. The tortoise burrow

apron is notably larger and apron soil coloration is in stark contrast with the surrounding ground.
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Figure 4. Example of camera trap setup at a gopher tortoise burrow. Camera mount legs are
staked into the ground on either side of the burrow mouth as to minimize interference with
burrow use by vertebrates. The camera lens is positioned to include the full burrow opening and

only a small portion of surrounding ground on all sides of the burrow mouth in its field of view.
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Figure 5. Shapefile of the Lake Louise pine stand separated into quadrats. This quadrat system
was used to space camera traps sufficiently throughout the study area. Two camera traps were
deployed, after random selection of one armadillo burrow and one tortoise burrow for
monitoring, within each quadrat. Each quadrat is labeled with its respective identification
number. In our analyses, quadrats 11 and 12 (labeled 8 and 9 on the bottom row) in the
southeastern portion of the stand were combined with the quadrats on their northern border due

to their small area.
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Figure 6. Plots showing kernel-smoothed burrowing co-intensity (A), armadillo burrowing
intensity (B), and tortoise burrowing intensity (C) within the Lake Louise pine stand. Lighter
colors represent areas of high burrowing intensity. Open circles indicate armadillo burrow
locations and open triangles represent tortoise burrow locations. Legend labels indicate density

values as the number of burrows per meter.
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Figure 7. Armadillo burrow locations (A) and tortoise burrow locations (B) within the pine

stand. Filled symbols represent possibly occupied burrows while open symbols represent

abandoned burrows. Camera trapped burrows are outlined in blue.
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Figure 8. Boxplots with stripcharts overlayed displaying ranges of species richness (A) and
Shannon-Wiener diversity indices (B) between armadillo and tortoise burrows. Data points in the

stripchart have been randomly jittered for maximum visibility.
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Figure 9. Proportions of class level commensal burrow visitation frequency separated by burrow
type (A): The bar labeled “ARM” represents armadillo burrows and the bar labeled “GT”
represents tortoise burrows. Classes of associate species are colored coded (yellow = mammals,
blue = birds, and green = herpetofauna). Proportions of total commensal visitation frequency
separated by associate species guilds (B): Guild bars are color coded by burrow type with red
portions representing armadillo burrows and green portions representing tortoise burrows.

Proportions of total visitation for all classes and guilds were higher for tortoise burrows, but

relative proportions of each category were consistent for burrow type-specific visitation totals.
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Figure 10. Map of species richness across sampled burrows in the study area. Red points
represent armadillo burrows while green points represent tortoise burrows. Abandoned burrows
are plotted as open circles and possibly occupied burrows are displayed as filled circles. Species
richness values ranged from 10 to 25 taxa and are indicated by point size with larger points

representing burrows with higher species richness.
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Figure 11. Spider plot showing community dissimilarity distances between monitored burrows.
Plot centroids represent mean dissimilarity scores for armadillo and tortoise burrows. Orange
points represent armadillo burrows and blue points represent tortoise burrows. The overlapping
point clouds indicates minimal separation between communities visiting either burrow type,
showing that there is little dissimilarity between species composition at armadillo and tortoise
burrows. Additionally, there is a greater degree of spread for tortoise burrow dissimilarity scores
than for armadillo burrows, indicating higher variance in community composition for tortoise

burrows.
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Figure 12. Canonical correspondence analysis biplots showing each environmental variable’s
influence on burrow visitation by individual species (A) and similarity in species composition
among monitored burrows (B). Symbols are color coded by class (blue = bird, green =
herpetofauna, and yellow = mammal). Legend abbreviations are alphabetized and listed as
follows: armadillo (ARM), bobcat (BC), blue jay (BJ), black racer (BR), brown thrasher (BT),
Carolina wren (CW), common yellowthroat (CY), eastern box turtle (EBT), eastern cottontail
(EC), eastern gray squirrel (EGS), gray fox (GF), gopher tortoise (GT), hispid cotton rat (HCR),
house wren (HW), mouse spp. (MO), northern bobwhite (NB), northern cardinal (NC), raccoon
(RC), shrew spp. (SH), skink spp. (SK), six lined racerunner (SLR), timber rattlesnake (TR),
tufted titmouse (TT), towhee (TW), and Virginia opossum (VO). Green circles represent

monitored tortoise burrows and red circles represent monitored armadillo burrows.
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Figure 13. Correlogram showing all pairwise Pearson product moment correlations between
predictor and response variables. The upper panel displays correlation coefficients and lower
panel boxes indicate the direction of the correlation. Both panels are color coded with blue boxes
and text representing positive correlations and red boxes and text representing negative
correlations. Variable labels are displayed on the diagonal. The dashed line separates predictor
variables (left) from response variable (right). The variable labeled “Status” is coded in binary
with 0 indicating abandoned burrows and 1 indicating possibly occupied burrows. The variable

“Type” is also coded in binary with 0 for armadillo burrows and 1 for tortoise burrows.
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Figure 14. (A) Correlational principal components analysis biplot showing associations between
predictor variables and (B) associated scree plot. The biplot shows where each burrow falls
within the two-dimensional space of environmental variables, with sampling locations plotted as
abbreviations, “ARM?” for armadillo burrows and “GT” for tortoise burrows, followed by the

quadrat number where the burrow was located.
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Figure 15. (A) Correlational principal components analysis biplot showing associations between
response variables and (B) associated scree plot. The biplot shows where each burrow falls
within the two-dimensional space of environmental variables, with sampling locations plotted as
abbreviations, “ARM?” for armadillo burrows and “GT” for tortoise burrows, followed by the

quadrat number where the burrow was located.
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Figure 16. Nestedness matrix plots with monitored burrows arranged by (A) increasing distance
from habitat edges, (B) decreasing burrowing intensity values, (C) increasing vegetative density,
and (D) increasing proportion of hardwood trees. X-axes represent species presences and Y-axes
represent monitored burrows. A typical nested pattern would display an ordered decrease in
species richness across sites that corresponds with a predictor variable with few to no gaps
between species presences within each site row. These results show that dispersal to, and
utilization of distant and isolated burrows, and burrows located in low quality habitat, may not

have limiting effects on many species observed in this study.
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Table 1. Game camera parameters, parameter selection, and selection description/rational for all

camera traps deployed in the study area.

pixels per frame

Parameter Selection Description
Mode Hybrid Each trigger produces images and a video
Image Size 8m pixel Produced high quality images without
depleting SD card storage
Video Size 1920x1080m Highest video quality for accurate species

identification

Image Format

Full screen

Widest field of view for improved image
review

Image Number 2 Each trigger produced two consecutive still
images

Video Length 10 seconds Each trigger produced a 10 second video
following the two images

Interval 2 seconds Two second lag time between consecutive
triggers

LED Control Low Lowest LED setting; prevented
overexposure of light from reflective soil

Senor Level Low Lowest camera sensitivity setting; prevented
excess accumulations of false triggers

NV Shutter High Highest night vision shutter setting;

prevented blurring of night vision images
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Table 2. List of observed species with total number of observations (. obs.), relative abundance

at armadillo burrows (RAI ARM), and relative abundance at tortoise burrows (RAI GT).

Class Common Name Latin Name Guild | Conservation | n obs. RAI ARM RAI GT
Status
Amphibia Eastern narrowmouth toad* Gastrophryne carolinensis Insectivore LC 1 0.03 0
Southern toad Anaxyrus terrestris Insectivore LC 1 0 0.03
Frog* Anura Insectivore N/A 2 0.03 0.03
Aves Barred owl* Strix varia Camnivore LC 1 0.03 0
Blue jay* Cyanocitta cristata Omnivore LC 5 0.08 0.06
Brown thrasher Toxostoma rufum Omnivore LC 18 0.13 0.39
Carolina wren Thryothorus ludovicianus Insectivore LC 624 591 12.58
Common yellowthroat® Geothlypis trichas Insectivore LC 7 0.03 0.18
Eastern phoebe Sayornis phoebe Insectivore LC 1 0 0.03
Gray catbird Dumetella carolinensis Omnivore LC 31 0.37 0.52
Hermit thrush® Catharus guttatus Omnivore LC 2 0 0.06
House wren Troglodytes aedon Insectivore LC 208 0.24 0.55
Mourning dove Zenaida macroura Granivore LC 1 0 0.03
Northern bobwhite Colinus virginianus Herbivore NT 12 0.08 0.61
Northern cardinal Cardinalis cardinalis Granivore LC 27 0.24 0.55
Towhee Pipilo erythrophthalmus Omnivore LC 25 0.34 0.37
Tufted titmouse® Baeolophus bicolor Omnivore LC 14 0.08 0.34
Mammalia Armadillo Dasypus novemcinctus Omnivore LC 594 4.8 12.73
Bobcat* Lynx rufus Carnivore LC 14 0.24 0.21
Eastern cottontail Sylvilagus floridanus Herbivore LC 115 1.19 2.14
Eastern gray squirrel Sciurus carolinensis Omnivore LC 31 0.29 0.61
Eastern woodrat Neotoma floridana Herbivore LC 2 0 0.06
Gray fox* Urocyon cinereoargenteus Carnivore LC 15 0.11 0.34
Hispid cotton rat Sigmodon hispidus Omnivore LC 838 11.43 12.61
House cat? Felis catus Carnivore LC 4 0 0.12
Marsh rice rat® Oryzomys palustris Omnivore LC 1 0 0.03
Mouse Muroidea Omnivore N/A 2574 27.06 47.74
Norway rat Rattus norvegicus Omnivore LC 1 0.03 0
Virginia opossum Didelphis virginiana Omnivore LC 219 2.19 4.15
Raccoon Procyon lotor Omnivore LC 3 0 0.15
Shrew Soricidae Insectivore N/A 20 0.26 0.31
Reptilia Black racer Coluber constrictor Carnivore LC 55 0.63 0.95
Common garter Thamnophis sirtalis Carnivore LC 1 0 0.03
Eastern box turtle? Terrapene carolina Omnivore VU 8 0.13 0.09
Gopher tortoise® Gopherus polyphemus Herbivore vu 1045 2.98 29.21
Gray ratsnake® Pantherophis spiloides Carnivore LC 3 0.03 0.06
Green anole Anolis carolinensis Insectivore LC 3 0.03 0.06
Six-line racerunner Aspidoscelis sexlineatus Insectivore LC 27 0.08 0.73
Skink Plestiodon Insectivore LC 349 4.69 5.31
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‘ Timber rattlesnake® ‘ Crotalus horridus | Carnivore

LC | 6 ‘ 0.08

“ Species that have not been previously documented utilizing armadillo burrows.

£ Species that have not been previously documented utilizing gopher tortoise burrows.
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Table 3. Monitored burrow types, activity statuses (PO for possibly occupied and Ab for

abandoned), identification number, and quadrats where each was located in the pine stand at the

Lake Louise Field Station. “Associate Visits” describes the count of visitation events from

vertebrates other than the respective excavator species while “Engineer Visits” are visitation

events from the burrow specific excavator.

Type Status ID# Quadrat# Associate Engineer Total

Visits Visits Visits
Armadillo PO 2189 1 434 4 438
Armadillo PO 2382 2 554 31 585
Armadillo Ab 87 3 223 24 247
Armadillo Ab 2107 4 149 0 149
Armadillo PO 2389 5 256 5 261
Armadillo Ab 494 6 183 17 200
Armadillo PO 2154 7 227 5 232
Armadillo Ab 2169 8 46 2 48
Armadillo PO 62 9 174 90 264
Armadillo Ab 2176 10 213 4 217
Tortoise Ab 2111 1 397 8 405
Tortoise Ab 2302 2 405 3 408
Tortoise PO 90 3 220 30 250

Tortoise PO 2119 4 596 776 1372
Tortoise Ab 2319 5 228 84 312
Tortoise PO 89 6 655 50 705
Tortoise Ab 2351 7 317 4 321
Tortoise PO 485 8 57 2 59
Tortoise Ab 64 9 413 0 413
Tortoise PO 2162 10 390 0 390
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Table 4. Chi-square Goodness of Fit test (to a proportional model) table listing expected vs.

observed visitation frequency, Pearson standardized residuals, X statistics, and P-values for

associate species classes and guilds at each burrow type.

Associate Observed | Observed | Expected | Expected | ARM#r, | GT rp X2 P
Species ARM GT ARM GT

Category
Class
Bird 397 652 562.52 486.48 -6.98 7.5 105.01 <0.001*
Herpetofauna 225 243 250.96 217.039 -1.64 1.76 5.79 0.01*
Mammal 1729 2783 2419.51 2092.49 -14.04 15.09 | 424.94 <0.001*
Guild
Carnivore 42 59 54.16 46.84 -1.65 1.78 5.89 0.01*
Granivore 9 19 15.01 12.99 -1.55 1.67 5.19 0.02*
Herbivore 53 92 77.75 67.25 -2.81 3.02 16.99 <0.001*
Insectivore 508 750 674.59 583.41 -6.41 6.89 88.71 <0.001*
Omnivore 1596 2616 2258.64 1953.36 -13.94 14.99 419.2 <0.001*
Total 2459 3678 329091 2846.09 -14.50 15.59 | 453.46 <0.001*

* Indicates statistical significance at 0.05 significance level.
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Table 5. Binomial and Chi-square Goodness of Fit test (to a proportional model) table listing
expected vs. observed visitation frequency, Pearson standardized residuals, X statistics, and P-

values for common associate species at each burrow type. Binomial tests were used for species

with less than five observations at one or both burrow types.

Common Name Captures | Captures | Expected | Expected | Armr, GT rp X2 P
ARM GT ARM GT

Bird
Blue jay” 3 2 2.68 2.32 - - - 1
Brown thrasher® 5 13 9.65 8.35 -1.50 1.61 4.84 0.03"
Carolina wren® 224 412 341.05 294.95 -6.34 6.82 86.62 0.001"
Common 1 6 3.75 3.25 - - - 0.054
yellowthroat”
Gray catbird® 14 17 16.62 14.38 -0.64 0.69 0.89 0.3
House wren® 89 119 111.54 96.46 -2.13 2.29 9.82 0.005"
Northern bobwhite® 3 20 12.33 10.67 - - - <0.001"
Northern cardinal® 9 18 14.48 12.52 -1.44 1.55 4.47 0.04"
Towhee® 13 12 13.41 11.59 -0.11 0.12 0.027 1
Tufted titmouse® 3 11 7.51 6.49 - - - 0.02"
Herpetofauna
Black racer® 24 31 29.49 25.51 -1.01 1.09 2.21 0.1
Eastern box turtle® 5 3 4.29 3.71 0.34 -0.37 - 0.7
Gopher tortoise® 113 957 573.78 496.22 -19.24 20.68 797.89 0.001"
Six-line racerunner’ 3 24 14.48 12.52 - - - <0.001"
Skink spp. ¢ 178 174 188.76 163.24 -0.78 0.84 1.32 0.2
Timber rattlesnake? 3 3 3.22 2.78 - - - 1
Mammal
Armadillo® 182 417 321.21 277.79 -1.77 8.35 130.09 0.001"
Bobcat® 9 7 8.58 7.42 0.14 -0.15 0.044 1
Eastern cottontail® 45 70 61.67 53.33 -2.12 2.28 9.71 0.001"
Eastern gray squirrel® 11 20 16.62 14.38 -1.38 1.48 4.1 0.053
Gray fox” 4 11 8.04 6.96 - - - 0.04"
Hispid cotton rat® 433 413 453.66 392.34 -0.97 1.04 2.03 0.1
Mouse spp. ¢ 1025 1564 1388.33 1200.67 -9.75 10.49 205.03 0.001"
Opossum® 83 136 117.44 101.56 -3.18 342 21.77 0.001"
Raccoon® 0 5 2.68 2.32 - - - 0.02"
Shrew spp. ¢ 10 10 10.72 9.28 -0.22 0.24 0.11 0.8

b Indicates implementation of binomial test.

¢ Indicates implementation of Chi-square Goodness of Fit test.

* Indicates statistical significance at 0.05 significance level.
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Table 6. Regression tables for generalized linear models with response variables: richness,

diversity, and total commensal visitation of burrows. Variables listed in the “Model Variable”

column are those retained from the full model after model selection via ‘stepAIC’. AAIC values

describe the magnitude of information contributed to the model by each variable. The ¢-scores

were determined using Wald tests (f/SE) and represent the direction of the effect of each

variable’s deviation from zero (no effect of predictor variable). P-values show the probability of

obtaining a result less than or equal to the #-score.

Response Model Variables A AIC /] SE t-value P-value
Species Richness Intercept - -7.15x103 2.09x10° -3.43 0.003"
Offset 3.2 6.89 3.26 2.11 0.051
Activity Status 3.69 2.74 1.23 2.22 0.04"
Type 8.25 4.22 1.33 3.17 0.006"
Easting 11.12 0.025 0.0073 3.42 0.003"
Shannon-Weiner Intercept - 4.44x10° 1.43x10° 3.09 0.017
Diversity
Hardwood 1.11 1.16 0.85 1.36 0.2
Proportion
Easting 3.1 0.0016 8.69x10* 1.79 0.1
Tree Richness 4.06 -3.18 0.16 -1.97 0.07
Type 6.27 0.19 0.082 2.37 0.03"
Light Intensity 6.28 6.38x10* 2.69x10* 2.38 0.03"
Visibility 9.44 -1.01 0.35 -2.91 0.01"
Northing 11.03 -1.44x10 4.52x10* -3.18 0.008"
Burrowing 13.81 0.056 0.015 3.64 0.003"
Intensity
Total Commensal Intercept - -3.43x10° 1.26x106 2.72 0.02"
Visitation
Easting 0.93 0.49 0.47 1.05 0.3
Visibility 2.05 200.6 160 1.25 0.2
Canopy Cover 2.15 -257.7 202.8 -1.27 0.2
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Hardwood 3.94 -737.9 474.2 -1.56 0.1
Proportion
Burrowing 4.83 -15.49 9.18 -1.69 0.1
Intensity
Excavator RAI 5.81 0.66 0.36 1.83 0.1
Vegetative 8.09 -1.37x103 640.1 -2.14 0.06
Density
Northing 11.07 0.97 0.38 2.54 0.03"
Activity Status 11.28 106.6 41.51 2.57 0.03"
Tree Richness 13.03 266.8 95.27 2.8 0.02"
Offset 18.05 381.7 41.29 3.48 0.017
Type 22.99 202.9 36.49 5.56 0.004"

* Indicates statistical significance at 0.05 significance level.

91



Table 7. Regression table for generalized linear models for class level visitation. Variables listed

in the “Model Variable” column are those retained from the full model after model selection via

‘stepAIC’. AAIC values describe the magnitude of information contributed to the model by each

variable. The #-scores were determined using Wald tests (5/SE) and represent the direction of the

effect of each variable’s deviation from zero (no effect of predictor variable). P-values show the

probability of obtaining a result less than or equal to the z-score.

Response Model Variable A AIC p SE t-value P-value
Bird Intercept - -6.96x10° 3.55x10° -1.96 0.08
Visitation

Excavator RAI 2.27 1.11 7.39x10°! 1.51 0.1
Visibility 2.81 0.745 0.46 1.61 0.1
Vegetative 3.04 -300.2 181.5 -1.65 0.1
Density
Distance 3.31 4.55x107! 2.67x107! 1.7 0.1
Burrowing 4.32 -5.49 291 -1.88 0.09
Intensity
Northing 4.76 2.05 1.04x10! 1.96 0.08
Hardwood 7.34 -260.2 108.8 -2.39 0.04"
Proportion
Tree Richness 8.9 68.29 25.85 2.64 0.02"
Canopy 10.86 -1.15 0.39 -2.95 0.01
Herpetofauna Intercept - -4.95x10° 1.33x10° -3.74 0.003"
Visitation
Type 0.06 4.49 431 1.04 0.3
Burrowing 4.54 -1.8 0.92 -1.97 0.07
Intensity
Hardwood 6.49 -64.11 27.88 -2.29 0.04"
Proportion
Activity Status 6.6 -10.26 4.43 -2.32 0.04"
Canopy 7.65 -42.9 17.22 -2.49 0.03"
Distance 7.99 0.31 0.12 2.55 0.02
Tree Richness 13.08 34.28 10.22 3.36 0.007"
Northing 15.46 -0.15 0.039 3.74 0.003"
Mammal Intercept - -2.48x10° 9.03x10° -2.74 0.02"
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Visitation

Excavator RAI 1.89 0.32 0.26 1.23 0.2
Visibility 2.42 145.8 110.8 1.32 0.2
Tree Richness 2.84 98.24 70.97 1.38 0.2
Distance 4.03 -1.33 0.85 -1.57 0.1
Hardwood 4.33 -473.4 293.2 -1.62 0.1
Proportion
Easting 4.71 0.47 0.28 1.67 0.1
Burrowing 4.96 -11.85 6.94 -1.71 0.1
Intensity
Vegetative 8.85 -102.1 455 -2.25 0.059
Density
Northing 11.21 0.69 0.27 2.56 0.03"
Activity Status 24.47 122.8 27.96 4.39 0.003"
Offset 27.99 380.7 77.14 4.94 0.001"
Type 35.56 179.8 28.88 6.23 <0.001"

* Indicates statistical significance at 0.05 significance level.

93




Table 8. Regression table for generalized linear models for guild level visitation. Variables listed
in the “Model Variable” column are those retained from the full model after model selection via
‘stepAIC’. AAIC values describe the magnitude of information contributed to the model by each
variable. The #-scores were determined using Wald tests (5/SE) and represent the direction of the
effect of each variable’s deviation from zero (no effect of predictor variable). P-values show the

probability of obtaining a result less than or equal to the z-score.

Response Model Variable AIC p SE t-value P-value
Carnivore Intercept - -3.71x10% 3.24x104 -1.15 0.2
Visitation
Northing 0.27 0.011 0.0095 1.15 0.2
Excavator RAI 0.33 -0.014 0.012 -1.17 0.2
Hardwood 1.05 7.31 5.43 1.35 0.2
Proportion
Canopy 1.3 -7.98 5.69 -1.4 0.1
Vegetative 1.79 -27.33 18.05 -1.51 0.1
Density
Distance 2.34 -0.045 0.027 -1.63 0.1
Type 4.49 2.99 1.46 2.05 0.06
Visibility 4.63 -8.57 4.12 -2.08 0.06
Granivore Intercept - -3.49x10* 3.05x104 -1.15 0.2
Visitation
Northing 0.13 0.0082 0.0092 0.89 0.4
Burrowing 1.25 -0.19 0.18 -1.11 0.3
Intensity
Light Intensity 1.28 -0.0042 0.0038 -1.12 0.3
Excavator RAI 2.48 -0.011 0.0085 -1.33 0.2
Offset 43 -5.25 3.26 -1.61 0.1
Type 5.34 1.87 1.06 1.76 0.1
Vegetative 7.33 -31.96 15.67 -2.04 0.08
Density
Visibility 8.71 8.33 3.74 2.23 0.06
Easting 12.75 0.026 0.0093 2.76 0.02"
Activity Status 13.02 2.61 0.93 2.79 0.02"
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Distance 20.93 -0.11 0.028 -3.88 0.006"
Hardwood 22.58 -27.79 6.76 -4.11 0.004"
Proportion
Herbivore Intercept - 2.64x10* 3.42x10* 1.07 0.3
Visitation
Northing 0.6 -0.013 0.01 -1.24 0.2
Vegetative 0.78 -23.26 18.17 -1.28 0.2
Density
Canopy 2.94 -11.01 6.27 -1.76 0.1
Activity Status 3.29 2.51 1.38 1.83 0.09
Light Intensity 3.87 -0.0075 0.0039 -1.94 0.07
Easting 9.43 0.025 0.0085 291 0.01"
Distance 9.99 -0.081 0.027 -3.01 0.01"
Type 10.01 4.39 1.46 3.01 0.01"
Insectivore Intercept - -1.06x10° 3.96x10° -2.68 0.02"
Visitation
Activity Status 0.73 -13.39 12.06 -1.11 0.2
Excavator RAI 2 1.12 0.82 1.37 0.2
Visibility 3.86 0.89 0.53 1.7 0.1
Burrowing 7.51 -7.38 3.24 -2.28 0.052
Intensity
Distance 7.57 0.73 0.32 2.29 0.051
Vegetative 9.05 -509.3 202.8 -2.51 0.03"
Density
Northing 10.18 0.31 0.11 2.68 0.02"
Hardwood 10.78 -334.7 120.8 -2.77 0.02"
Proportion
Canopy 13.49 -1.48 0.47 -3.18 0.01"
Tree Richness 14.16 96.03 29.33 3.27 0.01"
Omnivore Intercept - -2.32x10° 8.86x10° -2.62 0.03"
Visitation
Distance 1.34 -0.93 0.83 -1.13 0.2
Excavator RAI 2.3 0.33 0.26 1.29 0.2
Tree Richness 2.56 93.21 69.6 1.34 0.2
Hardwood 2.8 -396.2 287.5 -1.38 0.2
Proportion
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Visibility 3.38 159.7 108.6 1.47 0.1
Easting 3.73 0.42 0.28 1.52 0.1
Burrowing 4.46 -11.13 6.91 -1.63 0.1
Intensity
Vegetative 6.54 -861.7 446.2 -19 0.09
Density
Northing 10.39 0.65 0.26 2.45 0.04"
Activity Status 22.52 112.6 27.42 4.11 0.004"
Offset 28.01 373.5 75.65 4.94 0.001"
Type 34.13 169 28.32 5.97 <0.001"

* Indicates statistical significance at 0.05 significance level.
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