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ABSTRACT

Wild pigs (Sus scrofa) are one of the most widespread and successful species in
the world. Understanding how wild pigs move throughout the landscape and interact with
or react to abiotic and biotic factors is important for advising management. Using
movement characteristics from GPS data to define behaviors, | explored the connection
between behavior and resource selection for both sexes between two distinct seasons
based on forage availability. | also constructed weekly 50% and 95% home ranges to
quantify the effects of biotic and abiotic factors on home range size and shape. Wild pigs
selected for bottomland hardwoods and dense canopy cover in all behavioral states in
both seasons. Proportion of bottomland hardwoods, meteorological conditions, and sex
impacted wild pig weekly home range size. In addition, proportion of upland pines and
distance to streams influenced home range shape. This research may be useful for
allowing more effective and efficient management planning.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Over the past several centuries, domestic pigs and wild boar (Sus scrofa) have
been introduced from native populations in Europe and Asia and allowed to expand their
range throughout numerous countries (Barrios-Garcia and Ballari 2012). Within the
United States, wild pigs originated through introduction of domestic pigs in the 1500s by
Spanish explorers as a source of meat (Seward et al. 2004), which later hybridized with
introduced Eurasian wild boar (Seward et al. 2004, Goedbloed et al. 2013, Keiter et al.
2016, VerCauteren et al. 2020). Wild pig populations have continued to increase due to
both intentional and accidental methods of introduction such as translocation for hunting,
escapees from confinement operations, and dispersal from other established populations
(VerCauteren et al. 2020). Over the past 30 years, the expansion of the geographic range
and population of wild pigs in the United States has increased dramatically with a total of
38 states reporting wild pigs in 2011 compared to only 17 states in 1988 (Bevins et al.
2014).

Wild pigs pose a complicated division in their invasive range among wildlife
managers, veterinarians, and farmers who all deal with the negative impacts of wild pigs,
and hunters who value wild pigs as an important game species (Massei et al. 2011).
Therefore, they have become somewhat of a paradox in that they cause substantive
damage to natural and agricultural landscapes through rooting, wallowing, and other

behaviors (Seward et al. 2004), but they are also a popular big-game species and



desirable to some hunters (Zivin et al. 2000). For example, in the United States it has
been estimated that wild pigs cause approximately $800 million in agricultural damage
per year, and due to the difficulty of placing a monetary value on environmental damage
and potential for animal and zoonotic disease transmission, the broader economic impacts
of invasive wild pigs are considerably higher (Pimental 2007). Given the continued
growth in abundance and geographic spread of wild pigs and resulting impacts on
humans, plants, and animals (i.e., environmental damage, agricultural damage, reservoir
for disease, etc.) (Barrios-Garcia and Ballari 2012), it is evident that current management
strategies are insufficient.

To address the rapidly expanding wild pig population in the United States, there is
a critical need for increasing the efficiency and efficacy of management strategies that are
currently employed for controlling wild pig populations. However, there are numerous
critical data gaps that need to be addressed to better understand the general ecology of
wild pigs (Beasley et al. 2018). For example, there has been limited research on wild pig
movement ecology compared to other ungulates. In fact, there are seven times fewer
publications on movement ecology of wild pigs than there are on elk (Cervus elaphus)
(Morelle et al. 2014). A significant portion of the research conducted on wild pig
movement ecology has focused on the habitat types wild pigs prefer and how they use
these habitat types (Cahill et al. 2003, Hayes et al. 2009). However, behavioral states
have not been directly correlated with resource selection in terms of movement, nor has it
been documented how wild pigs move between and within certain habitats (Morelle et al.
2014). Also, exploring underlying attributes that drive wild pig home range shape and

size at a fine temporal scale has not been attempted in the literature. According to



Morelle et al. (2015), aspects of the movement ecology of wild pigs such as their
advanced complex spatial memory combined with their generalist characteristics (i.e.,
high reproduction rate, plastic diet, etc.) are some of the most important and recognized
causes of the rapid spread of wild pigs around the world, and therefore, should be
explored further.

Understanding how animals move on the landscape and interact with resources in
various habitat types is important for informing management; therefore, it is one of the
central goals of ecological research (Wiens et al. 1993, Ellner et al. 2001). The landscape
patterns observed that make up an animal’s home range are determined by single
movement steps, which in turn provide information on the interactions among the
individual’s external environment and individual state (Moorcroft et al. 2006, Boerger et
al. 2008). These movement patterns which essentially depend on the behavioral state of
an animal, assuming they are not random, represent that animal’s response to the
environment (Forester et al. 2007). In the case of an adaptable generalist like the wild pig
(Senior et al. 2016), the correlation between behavior and landscape patterns can depict
how unexpected populations emerge in new places, which is a concern for wildlife
managers since wild pigs have the potential to alter ecosystems across broad spatial
scales (Forester et al. 2007). The way in which wild pigs move is largely driven by
resources distributed throughout the surrounding landscape. Wild pigs move in a
deliberate manner choosing different resource patches depending on what they need (rest,
forage, mating, etc.) in reference to what is available and whether or not the tradeoff for
accessing these resources is biologically reasonable or not (Fortin et al. 2005, Forester et

al. 2009). When targeting resources for specific behaviors or needs, wild pig movements



tend to be methodical, and they tend to consistently use the same trails and interact with
the same areas on the landscape habitually (Hanson and Karstad 1959, Oliveira-Santos et
al. 2016). Research regarding how specific behaviors (e.g., resting, foraging, traveling)
and movement patterns are associated with resources could provide background
knowledge necessary to inform site-specific management techniques. Thus, in this thesis
| used the above characteristics of wild pigs to distinguish and define movement patterns
and associated behavioral states (e.g., resting, foraging, traveling), and explore the
connection between these behavioral states and resource selection.

Knowledge of home range size is also critical for making management decisions,
especially when considering wild pigs can efficiently exploit a variety of habitats. Key
habitat requirements for wild pigs include water, food resources, and protection from
thermal stress (Froese et al. 2015, Gray et al. 2020). Understanding how environmental
variation, sex, habitat type, landscape characteristics, and other variables affect home
range size and shape of wild pigs at a fine scale (i.e., weekly) is important for efficiently
advising methods of management such as trapping, aerial gunning, etc. (Schlichting et al.
2016, Kay et al. 2017). To date, most studies that have quantified the influence of
environmental attributes on wild pig movements have done so at a relatively coarse scale
(e.g., annual, bimonthly, monthly) (Morelle et al. 2014, Schlichting et al. 2016, Kay et al.
2017). However, most management activities and decisions geared toward wild pigs must
be adaptive, and therefore occur on a fine temporal scale (i.e., daily or weekly).

Sex, weather, season, geographic region, and distance to water sources have all
been found to affect movement rates, which ultimately affects home range size (Kay et al.

2017). Also, the impact of habitat and landscape characteristics on the shape of home



ranges of wild pigs in the southeastern United States has not been studied at a fine scale.
The shape of wild pig home ranges can be variable ranging from circular to elongate
depending on resource distribution, terrain, and general biological requirements (Singer
et al. 1981). Wild pigs tend to seek out river systems and riverine woodlands in hot and
humid environments like the southeastern United States in order to thermoregulate when
heat loads are high (Dexter 1998). This biological restriction confines wild pigs to areas
close to riparian areas; therefore, the composition of the landscape and distribution of
riparian areas may have a substantial influence on the shape and distribution of wild pig
home ranges. These requirements ultimately depict the level of habitat suitability (Froese
et al. 2015) and can help describe and explain the variability in home range shape and
size in different habitat types in a defined region. Therefore, this study will use these
requirements along with other environmental variables to look at both home range shape
and size at a fine spatial and temporal scale.

The overarching objective of this study is to better understand wild pig movement
ecology to inform and improve management practices for reducing economic loss,
environmental degradation, and chances of disease transmission from wild pigs to other
animals and people. Specifically, my objectives are to: (1) use movement characteristics
of wild pigs to distinguish and define behavioral states and explore the connection
between these behavioral states and resource selection, and (2) quantify wild pig home
ranges at the weekly scale to provide a better understanding of how landscape
composition, meteorological conditions, and individual-level attributes affect movements,

and ultimately, home range size and shape.
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ABSTRACT

Elucidating correlations between wild pig (Sus scrofa) behavior and landscape attributes
can aid in the advancement of management strategies for controlling populations. Using
GPS data from 49 wild pigs in the southeastern U.S., we used movement characteristics
to define behaviors and explore the connection between these behaviors and resource
selection for both sexes between two distinct seasons based on forage availability.
Females demonstrated a crepuscular activity pattern in the high-forage season and a
variable pattern in the low-forage season, while males exhibited nocturnal activity
patterns across both seasons. At the population scale, wild pigs selected for areas near
streams in both seasons. At the home-range scale, wild pigs selected for bottomland
hardwoods and dense canopy cover in all behavioral states in both seasons. Males
selected for diversity in vegetation types while foraging in the low-forage season
compared to the high-forage season and demonstrated an increased use of linear
anthropogenic features across seasons while traveling. Wild pigs can establish
populations and home ranges in an array of landscapes, and our results demonstrate male
and female pigs exhibit clear differences in movement behavior and there are key
resources associated with common behaviors that can be targeted to improve the
efficiency of management programs.

KEYWORDS

Behavioral analysis, habitat selection, hidden Markov models, resource selection

function, wild pig movement
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INTRODUCTION

Understanding how animals move throughout landscapes and interact with
heterogeneously distributed resources is critical for management of invasive species
because this knowledge provides insight regarding how populations persist and expand,
and is thus one of the central goals of ecological research (Wiens et al. 1993, Ellner et al.
2001). Habitat characteristics that meet specific needs for different behavioral states (e.g.,
resting vs. foraging) of an animal are usually spatially segregated; therefore, investigation
of movement patterns and habitat selection at a fine spatial scale can be used to illustrate
the asynchrony of the behavioral strategies employed over time (Roever et al. 2014). The
observed movement patterns that make up an animal’s home range are determined by
single movement steps that provide information on the interactions between the
individual’s external environment and behavioral state (Moorcroft et al. 2006, Boerger et
al. 2008). Therefore, this interaction represents an animal’s response to the environment
(Forester et al. 2007). For example, in heterogeneous landscapes an animal can respond
to variable stimuli such as food availability, cover, and water that can change the
trajectory of their movement path (Forester et al. 2007). These responses are ultimately
the result of a continual decision-making trade-offs every animal has to make about the
wide range of competing demands to survive and reproduce (Roever et al. 2014).
Understanding these underlying fine-scale interactions (e.g., behavioral) with resources
allows managers to predict movements of animals in different landscapes to optimize
management planning.

Despite the relevance of these fine-scale behavioral questions to conservation and

management goals, behavior-specific resource selection is understudied in most species
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due to the lack of behavioral context associated with animal location data (Beyer et al.
2010). Animal behaviors, and the driving factors behind these behaviors, are difficult to
quantify in the absence of proper data resolution and analytical tools (Patterson et al.
2009). However, continued advancements in global positioning system (GPS) tracking
technologies and behavioral analysis techniques provide the ability to estimate behavioral
states using movement path characteristics such as turning angles and step-lengths
(Franke et al. 2004, Michelot et al. 2016, Leos-Barajas et al. 2017). In particular, hidden
Markov models (HMM) allow for the exploration of patterns in movement path
characteristics created by underlying behavioral states and estimation of the probabilities
of transitioning among the identifiable states (Schick et al. 2008, Patterson et al. 2009,
Zucchini et al. 2016). Thus, the application of HMMs to animal relocation data can
uncover physiological or behavioral states of tracked individuals, which in turn can be
used in a resource selection analysis to infer resource selection associated with identified
behaviors.

In the case of an adaptable generalist like invasive wild pigs (Sus scrofa),
innovative management is critical given the rapid increase in size and distribution of
populations throughout their introduced range. In addition, management is important to
mitigate the extensive impacts of this species on anthropogenic and natural systems
(Beasley et al. 2018, VerCauteren et al. 2020). The correlation between behavior and
landscape patterns can inform how unexpected populations emerge in new places and
continue to expand their range, as well as help identify areas that may act as hotspots for
disease transmission. These are major concerns for wildlife managers since wild pigs

have the potential to alter ecosystems across broad spatial scales and have extreme

13



economic impacts (Forester et al. 2007, Barrios-Garcia and Ballari 2012, Beasley et al.
2018, VerCauteren et al. 2020). Like most wild animals, the movement behavior of wild
pigs is largely driven by spatio-temporal variation in the distribution of resources
throughout the landscape. Wild pigs move deliberately, choosing different resource
patches depending on their current needs (rest, forage, mates, etc.) relative to what is
available. Their movements also depend on whether or not the tradeoff for accessing
these resources is energetically reasonable (Fortin et al. 2005, Forester et al. 2009, Wilber
et al. 2020). When targeting these resources for specific behaviors or needs, wild pig
movements tend to be methodical, as they often consistently use the same trails and
interact with the same areas on the landscape (Hanson and Karstad 1959, Oliveira-Santos
et al. 2016). These patterns tend to change at a broad scale with food availability and
dietary shifts throughout the year (Mayer 2009); however, there is little to no information
regarding how wild pigs change fine-scale resource selection and activity patterns
associated with specific behaviors as a result of changing landscape characteristics or
food availability. Identifying fine-scale behavioral resource selection and activity patterns
of wild pigs can inform more effective and efficient selection and development of site-
specific management techniques.

In this study, we estimated population-level resource selection patterns (Second
Order; Johnson 1980) of wild pigs across two distinct periods (hereafter ‘seasons’) based
on food availability (high- and low-forage availability) in the Southeast U.S. We then
used HMM’s to distinguish and define movement patterns into associated behavioral
states (e.g., resting, foraging, traveling) of wild pigs. Lastly, we evaluated the relationship

between behavioral states and resource selection. We tested the hypothesis that wild pigs
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exhibit differential resource selection patterns depending on their behavioral state (Third
Order; Johnson 1980) and availability of forage resources. We expected females and
males to demonstrate different movement patterns throughout the day (i.e., diel patterns)
due to differences in reproductive strategies. In addition, we expected these patterns to
shift throughout the year based on food availability. Overall, given their association with
riparian areas (Singer et al. 1981, Gaston et al. 2008, Gray et al. 2020), we expected
behavioral states that aligned with restricted movements (i.e., resting and foraging) to be
associated with forested areas proximal to water (i.e., bottomland hardwoods) and areas
with greater canopy cover, especially in the warmer and mast- (e.g., acorns) producing
months. In contrast, given the heterogeneous distribution of riparian areas throughout our
study site, we expected wild pigs would more extensively use upland pines and linear
features such as roads while traveling. During low-forage months, we expected wild pigs
to be more opportunistic foragers leading to more variable patterns of resource selection
while foraging.
METHODS
Study area

Our work was conducted on the Savannah River Site (SRS), a ~800-km? site
managed by the U.S. Department of Energy (DOE) on the Georgia-South Carolina border
(Fig. 2.1). Although established for industrial activities, facilities and infrastructure
comprise a small proportion of the landscape, with most of the landscape being managed
by the United States Forest Service (USFS) for timber production and wildlife
conservation. The SRS was comprised of approximately 50% upland pine including

loblolly pine (Pinus taeda), longleaf pine (Pinus palustris), and slash pine (Pinus
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elliottii), 25% was bottomland hardwood forest, 10% shrub/herbaceous-dominated areas,
8% upland hardwoods, and the rest was mixed forest, developed, and barren land. Wild
pigs have been managed on the SRS since the early 1950s, when an active live-trap-and-
removal program was initiated to mitigate damages caused by wild pigs (Mayer et al.
2020a). This program is managed by USFS and currently removes ~1,300-1,800 pigs
annually (Beasley et al. 2014). Despite this control, there are several thousand wild pigs
inhabiting the SRS that are distributed throughout the site (Keiter et al. 2017). Since the
SRS was previously used to manufacture nuclear materials and manage nuclear waste
(White and Gaines 2000), there is limited public access across the site. The diversity of
habitat types of the SRS combined with the limited public access, diversity of other
wildlife species present, and high wild pig densities make the site an ideal location to
study movement patterns and resource selection of this species.
Field methods

We captured wild pigs throughout the SRS from January 2014 — December 2019
using baited-corral traps equipped with a combination of remote-operated and trip-wire
mechanisms. We monitored traps using remote cameras (Reconyx PC900, Holmen, WI,
USA) to identify dominant sows to receive GPS collars, as well as all breeding-aged
males. We used a dart rifle (X-Caliber, Pneu-Dart Inc., Pennsylvania, USA) to
anesthetize captured pigs using a combination of butorphanol [0.077 mg/kg], azaperone
[0.026 mg/kg], medetomidine [0.031 mg/kg] (BAM; 0.031 mi/kg; Wildlife
Pharmaceuticals Inc., Colorado, USA,; Ellis et al. 2019) and Ketamine (2.2 mg/kg;
Wildlife Pharmaceuticals Inc., Colorado, USA) or Xylazine (2.2 mg/kg; Wildlife

Pharmaceuticals Inc., Colorado, USA) and Telazol (4.4 mg/kg; MWI1 Veterinary Supply,
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Idaho, USA). While under anesthesia, we recorded sex and assessed age through
examination of tooth eruption (Mayer et al. 2020b). We placed uniquely identifiable ear
tags in both ears of all captured wild pigs and fit the largest adult female in each sounder
(i.e., social unit) and breeding-aged males with an iridium GPS collar (Telonics Gen4
GPS/Iridium System, Telonics, Inc., Mesa, Arizona or VECTRONIC GPS PLUS
Globalstar-3, VECTRONIC Aerospace, Coralville, lowa). Anesthetized wild pigs were
allowed to recover at the capture site after being reversed with a combination of
Atipamezole (25mg/ml; Wildlife Pharmaceuticals Inc.) and Naltrexone (50 mg/ml;
Wildlife Pharmaceuticals Inc., Colorado, USA). Collars were programmed to record GPS
locations at 30-minute or one-hour intervals and equipped with a mortality sensor that
became activated after 12 hours with no movement by the animal. All capture, handling,
and procedures was conducted in compliance with the University of Georgia’s Animal
Care and Use Committee (Protocols: A2012 08-004, A2015 05-004, and A2018 08-013).

To estimate location error of GPS transmitters, we left a subset of three collars out
for 10 days in fixed locations, five days in open vegetation and five days in forest
vegetation. We used these data to calculate the average error among fixes for each habitat
type.
Identification of movement states

We used HMM s to model the movement characteristics and associated behavioral
states of wild pigs for two distinct seasons based on food availability. We considered
January through April to represent a low-food availability time period based on dietary
preferences of wild pigs (Gray et al. 2020), which also generally represents the peak

trapping season in the Southeastern U.S. May through December was considered a high-
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food availability time period when ample amounts of fruits and plants are available
throughout the Spring and Summer months, followed by acorns and other mast in Fall
and early Winter. Prior to HMM modeling, we subset data for wild pigs with a 30-minute
GPS fix rate to one-hour intervals to maintain an equivalent temporal resolution within
our dataset. We also removed any duplicate locations (e.g., same date-time stamp) and
locations associated with non-pig movements (e.g., locations after mortality). From
collars we were able to retrieve and download, less than 0.01% of locations were 2-
Dimensional fixes (i.e., locations collected with three satellites). Therefore, we included
all locations regardless of dimensional fix within our dataset to be consistent across all
individuals. We also removed the first 48 hours of GPS fixes to account for any potential
bias associated with residual anesthetic effects.

We used step-lengths and turning angles as our observational input data in HMMs
to differentiate among behaviors. We compared HMM results from 25 different sets of
randomly chosen starting values for step-lengths and turning angle distribution
parameters for each behavioral state to ensure we were capturing global maximums of the
likelihood function (Michelot et al. 2016). In addition, using an array of starting values
from parameter distributions ensures that models were numerically stable (Michelot et
al. 2016). We tested HMMs with two and three movement states based on model
parsimony (Leos-Barajas et al. 2017), but also took into consideration the biological
relevance of identified states because model selection criteria sometimes tend to favor
models with a greater number of states than makes biological sense (Pohle et al. 2017).

Sex has been found to be an important predictor of wild pig home range size, with

males typically having a larger home range and greater movement rates than females
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(Kay et al. 2017). Also, wild pigs have demonstrated seasonal differences in home range
size and habitat selection based on resource availability (Keuling et al. 2009, Gray et al.
2020, Wilber et al. 2020). Therefore, we expected sex-specific and seasonal-specific
differences in the movement parameters (e.g., step-lengths and turning angles) associated
with each behavioral state. We also expected differences in transition probabilities among
states throughout the diel period, which ultimately adds to the insight of the model when
using it to decode states. We ran two and three movement state HMMs separately for
males and females in both the low- and high-forage seasons and tested for an additive
effect of time of day on the probability of transitioning among states. Therefore, we ran a
total of eight HMMs (Table 2.1). We selected the most parsimonious model for both
seasons for females and males separately using Akaike Information Criterion (AIC;
(Burnham and Anderson 2002)). Next, we decoded the most likely sequence of states to
have produced each location in the movement path of each wild pig given the most
parsimonious model using the Viterbi algorithm (Zucchini et al. 2016). All computations
were done using the moveHMM package (Michelot et al. 2016) in the statistical
computing software R 3.6.1 (R Core Team 2019). We partitioned GPS locations into
appropriate behavioral states and quantified resource selection for both sexes in each
season and behavioral state at the third-order (i.e., home range) spatial scale (Johnson
1980).
Resource selection analyses
Habitat covariates

We generated individual raster layers for four types of vegetative cover from the

2016 National Land Cover Database (NLCD) raster layer (30 x 30 m-resolution; (Jin et
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al. 2019)) for resource selection analyses: (1) upland pines, (2) bottomland hardwoods,
(3) shrub and herbaceous, and (4) upland hardwoods. We also characterized the
distribution of streams and roads within our study area from existing SRS geospatial
layers. We classified primary roads as those that were paved and routinely used for travel
by SRS employees, whereas secondary roads were unpaved gravel and/or logging roads.
We used the Euclidean distance tool in ArcGIS 10.7.1 (Environmental System Research
Institute, Inc., Redlands, CA, USA) to calculate the distance to each of the habitat
covariates for used and available locations to provide a less ambiguous approach
compared to a classification or categorical-approach (Conner et al. 2003) (i.e., a location
would receive a “0” for the vegetation type it was observed in). Lastly, we used the
NLCD 2016 USFS tree canopy cover raster (30 x 30 m-resolution) to estimate the percent
canopy cover.
Second order

We selected a 481-km? area within the SRS to represent the study area for this
analysis. We generated a minimum convex polygon (MCP) around all GPS locations and
buffered it by 1.2 km to account for any long distance movements (Fig. 2.2; Kay et al.
2017, Gray et al. 2020). We quantified habitat availability for the population at the
second order by systematically sampling the study area (every 3rd pixel, i.e., 90m;
available locations). We compared these locations to locations classified as ‘used’
generated by systematically sampling (every 3rd pixel, i.e., 90m; used locations) within a
95% fixed kernel home range for each individual. Uniformly sampling locations across
home ranges allows a comprehensive representation of the resources within a home range

to compare to the available locations within the study area. We used the adehabitat
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package with the reference bandwidth (href) smoothing parameter (Calenge 2006) in the
statistical computing software R 3.6.1 (R Core Team 2019) to generate and sample all
home ranges. We created individual home ranges for both seasons to compare seasonal
shifts in home range distribution. We evaluated used locations specific to each individual
home range against the same set of available locations throughout the study area for all
individuals. We calculated Pearson’s correlation coefficients to test for collinearity
between each of our habitat covariates (Roever et al. 2014). We then fit a global (i.e.,
including all habitat covariates) generalized linear model (GLM) with binomial response
distribution (logistic regression) and logit link to the used-available data individually for
both sexes in both the low-forage and high-forage seasons (Manly et al. 2002, Johnson et
al. 2006). This resulted in four comprehensive models representative of second-order
resource selection for females and males in the low-forage season and high-forage
seasons (Table 2.1). We standardized all variables prior to model development [(xi - X )/s]
(Table 2.2). We then back-transformed, exponentiated, and raised all distance variable
coefficients to the one-hundredth power to represent 100 m increments and canopy cover
to the tenth power to represent 10 percent increments for interpretation using predictive
odds ratios. We did not use a model selection technique to rank candidate models because
a global model included the full set of covariates that were of interest for hypothesis
testing and, therefore, allowed a direct comparison between coefficient estimates across
sexes and seasons (Kohl et al. 2013). All GLM models were computed using the glm
function in R version 3.6.1 (Bates et al. 2014, R Core Team 2019). We assessed how well
the second-order model explained the data using area under the receiver-operating

characteristic curve (AUC; (Fielding and Bell 1997, Zipkin et al. 2012, Latif et al. 2020)),
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which we computed using the pROC package in R version 3.6.1 (Robin et al. 2011, R
Core Team 2019). A value of 0.5 indicates the model provides predictions that are no
better than random predictions, but values greater than 0.7 indicate a better model fit with
more accurate predictions (Zipkin et al. 2012).
Third order

To assess fine-scale resource selection of wild pigs, we used a resource selection
function (RSF) framework (Manly et al. 2002) to compare resource selection of wild pigs
across the three behavioral states associated with the movement path characteristics
identified from the HMM (i.e., resting, foraging, and traveling). We quantified habitat
availability for individuals at the third order by comparing GPS locations (i.e., used
locations) to systematically sampled locations (every 3rd pixel, i.e., 90m; available
locations) within home ranges across each of the aforementioned covariates (see above).
The sampling framework provided inference on the similarities and differences of wild
pig resource selection in three prominent behavioral states that can be extracted to the
population level. We used a generalized linear mixed model (GLMM) with binomial
response distribution (i.e., used vs. available, logistic regression; Johnson et al. 2006),
logit link, and a random intercept to account for variation among individuals (Gillies et
al. 2006). We standardized all variables prior to model development [(x; - X)/s]. We then
back-transformed, exponentiated, and raised all distance variable coefficients to the one-
hundredth power to represent 100 m increments and canopy cover to the tenth power to
represent 10 percent increments for interpretation using predictive odds ratios. All
GLMM models were computed using the Ime4 package in R version 3.6.1 (Bates et al.

2014, R Core Team 2019).

22



We calculated Pearson’s correlation coefficients to test for collinearity between
each of our habitat covariates (Roever et al. 2014). We created a global model including
all covariates for each sex in each behavioral state in each season (i.e., 2 sexes*3
behavioral states*2 seasons = 12 RSFs) (Table 2.1). As with our second-order analyses,
we did not use a model selection technique, and used AUC to assess how well the model
explained the data (Fielding and Bell 1997, Zipkin et al. 2012, Latif et al. 2020).
RESULTS
Identification of movement states

We used a sample of 49 wild pigs tracked between January 2014 and December
2019, resulting in 117,150 validated and cleaned GPS locations (Table 2.3). In the low-
forage season (January-April), we tracked 37 wild pigs (21 females, 16 males), resulting
in 47,983 GPS locations, and in the high-forage season (May — December) we tracked 41
wild pigs (20 females, 21 males), resulting in 69,177 GPS locations (Table 2.3). From
these data, we estimated movement path characteristics (e.g., behavioral states) for
29,433 and 42,277 locations for females during the low- and high-forage seasons,
respectively. For males, we had 18,550 locations during the low-forage season and
26,900 during the high-forage season to inform our analyses (Table 2.3). We determined
average collar error in forested vegetation to be 22.3 m and in open vegetation to be 11.9
m.

We concluded a three-state HMM with a Gamma distribution for step-length, a
wrapped Cauchy distribution for turning angle, and an added covariate of hour in the diel
period fit the data of both sexes in both seasons best and provided the most reasonable

biological interpretation (Table 2.4). From the three-state HMMSs, we identified three
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general types of movements associated with common behavioral states: (1) a state with
short step-lengths and high degrees of turning concentrated around = radians; (2) a state
with short to intermediate step-lengths and high degrees of turning concentrated around n
radians; and (3) a state with long step-lengths and more straightforward movements with
turning concentrated around 0 radians, which likely represents resting, foraging, and
traveling behaviors, respectively (Table 2.5; Fig. 2.3, Fig. 2.4).

Male and female wild pigs exhibited clear differences in movement behavior.
Specifically, average step-lengths differed between sexes, and males and females
exhibited differences in partitioning of behavioral states across the diel period (Fig. 2.5).
Males typically traveled farther than females in hour segments (Table 2.3) and
demonstrated evident nocturnal activity by traveling mainly throughout the nighttime
hours and resting during most of the day (Fig. 2.5). Males also maintained a consistent
movement pattern across seasons. In contrast, females exhibited their longest step-lengths
in the evening hours around dusk in the low-forage season and had a variable behavioral
pattern throughout the remainder of the day. However, in high-forage months females
had a crepuscular activity pattern with peak traveling and foraging movements around
dawn and dusk (Fig. 2.5). Step-lengths for both sexes were longer during the resting and
foraging behaviors in the high-forage season compared to the low-forage season (Table
2.5).

Resource selection
Second Order
Female wild pigs selected all vegetation types (i.e., upland pines, upland

hardwoods, bottomland hardwoods, shrub/herbaceous) across our study area in their
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home-range placement at the second order in both the low and high-forage seasons (Fig.
2.6, Table 2.6), likely reflecting the ubiquitous establishment of wild pigs across the
Savannah River Site (Keiter et al. 2017). Females also selected locations closer to
streams and avoided areas near roads. In contrast, males in the low-forage season selected
home ranges in or near upland pines, shrub/herbaceous vegetation, and bottomland
hardwoods (Fig. 2.6). In addition, males selected areas close to streams and primary
roads. During the high-forage season, males selected resources similarly to the low-
forage season, with the main difference of primary roads no longer being an important
driver of home range placement (Fig. 2.6). AUC values in the low-forage season models
for females and males were 0.62, 0.66 and in the high-forage season as 0.64, 0.59,
respectively.
Third order

During the resting state, female wild pigs in the low-forage season strongly
selected areas in or close to bottomland hardwoods and shrub/herbaceous habitats (Fig.
2.7, Table 2.7). For example, there was a 23% decrease in use for every 100 m farther
away from bottomland hardwoods, and a there was a 10% decrease in use for every 100
m farther away from shrub and herbaceous habitats. During the high-forage season,
female wild pigs selected resting areas similarly to the low-forage season with the
addition of a strong selection for upland hardwoods (Table 2.7). Also, the resting model
for females in both seasons indicated they avoided areas near secondary roads and
streams (Fig. 2.7). Similarly, males selected resting areas in or close to bottomland
hardwoods, upland hardwoods, and shrub/herbaceous communities in both seasons.

However, males differed between seasons in selecting to rest near streams during the
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low-forage season but not during the high-forage season. For example, males
demonstrated a 5.4% decrease in use for every 100 m farther away from a stream during
the low-forage season (Fig. 2.7).

Throughout the foraging state, females differed in relative probability of selection
for specific vegetation types and landscape characteristics between the low- and high-
forage seasons (Fig. 2.7). For example, females selected areas near primary roads and
bottomland hardwoods during the low-forage season, yet during the high-forage season
they selected areas near upland hardwoods, upland pines, bottomland hardwoods, and
areas near primary roads. Males demonstrated more diversity in selection while foraging
in the low-forage season including shrub/herbaceous, bottomland hardwoods, and both
secondary and primary roads; however, during the high-forage season, males
concentrated foraging in areas near or in bottomland hardwood vegetation (Fig. 2.7).
During the high-forage season, males exhibited a 23% decrease in use for every 100 m
farther from bottomland hardwoods. In addition, the selection for areas with a high
percentage of canopy cover was consistent between sexes and seasons within the foraging
behavioral state (Fig. 2.7).

When traveling, resource selection was similar between seasons for females and
males. Females selected primary roads and bottomland hardwoods when traveling in both
seasons, with the addition of upland hardwoods in the high-forage season (Fig. 2.7).
Males selected shrub/herbaceous vegetation, primary and secondary roads, and
bottomland hardwoods while traveling in both seasons (Fig. 2.7). For example, in the
high-forage season, males displayed a 16% decrease in use for every 100 m farther from

secondary roads while traveling (Fig. 2.7).
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The AUC values (overall fit for resting, foraging, and traveling behavioral states
in low- and high-forage seasons) were 0.81, 0.79, 0.76 and 0.73, 0.75, 0.73 for females
and 0.77, 0.80, 0.70 and 0.77, 0.80, 0.74 for males, respectively.

DISCUSSION

Wild pigs are a major agricultural and environmental pest in their invasive range,
and managing impacts is often expensive and difficult to implement (VerCauteren et al.
2020). Therefore, acquiring and analyzing movement data at a fine scale provides
important insight on when and where damage or disease transmission is likely to occur.
This information provides the ability to improve the efficiency and effectiveness of
current management strategies. Therefore, using an extensive dataset of wild pig GPS
data across a heterogeneous landscape in the Southeastern U.S., here we demonstrate the
differential resource selection tactics employed by wild pigs at both broad (i.e., home
range placement) and fine (i.e., within-home-range, behavior-specific) spatial scales for
males and females across two distinct seasons. Movement path characteristics of wild
pigs in our study were influenced by a combination of local and landscape-level habitat
attributes such as bottomland and upland hardwoods, streams, secondary roads, and
shrub/herbaceous vegetation communities. While males and females tended to select
areas to establish home ranges (population scale) similarly, we found notable differences
in the fine-scale use of habitats within home ranges between sexes and seasons. However,
both males and females selected bottomland hardwood habitats and areas with extensive
canopy cover extensively. Further, through the use of step-lengths and turn angles to

define behavioral-based resource selection patterns, we found that females and males
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differed in daily movement patterns. In addition, we found that wild pigs exhibited
differential selection of landscape attributes among behavioral states.

Based on the results of our HMM analyses, we distinguished three biologically
relevant behavioral states generally based on patterns in the movement characteristics of
wild pigs (i.e., resting, foraging, traveling). Previous studies have identified similar
patterns for other species (Franke et al. 2004, Pohle et al. 2017, Karelus et al. 2019);
however, behavioral states associated with movement characteristics may be assigned
differently depending on prior knowledge of different animal species and fix rate at
which GPS data were collected. Although wild pigs exhibit several behaviors that
correspond to short and intermediate step-lengths and tight turn angles (e.g., resting,
wallowing, rubbing, tusking, foraging, etc.), for management purposes of wild pigs
classifying behaviors into resting, foraging, and traveling encapsulated the most common
and consistent motivations of space use (e.g., forage, cover, thermoregulation; Gray et al.
2020). For example, classifying these dominant behaviors, and understanding that other
similar movement-type behaviors are encompassed as well, allows the development of
knowledge about where to target certain management strategies or further research.

Both females and males decreased movements or traveling behavior in the mid-
day, most likely due to the association with high temperatures in the southeast during the
high-forage season (Kay et al. 2017, Gray et al. 2020), and males maintained a consistent
nocturnal activity pattern between seasons. However, females exhibited seasonal
differences in movement patterns that were likely related to stages of the reproductive
cycle throughout the year, as the timing of farrowing is related to the seasonal availability

of forage (Comer and Mayer 2009, Snow et al. 2020). In the low-forage season, which
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corresponded with peak farrowing in our study area (Comer and Mayer 2009; Chinn,
unpublished data), females demonstrated a sharp increase in traveling at dusk, an increase
in foraging throughout daytime hours, a slight increase in resting mid-day, and a distinct
increase in resting throughout nighttime hours. However, during the high-forage season
when farrowing rates are lower and juvenile pigs are more mobile, females demonstrated
a more crepuscular activity pattern compared to the low-forage season. Pre-parturition
and parturition-associated behaviors in some wildlife species, such as wild pigs, are
associated with reduced movements and home range sizes (Mayer 2009, Kay et al. 2017).
Irregular and/or reduced movements can continue after parturition causing an unusual
activity pattern in females (Snow et al. 2020), as we found throughout the low-forage
season. While reproduction can make it more difficult to assign behaviors and
demonstrate consistent patterns in movements for females, this demonstration of a change
in activity patterns across seasons is consistent with previous literature and reveals the
rigor of the methods used in this study. Males and females have different reproductive
tendencies and responsibilities as a polygamous species (Matiuti et al. 2010) in which
males breed multiple females and provide no parental care. Therefore, behavioral
differences between sexes likely reflect different reproductive obligations (Snow et al.
2020) and should be a focus for further research, as well as a consideration when
designing management plans.

Although wild pigs are an invasive habitat generalist, our approach of evaluating
population-scale resource selection in contrast to fine-scale behavioral resource selection
revealed wild pigs exhibit differential selection of habitats relative to spatial scale. In

areas where wild pigs are abundant, they often occur throughout the landscape, which
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was reflected in our second-order (i.e., home range placement) analysis as wild pigs
established home ranges in areas proximal to streams containing broad availability of
most vegetation types present on the landscape. However, although wild pigs are well
documented to select for areas near streams (Dexter 1998, Beasley et al. 2014, Gray et al.
2020), here we demonstrate this selection is scale dependent, as neither males or females
exhibited focused activity within their home ranges around streams across behavioral
states. This difference in selection between spatial scales should be considered when
targeting an invasive species for management purposes. The second-order models for
males and females did not demonstrate much strength in the AUC evaluation (<0.7);
therefore, indicating these models do not fit the data exceptionally well. However, we
believe this is due to extensive variation in habitat selection among individuals stemming
from the fact that wild pigs are a habitat generalist at the population scale.

Wild pigs can demonstrate multiple behaviors in similar vegetation types
(Abrahms et al. 2016), but there are certain habitat characteristics and vegetation types
that facilitate specific behaviors (e.g., relocation using roads; Forester et al. 2007).
Although wild pigs are ecological generalists, they exhibit spatio-temporal differences in
resource selection that reflect underlying biological needs (e.g., thermoregulation;
Keuling et al. 2009, Gray et al. 2020). Dense cover and areas proximal to water (i.e.,
bottomland hardwoods) are two key vegetation characteristics that provide resources that
pigs require (Gray et al. 2020), and we found that females and males selected for
bottomland hardwoods and areas with high percentages of canopy cover in every
behavioral state during the low-forage season. In addition, wild pigs forage on

subterranean foods such as roots and tubers when other sources are scarce (Ditchkoff and

30



Mayer 2009, Ballari and Barrios-Garcia 2014, Gray et al. 2020); therefore, selecting
bottomland hardwoods and areas with extensive canopy cover typically coincide with
these forage types and provide access to water and cover.

While foraging, males selected for a variety of vegetation types and structures
throughout the low-forage season. For example, at the home-range scale males
demonstrated a change in selection for primary roads between seasons. In the low-forage
season, males selected for areas closer to primary roads in all three behavioral states.
Also, males selected for secondary roads in the foraging and traveling states at the home-
range scale. The selection for areas near or along both primary and secondary roads while
foraging is likely due to the decrease in resources in adjacent natural areas and the
consistent availability of grasses along open roadsides during the low-forage season
(Ballari and Barrios-Garcia 2014, Lewis et al. 2020). These results coincide with the
increase in use of urbanized and anthropogenic areas when natural forage is scarce
(Podgdrski et al. 2013, Castillo-Contreras et al. 2018). However, the result of wild pigs
utilizing roads could shift in other areas that are associated with hunting or shooting pigs
on roads. Wild pigs on the SRS are rarely persecuted (i.e., dog hunting, etc.) on roads;
therefore, we expect roads are not associated with negative interactions with humans.
Lastly, during the resting state females demonstrated selection for shrub and herbaceous
vegetation, which was characterized by a mixture of areas in early successional stages
and grasslands that both typically occurred together near linear features such as
secondary roads, power lines, and streams, while males selected for this vegetation type
in every behavioral state. Areas dominated by this vegetation type most likely provided

forage, cover, and easy access to linear features when transitioning to traveling in the
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low-forage season. Therefore, interactions between wild pig behavior and the attributes
of vegetation demonstrated in shrub and herbaceous communities in this study allows for
the design of a more informed management plan.

During the high-forage season, at the home-range scale males selected for areas
closer to secondary roads while traveling but avoided these areas when foraging and
resting. Selecting for anthropogenic and natural linear features can help increase an
animal’s pace (step-length) and directional movement, which can assist in traversing the
landscape quickly when dispersing, searching for a mate, or transitioning between resting
and foraging behaviors (Brown et al. 2006, Thurfjell et al. 2009, Gray et al. 2020). Also,
males selected primarily for bottomland hardwoods while foraging in the high-forage
season, and females selected for upland and bottomland hardwoods during all behavioral
states, likely reflecting the availability of food, water, and cover in these habitats (Gray et
al. 2020). Selection for bottomland hardwoods is most likely associated with mast
producing hardwoods (e.g., oak acorns) and productive plants in the understory
throughout summer months, as well as dense cover and proximity to water. Lastly,
throughout the high-forage season, males and females avoided streams at the home-range
scale, which is likely due to the extensive stream system throughout the SRS and the
ability to access dense cover away from streams during times of extreme temperatures.
Other studies have demonstrated the insignificance of streams at the home-range scale
throughout certain times of the year when water is generally present throughout the
landscape (Thurfjell et al. 2009). Unlike the second-order models, the AUC values of all
third-order resource selection models were greater than 0.7 indicating good model fits

with meaningful predictions.
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Wild pigs exhibit substantive behavioral plasticity making them the perfect
invasive species (VerCauteren et al. 2020). They can adjust their life history strategies
such as daily activity patterns to decrease interaction with humans in populated areas. In
addition, wild pigs can adjust their diet throughout the year and in a variety of climatic
conditions to benefit their long-term survival depending on local environmental
conditions (Podgorski et al. 2013, Senior et al. 2016, Gray et al. 2020, Lyons et al. 2020).
Although our study was limited to the SRS in the Southeastern U.S., wild pigs
demonstrate consistent selection patterns for vegetation types associated with certain
resources (i.e., water, mast, etc.; Graves 1984, Dardaillon 1986, Meriggi and Sacchi
2001, Mayer 2009, Gray et al. 2020). Therefore, our findings are likely applicable in
similar areas throughout this species’ native and introduced range. Further research,
though, should focus on wild pig behavioral state resource selection in other geographic
regions to elucidate spatio-temporal differences in wild pig behavior across areas of
differing climate and resource base. In addition, due to rapid growth in body weights and
associated limitations of collecting long-term GPS data on free-ranging wild pigs, not all
individuals within our dataset were represented across both seasons. We recognize
comparing different individuals across seasons could influence the overall results but
given our robust sample size, any differences due to individual variation likely would be
minor and not alter the ultimate management implications of this work.

While our general findings are consistent with previous literature on wild pig
habitat selection, through the investigation of fine-scale movement patterns coupled with
behavioral-based resource selection we were able to demonstrate pigs exhibit clear

differences in temporal patterns of activity and selection of habitats among behavioral
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states. Thus, delineating GPS observational data into unique behavioral states provides
unique insights into the relative importance of environmental attributes critical to the
invasion of an ecosystem or management of a species that may otherwise be obscured
through more coarse-scale resource selection approaches (Roever et al. 2014).
MANAGEMENT IMPLICATIONS

Accounting for behavior when studying habitat selection can provide more useful
and accurate information for managers dealing with an invasive species. Specifically, for
wild pigs, understanding the driving forces of resource selection at a fine scale can
inform when, where, and how to deploy traps, toxicants, attractants, etc. to ensure
visitations occur quickly and consistently (Gray et al. 2020, Pepin et al. 2020), as well as
areas to focus mitigation efforts from wild pig damage. In addition, understanding how
wild pigs use the landscape can provide an advantage for managers and/or disease
biologists when trying to predict areas of high risk for disease transmission. Our results
indicated vegetation class and other landscape features all determined habitat use by wild
pigs when resting, foraging, and traveling. Therefore, targeting specific vegetation types,
features, and times throughout the diel period could provide an advantage for managers
when strategically employing specific management techniques in areas where wild pigs
would be most vulnerable. For example, to increase efficiency and effectiveness of
management techniques such as trapping and toxicant deployment, targeting wild pigs in
habitat types they select for during the foraging and/or traveling behavioral states could
greatly increase the number of pigs removed during these management processes (Pepin

et al. 2020).
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Figure 2.1. Study area with distinct vegetative communities used to develop hidden
Markov models and third-order resource selection functions of male and female wild pigs
(Sus scrofa) during two distinct seasons (i.e., low-forage and high forage) between
Janurary 2014 — December 2019 in South Carolina, USA.
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Figure 2.2. Overall study area with distinct vegetative communities and the 1.2 km?
polygon representing the specified area used to develop available locations for second-
order resource selection functions of male and female wild pigs (Sus scrofa) during two
distinct seasons (i.e., low-forage and high forage) between Janurary 2014 — December
2019 in South Carolina, USA.
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Figure 2.3. Step-length parameter distributions from three-state hidden Markov models
(HMMs) for wild pigs (Sus scrofa) in the Southeast USA by sex and season: (a) females
in low-forage months (January — April); (b) males in low-forage months; (c) females in
high-forage months (May — December); (d) males in high-forage months.
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Figure 2.4. Turn angle parameter distributions from three-state hidden Markov models
(HMMs) for wild pigs (Sus scrofa) in the Southeast USA by sex and season: (a) females
in low-forage months (January — April); (b) males in low-forage months; (c) females in
high-forage months (May — December); (d) males in high-forage months.
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Figure 2.5. Proportion of steps per hour for each behavioral state of wild pigs (Sus scrofa) on the Savannah River Site in South
Carolina by sex and season: (a) females in low-forage months (January — April); (b) males in low-forage months; (c) females in high-
forage months (May — December); (d) males in high-forage months. The dark gray bars represent average nighttime hours while the
light gray bar represents the average daytime hours.
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Figure 2.6. Predictive odds with 95% confidence intervals for second-order selection (Johnson 1980) of female and male wild pigs
(Sus scrofa) on the Savannah River Site in South Carolina during two distinct seasons based on forage availability, (a) low-forage
availability (January — April) and (b) high-forage availability (May — December), for every 100 m increase for distance variables and
every 10% increase for canopy cover. In cases where the confidence interval crosses 1, the variable is considered not significant.
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Figure 2.7. Predictive odds with 95% confidence intervals of third-order selection of male and female wild pigs (Sus scrofa) on the
Savannah River Site in South Carolina during two distinct seasons based on forage availability (i.e., low-forage season (January —
April) and the high-forage season (May — December)). It demonstrates selection or avoidance of vegetation types, streams, and
characteristics of development (e.g., roads) for every 100 m increase and canopy cover for every 10% increase by state where states
represent resting, foraging, and traveling behaviors, respectively: (a) Females in low-forage months (January — April); (b) males in
low-forage months; (c) females in high-forage months (May — December); (d) males in high-forage months. In cases where the
confidence interval crosses 1, the variable is considered not significant.



Table 2.1. A demonstration of all models ran for female and male wild pigs (Sus scrofa) on the
Savannah River Site in South Carolina during two distinct seasons based on forage availability,
low-forage availability (January — April) and high-forage availability (May — December)
separated by type including: (a) hidden Markov models, (b) second-order resource selection
functions, and (c) third-order resource selection functions.

(a)
Model Sex Season Covariates
2-State Female Low-Forage Time of Day (Hour)
2-State Male Low-Forage Time of Day (Hour)
3-State Female Low-Forage Time of Day (Hour)
3-State Male Low-Forage Time of Day (Hour)
2-State Female High-Forage Time of Day (Hour)
2-State Male High-Forage Time of Day (Hour)
3-State Female High-Forage Time of Day (Hour)
3-State Male High-Forage Time of Day (Hour)
(b)
Model Sex Season Covariates
2nd Order RSF Female Low-Forage All2
2nd Order RSF Male Low-Forage All2
2nd Order RSF Female High-Forage All2
2nd Order RSF Male High-Forage All2
(©)
Model Sex Season Covariates
Resting Female Low-Forage All2
Foraging Female Low-Forage All2
Traveling Female Low-Forage All2
Resting Male Low-Forage All2
Foraging Male Low-Forage Allg
Traveling Male Low-Forage All2
Resting Female High-Forage Allg
Foraging Female High-Forage All2
Traveling Female High-Forage Allg
Resting Male High-Forage All2
Foraging Male High-Forage Allg
Traveling Male High-Forage All2

o1



@ All covariates includes distance to upland pines, distance to upland hardwoods, distance to
streams, distance to shrub/herb, distance to secondary road, distance to primary road, distance to
bottomland hardwoods, and percent canopy cover.
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Table 2.2. Standardized metrics for all covariates in both second and third-order resource selection analyses of male and female wild
pigs (Sus scrofa) on the Savannah River Site in South Carolina during two distinct seasons based on forage availability (i.e., low-
forage availability (January — April) and high-forage availability (May — December)).

Analysis Season Variable mean sd min max
2nd Order RSF Low-Forage  Distance to Stream 643.36 472.07 0.00 2670.67
Distance to Primary Road 1573.54 1654.22 0.00 8669.38
Distance to Secondary Road 146.82 164.75 0.00 2373.60
Distance to Upland Hardwoods 206.16 198.73 0.00 2315.25
Distance to Upland Pines 53.18 139.72 0.00 2296.52
Distance to Shrub/Herb 207.11 266.24 0.00 2991.74
Distance to Bottomland Hardwood 173.35 168.13 0.00 1259.29
% Canopy Cover 69.95 29.54 0.00 100.00
2nd Order RSF  High-Forage  Distance to Stream 631.18 467.46 0.00 2618.43
Distance to Primary Road 1634.48 1732.57 0.00 8668.29
Distance to Secondary Road 145.60 161.55 0.00 2363.15
Distance to Upland Hardwoods 204.78 197.48 0.00 2310.00
Distance to Upland Pines 55.09 137.03 0.00 2303.76
Distance to Shrub/Herb 207.49 262.16 0.00 2978.93
Distance to Bottomland Hardwood 174.69 170.90 0.00 1288.60
% Canopy Cover 69.33 30.05 0.00 100.00
3rd Order RSF Low-Forage  Distance to Stream 576.04 482.41 0.00 2241.99
Distance to Primary Road 1311.39 1414.48 0.00 7956.11
Distance to Secondary Road 136.29 110.36 0.00 778.27
Distance to Upland Hardwoods 187.87 159.81 0.00 1209.34
Distance to Upland Pines 37.99 53.27 0.00 536.66
Distance to Shrub/Herb 157.64 141.89 0.00 800.50
Distance to Bottomland Hardwood 140.55 149.17 0.00 953.41
% Canopy Cover 72.27 29.18 0.00 100.00
3rd Order RSF High-Forage  Distance to Stream 596.38 484.95 0.00 2278.82
Distance to Primary Road 1480.70 1615.76 0.00 7865.55
Distance to Secondary Road 136.41 116.31 0.00 1140.39
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Distance to Upland Hardwoods
Distance to Upland Pines

Distance to Shrub/Herb

Distance to Bottomland Hardwood
% Canopy Cover

177.18 158.12 0.00
40.01 66.07 0.00
172.38 160.00 0.00
146.99 155.12 0.00
72.78 28.06 0.00

1273.50
1087.06
1766.95
1005.78

100.00

Table 2.3 Summary of global positioning system (GPS) information, average step-lengths (x SE of the mean parameter) and turning
angles of female and male wild pigs (Sus scrofa) on the Savannah River Site in South Carolina based on GPS locations from January

2014 — December 2019.

Sex Months Number  Number of Mean Number + Range of Avg. Step- Avg. Turning
(Season) of Pigs Locations  SE of Locations  Locations per  length + SE Angle
Individual (m) (radians)
Females January - April 21 29433 1401.57 + 137.97 240 -2987 124.32+1.23 1.72 + 0.006
May - December 20 42277 2113.85 +360.46 432 -5843 144.97 +1.06 1.68 + 0.005
Males January - April 16 18550 1159.38 + 174.59 328 - 2232 186.01 +2.36 1.67 + 0.007
May - December 21 26900 1280.95 + 276.67 239 -4263 229.18+2.31 1.62 + 0.006
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Table 2.4. Model selection results for (a) female wild pigs in the low-forage season, (b)
female wild pigs in the high-forage season, (c) male wild pigs in the low-forage season,
and (d) male wild pigs in the high-forage season from hidden Markov models (HMMs)
testing for the number of movement states and additive effect of time of day on the
transition probabilities among movement states. Only two and three states were tested
because we did not see a biologically significant benefit to discern a fourth behavioral
state for the purpose of this paper.

(a)
Rank  Model ALogLik  AAIC Weight
1 3 State: Hour 0.00 0.00 1.00
2 3 State: Null 202.31 380.61 0.00
3 2 State: Hour 1333.04 2632.08 0.00
4 2 State: Null 1501.39 2960.77 0.00
(b)
Rank  Model ALogLik  AAIC Weight
1 3 State: Hour 0.00 0.00 1.00
2 3 State: Null 211.36  398.72 0.00
3 2 State: Hour 1642.37 3250.73 0.00
4 2 State: Null 1747.69 3453.38 0.00
(©)
Rank  Model ALogLik  AAIC Weight
1 3 State: Hour 0.00 0.00 1.00
2 3 State: Null 827.61 1631.22 0.00
3 2 State: Hour 1823.26 3608.52 0.00
4 2 State: Null 1875.66 3709.33 0.00
(d)
Rank  Model ALogLik  AAIC Weight
1 3 State: Hour 0.00 0.00 1.00
2 3 State: Null 1400.02 2776.03 0.00
3 2 State: Hour 2442.18 4846.36 0.00
4 2 State: Null 2582.5 5122.99 0.00
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Table 2.5. Average step-lengths (x SE) and turning angles for each designated behavioral state by sex in the 3-state HMMs with the
additive effect of hour of day of wild pigs (Sus scrofa) on the Savannah River Site in South Carolina based on GPS locations from two
distinct seasons based on forage availability (i.e., low-forage availability (January — April) and high-forage availability (May —

December)).

January - April

May - December

Mean Parameters -
Females

Average Step-lengths
+ SE (m)

Average Turn Angles
(radians)

Mean Parameters -
Males

Average Step-lengths
+ SE (m)

Average Turn Angles
(radians)

Resting

114 +7.38

3.14

9.68 +6.31

-3.12

Foraging

37.70 £ 23.24

3.11

33.00 + 23.11

-3.12

Traveling

244.30 £ 220.97

0.001

398.43 + 385.81

-0.04

Resting

19.25 + 13.08

-3.11

14.27 £ 9.56

3.11

Foraging Traveling

67.29+48.32 276.62 +227.91

3.14 0.07

52.46 +34.67 420.70 + 406.12

3.13 0.02
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Table 2.6. Standardized coefficient estimates (£SE) and 95% confidence intervals for second-order selection (population-level) of
male and female wild pigs (Sus scrofa) on the Savannah River Site in South Carolina during two distinct seasons based on forage
availability (i.e., low-forage availability (January — April) and high-forage availability (May — December)).

Season Sex Variable Estimate Lower 95% CI  Upper 95% CI
Low-Forage  Female Distance to upland hardwoods -0.1749 + 0.0102 -0.1950 -0.1550
Distance to upland pines -0.6287 + 0.0225 -0.6730 -0.5848
Distance to shrub/herb -0.4026 + 0.0131 -0.4286 -0.3771
Distance to streams -0.0911 + 0.0082 -0.1071 -0.0752
Distance to primary road 0.1573 £ 0.0077 0.1422 0.1723
Distance to Secondary road 0.1879 £ 0.0118 0.1649 0.2110
% Canopy cover -0.0687 + 0.0098 -0.0879 -0.0496
Distance to bottomland hardwoods -0.0896 + 0.0088 -0.1068 -0.0724
Low-Forage @ Male Distance to upland hardwoods -0.2649 + 0.0106 -0.2857 -0.2441
Distance to upland pines -0.3284 + 0.0204 -0.3685 -0.2886
Distance to shrub/herb -0.3846 + 0.0131 -0.4103 -0.3590
Distance to streams -0.2546 + 0.0088 -0.2718 -0.2374
Distance to primary road 0.1055 + 0.0082 0.0894 0.1215
Distance to Secondary road 0.1047 £0.0119 0.0813 0.1281
% Canopy cover -0.0415 + 0.0099 -0.0608 -0.0221
Distance to bottomland hardwoods -0.056 = 0.0092 -0.0737 -0.0378
High-Forage  Female Distance to upland hardwoods 0.0255 + 0.0089 0.0080 0.0429
Distance to upland pines -0.3261 + 0.0197 -0.3649 -0.2876
Distance to shrub/herb -0.5983 + 0.0151 -0.6281 -0.5687
Distance to streams -0.2878 + 0.0091 -0.3057 -0.2701
Distance to primary road -0.4510 £ 0.0109 -0.4725 -0.4296
Distance to Secondary road 0.0577 £ 0.0123 0.0335 0.0819
% Canopy cover -0.0084 + 0.0091 -0.0262 0.0095
Distance to bottomland hardwoods -0.0941 + 0.0088 -0.1114 -0.0768
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High-Forage

Male

Distance to upland hardwoods
Distance to upland pines

Distance to shrub/herb

Distance to streams

Distance to primary road

Distance to Secondary road

% Canopy cover

Distance to bottomland hardwoods

0.0295 + 0.0077
-0.1031 + 0.0133
-0.3803 + 0.0106
-0.1955 + 0.0072
-0.0034 = 0.0075

0.0034 £ 0.0099

-0.055 + 0.0078

-0.044 +0.0073

0.0145
-0.1293
-0.4012
-0.2096
-0.0181
-0.0160
-0.0704
-0.0578

0.0447
-0.0771
-0.3595
-0.1814

0.0112

0.0228
-0.0397
-0.0293
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Table 2.7. Standardized coefficient estimates (+SE) and 95% confidence intervals for third-order selection (behavioral state) of male
and female wild pigs (Sus scrofa) on the Savannah River Site in South Carolina during two distinct seasons based on forage
availability (i.e., low-forage availability (January — April) and high-forage availability (May — December)).

Model Season Sex Variable Estimate + SE Lower 95% CI  Upper 95% CI

Resting Low-Forage Female  Distance to upland hardwoods 0.0003 £ 0.0195 -0.0379 0.0385

(State 1)
Distance to upland pines -0.0240 + 0.0185 -0.0601 0.0122
Distance to shrub/herb -0.1462 + 0.0184 -0.1823 -0.1102
Distance to stream 0.0870 +0.0171 0.0535 0.1204
Distance to primary road -0.0586 + 0.0193 -0.0964 -0.0208
Distance to secondary road 0.0807 + 0.0166 0.0481 0.1133
% canopy cover 0.1693 + 0.0185 0.1330 0.2057
Distance to bottomland -0.3808 + 0.0187 -0.4174 -0.3442
hardwoods

Foraging Low-Forage Female Distance to upland hardwoods 0.0693 + 0.0188 0.0324 0.1062

(State 2)
Distance to upland pines 0.0182 + 0.0197 -0.0205 0.0568
Distance to shrub/herb 0.0319 £ 0.0157 0.0012 0.0627
Distance to stream 0.0075 +0.0161 -0.0240 0.0390
Distance to primary road -0.2293 + 0.0173 -0.2631 -0.1954
Distance to secondary road 0.1693 + 0.0148 0.1402 0.1984
% canopy cover 0.7363 + 0.0261 0.6852 0.7874
Distance to bottomland -0.5683 + 0.0213 -0.6099 -0.5266
hardwoods

Traveling Low-Forage Female  Distance to upland hardwoods 0.0224 + 0.0152 -0.0075 0.0523

(State 3)
Distance to upland pines 0.1283 + 0.0145 0.0999 0.1567
Distance to shrub/herb 0.0694 £ 0.0132 0.0434 0.0953
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Resting Low-Forage Male
(State 1)

Foraging Low-Forage Male
(State 2)

Traveling Low-Forage Male
(State 3)

Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines

-0.0205 + 0.0139
-0.0712 + 0.0136
0.0007 +0.0125
0.2479 £ 0.0164
-0.4449 + 0.0158

-0.1216 + 0.0165

0.2687 + 0.0165
-0.1592 + 0.0218
-0.2701 + 0.0248
-0.4467 + 0.0413

0.2468 + 0.0177

0.0697 £ 0.0187
-0.2738 + 0.0221

-0.0008 + 0.0185

0.1496 + 0.0194

-0.053 £ 0.0210

-0.004 + 0.0240
-0.2104 + 0.0389
-0.0393 + 0.0192
0.7822 £ 0.0322
-0.4846 + 0.0255

0.0498 + 0.0130

0.1250 + 0.0150

-0.0477
-0.0979
-0.0237

0.2156
-0.4759

-0.1540

0.2364
-0.2018
-0.3188
-0.5277

0.2121

0.0331
-0.3171

-0.0370

0.1117
-0.0943
-0.0514
-0.2866
-0.0769

0.7192
-0.5345

0.0244

0.0955

0.0067
-0.0445
0.0251
0.2801
-0.4139

-0.0893

0.3011
-0.1165
-0.2214
-0.3657

0.2815

0.1063
-0.2305

0.0353

0.1876
-0.0120
0.0426
-0.1342
-0.0017
0.8453
-0.4347

0.0752

0.1544
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Resting High-Forage Female
(State 1)

Foraging High-Forage Female
(State 2)

Traveling High-Forage Female
(State 3)

Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

-0.1626 + 0.0172
0.0292 + 0.0196
-0.1294 + 0.0308
-0.1961 + 0.0160
0.2095 + 0.0168
-0.3702 + 0.0179

-0.3794 + 0.1907

-0.2719 + 0.0148
-0.0053 + 0.0138
-0.1325 + 0.0145
0.2204 + 0.0154
-0.1956 + 0.0122
0.0721 + 0.0128
0.4200 £ 0.0161

-0.3463 + 0.0151

-0.0749 + 0.0170
0.0317 +0.0168
0.1333 £ 0.0195

-0.3230 + 0.0156
0.0643 £ 0.0157
0.5632 + 0.0233

-0.2882 + 0.0197

-0.1999 + 0.0134

-0.1962
-0.0093
-0.1897
-0.2275

0.1765
-0.4053

-0.7532

-0.3009
-0.0325
-0.1609
0.1903
-0.2195
0.0470
0.3885

-0.3758

-0.1081
-0.0012
0.0950
-0.3536
0.0335
0.5175
-0.3268

-0.2262

-0.1289
0.0676
-0.0691
-0.1647
0.2425
-0.3351

-0.0057

-0.2429
0.0218
-0.1042
0.2505
-0.1717
0.0972
0.4514

-0.3167

-0.0416
0.0646
0.1715

-0.2924
0.0951
0.6089

-0.2496

-0.1737

61



Resting
(State 1)

Foraging
(State 2)

High-Forage

High-Forage

Male

Male

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream

Distance to primary road
Distance to secondary road

% canopy cover

Distance to bottomland
hardwoods

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream
Distance to primary road
Distance to secondary road
% canopy cover

Distance to bottomland
hardwoods

-0.0271 +0.0129
0.0104 £0.0131
0.1528 + 0.0151

-0.1890 + 0.0114
0.0648 + 0.0115
0.2767 £ 0.0141

-0.2710 = 0.0139

-0.1152 + 0.0144

0.2054 + 0.0162
-0.2508 + 0.0190
0.0266 + 0.0188
-0.2176 + 0.0314
0.1562 + 0.0158
0.3785 £ 0.0175
-0.2933 +0.0173

0.0963 + 0.0159

0.1670 + 0.0185

-0.018 £ 0.0183
0.1050 + 0.0205
-0.0203 + 0.0309
0.0516 + 0.0167
0.6411 £+ 0.0254
-0.4063 = 0.0209

-0.0523
-0.0153
0.1233
-0.2114
0.0423
0.2491
-0.2982

-0.1434

0.1737
-0.2880
-0.0103
-0.2791

0.1252

0.3442
-0.3272

0.0652

0.1308
-0.0542
0.0649
-0.0808
0.0188
0.5914
-0.4473

-0.0018
0.0361
0.1823

-0.1667
0.0872
0.3044

-0.2438

-0.0871

0.2372
-0.2135
0.0634
-0.1561
0.1872
0.4128
-0.2595

0.1275

0.2033
0.0173
0.1451
0.0401
0.0843
0.6908
-0.3652
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Traveling Low-Forage
(State 3)

Male

Distance to upland hardwoods

Distance to upland pines
Distance to shrub/herb
Distance to stream
Distance to primary road
Distance to secondary road
% canopy cover

Distance to bottomland
hardwoods

-0.0145 + 0.0109

0.1127 + 0.0127
-0.1358 + 0.0138
0.1466 + 0.0148
-0.0373 + 0.0229
-0.1980 + 0.0129
0.1758 £ 0.0125
-0.1890 + 0.0124

-0.0358

0.0878
-0.1629
0.1176
-0.0822
-0.2232
0.1512
-0.2133

0.0068

0.1375
-0.1087
0.1756
0.0075
-0.1727
0.2003
-0.1647
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CHAPTER 3
INFLUENCE OF BIOTIC AND ABIOTIC FACTORS ON HOME RANGE SIZE AND

SHAPE OF INVASIVE WILD PIGS (SUS SCROFA)

Clontz, L. M., K. M. Pepin, K. C. VerCauteren, and J. C. Beasley. 2020. To be submitted
to Pest Management Science.
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ABSTRACT

Determining factors influencing animal movements at a temporal scale that is similar to
the temporal scale at which management actions are conducted (e.g., weekly) is crucial
for identifying efficient methods of wildlife conservation and management. Using GPS
data from 49 wild pigs in the southeastern U.S., we constructed weekly 50% and 95%
utilization distributions to quantify the effects of biotic and abiotic factors on core area
and home range size, as well as home range and shape. We found vegetative composition
(i.e., proportion of bottomland hardwoods), meteorological conditions (i.e., temperature
and pressure), and sex influenced wild pig weekly home range and core area size, while
landscape features (i.e., distance to streams) also impacted core area size. Vegetative
composition (i.e., proportion of upland pines) and landscape features (i.e., distance to
streams) also were important factors influencing home range shape. At close distances to
streams, wild pigs had more elongate home ranges when their home ranges comprised
less upland pine habitat; however, at far distances to streams, there was no change in
home range shape across fluctuating proportions of upland pines. These results
demonstrate that the extent of wild pig home ranges and movements are variable and
influenced by several habitat, landscape, and meteorological attributes that can easily be
quantified from available land use and meteorological databases. Results are important
for designing monitoring studies, identifying high risk zones for diseases, planning
response to disease emergence events, and allowing more effective and efficient short-
term management planning.
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animal movements, core area, home range, invasive species, spatial ecology
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INTRODUCTION

Understanding how animals move throughout landscapes while interacting with
resources and responding to shifts in weather is critical for understanding basic ecology
and life-history strategies of a species. For species of management or conservation
concern, knowledge of the underlying factors influencing animal movement and space
use patterns is often a fundamental component of developing management plans or
modeling population persistence and expansion, especially on a temporal scale that is
similar to the scale at which management decisions are implemented. Numerous factors
affect animal space use and movement at varying spatial and temporal scales, such as: (1)
the distribution of required resources (i.e., food, water, cover) (Tufto et al. 1996, Borger
et al. 2006, Gray et al. 2020), (2) meteorological conditions (i.e., temperature, rain,
atmospheric pressure) (Webb et al. 2010, Kay et al. 2017), (3) memory-based foraging
and site-fidelity (Wauters et al. 2001, Horne et al. 2008, Merkle et al. 2014), and (4) the
density and location of other animals (i.e., mates, competitors, etc.) (Horne et al. 2008).
An important concept describing animal space use and providing insight on animal
behavior is the home range; defined by Burt (1943) as the ‘area traversed by the
individual in its normal activities of food gathering, mating, and caring for young.” While
there are consistent patterns depicted for where and how these normal activities occur
irrespective of geography, movement behavior of most wildlife species is dictated by
landscape complexity (i.e., heterogeneity) and/or composition of resources (Mcloughlin
and Ferguson 2000, Borger et al. 2006, Clontz et al. 2020), as most animals often live in

complex and heterogenous landscapes relative to habitat quality and resource availability.
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The composition and configuration of habitat attributes can have a profound
influence on the movement patterns and home ranges of animals (Mcloughlin and
Ferguson 2000, Miller et al. 2000, Beasley and Rhodes 2010, Hillen et al. 2011, Castillo-
Contreras et al. 2018, Clontz et al. 2020). Generally, higher quality habitats, which
coincide with highly productive biotic communities, are associated with smaller home
ranges because animals have the ability to satisfy energetic requirements in a smaller area
(Harestad and Bunnel 1979). Meteorological conditions (i.e., temperature and
precipitation) also can influence home range size via physiological restraints and
energetic tradeoffs (Webb et al. 2010, McClure et al. 2015, Schlichting et al. 2016, Kay
et al. 2017). For example, Kay et al. (2017) demonstrated that wild pig home ranges at
the monthly scale were negatively related to temperature and pressure. Landscape
complexity and the distribution of vegetation and required resources across the landscape
also can influence home range shape, irrespective of size (Metzgar 1973, Singer et al.
1981, Mcllroy 1989, Gray et al. 2020). For example, topography, vegetation, and
landscape characteristics such as streams and roads can influence home range shape by
acting as linear barriers to movement (Armitage 2009). Also, in relation to these barriers
of animal movement is the distribution of required resources such as food, water and
cover, which can also direct animal movement and influence home range shape
(Lariviére et al. 2007). Therefore, knowledge of home range size and shape is critical for
making management decisions, especially when considering invasive species, which
often cause widespread ecological and economic impacts and are thus subject to

extensive population control and eradication efforts.
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Invasive species often are highly adaptable, habitat and/or resource generalists,
and have few predators or competitors outside of their native range (Shea and Chesson
2002, Garza et al. 2017, Pitt et al. 2018). These attributes facilitate the efficient
exploitation of novel habitats by invasive species, allowing them to occupy landscapes in
climates that do not occur in their native range as well as rapidly expand in population
size and distribution once established (Broennimann and Guisan 2008). Among invasive
vertebrates, wild pigs (Sus scrofa; Keiter et al. 2016) are one of the most widespread and
successful species in the world (Garza et al. 2017, VerCauteren et al. 2020). Introduced
globally as a food source and for hunting, wild pigs have effectively established invasive
populations throughout North and South America, Australia, New Zealand, and Africa, in
addition to numerous island nations (Barrios-Garcia and Ballari 2012, Lewis et al. 2017).
Within the United States, wild pigs originated through introduction of domestic pigs in
the 1500s by Spanish explorers as a source of meat (Seward et al. 2004), which later
hybridized with introduced Eurasian wild boar (Goedbloed et al. 2013, Keiter et al. 2016,
Mayer and Beasley 2018). Wild pig populations have continued to increase due to both
intentional and accidental methods of introduction such as translocation for hunting,
escapees from confinement operations, and dispersal from other established populations
(Witmer et al. 2003, Tabak et al. 2017, Hernandez et al. 2018). The surges in invasive
wild pig populations in the U.S. and around the world have created increasing ecological
and economic damages to environmental, agricultural, and anthropogenic ecosystems
(Pimental 2007, Bevins et al. 2014, Keiter and Beasley 2017). Even in their native range,
wild boar impose threats on other native fauna and flora (Massei and Genov 2004). Given

the continued growth in abundance and geographic spread of wild pigs and resulting
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impacts on humans, plants, and animals (i.e., environmental damage, agricultural
damage, reservoir for disease, etc.; Barrios-Garcia and Ballari 2012), wild pigs have
become a serious issue for wildlife managers (Mayer and Brisbin 2009). Thus,
understanding the impact of biotic and abiotic attributes on the movement behavior of
wild pigs at a spatial and temporal scale that most management occurs is important to aid
in control efforts for this destructive invasive species through fine-tuning the efficiency
of management techniques based on local environmental conditions.

Home range sizes of wild pigs are influenced by individual-level attributes,
vegetation or habitat (Franckowiak and Poche 2018), distance to water (Kay et al. 2017,
Gray et al. 2020), and meteorological conditions (Schlichting et al. 2016, Kay et al.
2017). In particular, although a generalist species, wild pigs have limited
thermoregulatory capabilities and often are associated with areas proximal to water and
associated vegetation types (Clontz et al. 2020, Gray et al. 2020). However, most studies
that have quantified the influence of environmental attributes on wild pig movements
have done so at relatively coarse temporal scales (e.g., annual, bimonthly, monthly)
(Schlichting et al. 2016, Kay et al. 2017, Gray et al. 2020) relative to the temporal scales
at which many management activities and decisions occur. Throughout much of their
invasive range, wild pigs are subject to extensive control with adaptive management
decisions often occurring on a weekly or even daily basis. For example, most
management techniques such as trapping, toxicant deployment, and aerial gunning occur
across days or weekly periods targeting individuals or social groups. Therefore,
determining the underlying attributes that drive home range shape and size at a fine

temporal scale (i.e., weekly) would provide managers with the ability to understand wild
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pig behavior and adapt management strategies more often and consistently to allow for
more efficient and effective management.

Therefore, the objective of this paper is to quantify wild pig movements at a fine
temporal scale (i.e., weekly) to provide a better understanding of how landscape
composition, meteorological conditions, and individual-level attributes affect movements,
and ultimately, home range size and shape compared to other temporal scales.
Specifically, we examined the influence of sex, vegetation composition, distance to
streams, and effects of weather (e.g., maximum temperature, average precipitation, and
average atmospheric pressure) as factors that impact wild pig home range and core area
size. In addition, we tested the effect of sex, vegetation composition, and distance to
streams on the shape of wild pig home ranges. Based on prior studies of wild pig home
range size, we hypothesized males would travel more than females resulting in larger
home ranges, even at the weekly scale. We also hypothesized wild pig home ranges
would increase in size when the proportion of low-quality habitat (e.g., upland pines)
increased within home ranges, and become more elongate at closer distances to streams
because these areas would most likely represent the highest quality habitat and sources of
water embedded in a larger matrix of other vegetative communities. In addition, we
expected an inverse response of a decreasing home range size when the proportion of
high-quality habitat (e.g., bottomland hardwoods) increased within home ranges, as well
as more circular home ranges at farther distances from streams and in low-quality habitat.
Lastly, we expected to see shifts in home range size as a result of fluctuations of weather

(i.e., maximum temperature and average precipitation). Specifically, we expected wild
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pigs to have smaller home ranges during weeks with higher temperatures and
precipitation and lower pressure.
METHODS
Study area

Our work was conducted on the Savannah River Site (SRS), a ~800 km? site
managed by the United States Department of Energy (DOE) on the border of Georgia and
South Carolina (Fig. 3.1). Although established for industrial activities, facilities and
infrastructure comprise a small proportion of the landscape, with most of the landscape
being managed by the United States Forest Service for timber production and wildlife
conservation. The SRS was comprised of approximately 50% upland pine including
loblolly pine (Pinus taeda), longleaf pine (Pinus palustris), and slash pine (Pinus
elliottii), 25% was bottomland hardwood forest (Taxodium sp., Liquidambar sp., Quercus
sp., Nyssa sp.), 10% shrub/herbaceous-dominated areas, 8% upland hardwoods (Carya
sp., Acer sp., Quercus sp.), 2% open water, and the rest was mixed forest, developed, and
barren land. These habitats were heterogeneously distributed across the site, with
extensive areas of bottomland hardwood forest and other areas that had riparian drainages
embedded within a matrix of mostly pine habitat. Wild pigs have been managed on the
SRS since the early 1950s, when an active live-trap-and-removal program was initiated to
mitigate damages caused by wild pigs (Mayer et al. 2020a). Despite this control, there are
several thousand wild pigs inhabiting the SRS that are distributed throughout the site
(Keiter et al. 2017). The diversity of habitat types of the SRS combined with the limited

public access, diversity of other wildlife species present, and high wild pig densities
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make the SRS an ideal location to study how habitat configuration influences variability
of home range shape and size of this species.
Field methods

We captured wild pigs throughout the SRS from January 2017 — May 2020 using
baited-corral traps equipped with a combination of remote-operated and trip-wire
mechanisms. We used a dart rifle (X-Caliber, Pneu-Dart Inc., Pennsylvania, USA) to
anesthetize captured pigs using a combination of butorphanol [0.077 mg/kg], azaperone
[0.026 mg/kg], medetomidine [0.031 mg/kg] (BAM; 0.031 mi/kg; Wildlife
Pharmaceuticals Inc., Colorado, USA) and Ketamine (2.2 mg/kg; Wildlife
Pharmaceuticals Inc., Colorado, USA) or Xylazine (2.2 mg/kg; Wildlife Pharmaceuticals
Inc., Colorado, USA) and Telazol (4.4 mg/kg; MWI Veterinary Supply, Idaho, USA).
While under anesthesia, we recorded sex and assessed age through examination of tooth
eruption (Mayer et al. 2020b). We placed uniquely identifiable ear tags in both ears of all
captured wild pigs and fit the largest adult female in each sounder (i.e., social unit) and
breeding-aged males with an Iridium GPS collar (Telonics Gen4 GPS/Iridium System,
Telonics, Inc., Mesa, Arizona or VECTRONIC GPS PLUS Globalstar-3, VECTRONIC
Aerospace, Coralville, lowa). On three occasions, more than one GPS collar was
deployed within the same social unit. Anesthetized wild pigs were allowed to recover at
the capture site after reversed with a combination of Atipamezole (25mg/ml; Wildlife
Pharmaceuticals Inc.) and Naltrexone (50 mg/ml; Wildlife Pharmaceuticals Inc.,
Colorado, USA). Collars were programmed to record GPS locations at 30-minute or one-
hour intervals and equipped with a mortality sensor that became activated after 12 hours

with no movement by the animal. All capture and handling procedures were conducted in
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compliance with the University of Georgia’s Animal Care and Use Committee
(Protocols: A2012 08-004, A2015 05-004, and A2018 08-013).

To estimate location error of GPS transmitters, we left a subset of three collars out
for 10 days in fixed locations, five days in open vegetation and five days in forest
vegetation. We used these data to calculate the average error among fixes for each habitat
type.

Data Processing

We subset data for wild pigs with a 30-minute GPS fix rate to one-hour intervals
to maintain a comparable temporal resolution within our dataset. We also removed the
first 48 hours of GPS fixes to account for any potential bias associated with residual
anesthetic effects, as well as locations associated with non-pig movements (e.g., locations
after mortality). We were unable to determine the dilution of precision or number of
satellites used to obtain fixes for non-retrieved collars as these data were not transmitted
via Iridium satellites. However, from collars we were able to retrieve during the course of
the study and manually download, less than 0.01% of locations were 2-Dimensional fixes
(i.e., locations collected with three satellites). Therefore, we included all locations
regardless of dimensional fix within our dataset to be consistent across all individuals.
We combined each individuals’ locations for every seven-day weekly period separately
for each year. In addition, we excluded any weeks within an individual’s data that did not
have at least 65% of the locations obtained for that week to ensure home ranges were

representative of the weekly scale.
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Response Variables

We quantified home range size and shape for each weekly home range for
inclusion in our analyses as dependent variables. We constructed 50% and 95% fixed
kernel utilization distributions (hereafter ‘core area’ and ‘home range’) to quantify home
range size; however, to avoid over inflation of shape due to polygon smoothing and
multiple disparate polygons characteristic of kernels, we constructed 95% minimum
convex polygons (hereafter ‘95% MCP’) to quantify home range shape for each week for
each individual. We used the adehabitat package with the reference bandwidth (href)
smoothing parameter (Calenge 2006) in the statistical computing software R 3.6.1 (R
Core Team 2019) for kernel construction. Any individuals that did not have at least two
consecutive weeks of home range data were removed from the analyses. We quantified
home range shape using a shape index (McGarigal and Marks 1994) to evaluate the
circularity of the home range using the following formula:

shape index = perimeter / (2* v/(pi * area)).

A smaller outcome is indicative of a more circular home range (i.e., 1.0) and a larger
value is indicative of a more elongate or linear home range (i.e., 4.0). Therefore, this
index allowed us to compare home range shape on a continuous scale.
Habitat and Weather Covariates

We reclassified the 2016 National Land Cover Database (NLCD) raster layer (30
x 30 m-resolution; Jin et al. 2019) to include two classifications of vegetative cover
representative of low- and high-quality habitat for our home range analyses: 1) upland
pines and 2) bottomland hardwoods, respectively. In addition, we obtained temperature

and precipitation variables from the nearest weather station in Aiken, SC (USC00380072)
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and recovered any missing data with data from the next closest station in Graniteville, SC

(USC00383665; www.ncdc.noaa.gov). We acquired atmospheric pressure data from the

Aiken Municipal Airport, SC (WBAN: 72060100193; www.ncdc.noaa.gov). We used the

mean of average daily values over each corresponding week for precipitation (cm),
maximum temperature (°C), and atmospheric pressure (Pa) as continuous, fixed
covariates. We quantified the proportion of upland pine and bottomland hardwood
vegetation types for all core areas, home ranges, and 95% MCPs by systematically
sampling (every pixel, i.e., 30 m), extracting vegetation classifications for each sampled
point, and then dividing the total number of pixels classified for each vegetation type by
the overall total number of pixels for the relative home range. We also characterized the
distribution of streams within our study area from existing SRS geospatial layers and
generated a distance to stream layer using the Euclidean distance tool in ArcGIS 10.7.1
(Environmental System Research Institute, Inc., Redlands, CA, USA). We then took the
average of the distances from all locations within each home range to obtain a single
value associated with distance to stream for each core area, home range, and 95% MCP.
Statistical Analyses

We calculated Pearson’s correlation coefficients to test for collinearity (i.e.,
Pearson’s |r| > 0.5) between each of our habitat and weather covariates and did not
include any correlated covariates within the same model in subsequent analyses (Roever
et al. 2014). To quantify the effects of our habitat and weather covariates on wild pig
home range size and shape, we used generalized linear mixed-effect models (GLMMs)
with a Gamma distribution and a log-link because home range size and shape are non-

negative and right-skewed. In order to best represent pressure in models, we conducted a
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preliminary analysis on the relationship of average pressure with home range size to
determine if average pressure would be represented best as a quadratic term or a single
covariate in relevant models since wild pigs have demonstrated variable patterns at
different temporal scales (Kay et al. 2017). The use of a quadratic for average pressure
did not improve model fit based on Akaike Information Criterion corrected for small
sample size (AIC¢) (Burnham and Anderson 2002); therefore, we included average
pressure in models as a single covariate. Next, we generated 29 biologically relevant a
priori models including the null models and interactions to examine the influence of sex
and six environmental and meteorological variables (i.e., proportion of bottomland
hardwoods, proportion of upland pines, average distance to stream, average weekly
maximum temperature, average weekly precipitation, and average weekly atmospheric
pressure) on home range and core area size at the weekly scale. We also generated 15 a
priori models including the null model and interactions to determine the influence of sex,
vegetation type (i.e., proportion of bottomland hardwoods and proportion of upland
pines), and average distance to stream on 95% MCP shape. We accounted for repeated
observations by specifying each individual pig as a random effect. We created two null
models, one with a random effect for individual and one with a nested random effect with
social group and individual, and we used model selection to test for the importance of a
nested random effect with social group. We ranked models using AIC. (Burnham and
Anderson 2002), and assessed absolute goodness-of-fit using the trigamma-estimate of
the marginal (R%cLmm(m); i.€., represents variance explained by fixed effects) and
conditional (R%cLmm(e); i.€., represents variance explained by overall model including

both random and fixed effects) pseudo-coefficient of determination for GLMMs
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(Nakagawa and Schielzeth 2013). We performed calculations using the MnMIn package
in R version 3.6.1 (R Core Team 2019, Barton 2020). We standardized all variables prior
to model development [(xi - x )/s] (Table 3.1), and used the Ime4 package in R version
3.6.1 for all analyses (Bates et al. 2014, R Core Team 2019).
RESULTS
Descriptive Statistics

We determined average collar error in forested vegetation to be 22.3 m and in
open vegetation to be 11.9 m. We used a sample of 49 collared wild pigs (27 females and
22 males) tracked between January 2017 and August 2020, which provided 157 weekly
periods and a total sample of 980 home ranges for modeling wild pig home range size
and shape. The weekly sample size of individuals throughout the 157-week period ranged
from 4 to 18 for females and from 4 to 22 for males per week, with a median of 8.5
individuals for both females and males separately. Average weekly fixed kernel core area
and home range sizes (+SE) for female wild pigs in this study were 1.05 + 0.32 km? and
4.75 + 1.35 km?, respectively, and for males they were 2.90 + 0.62 km? and 13.81 + 2.76
km?, respectively. Home range shape index ranged from 1.03 (most circular) to 1.84
(most elongate) with a median of 1.13, indicating more individuals had circular home
ranges compared to semi-elongate home ranges (Fig. 3.2).

The model including individual as a nested random effect within social group had
a larger AAIC. than the model with individual as a sole random effect and was associated
with warnings of overfitting. Therefore, we only included individual as a random effect

in subsequent models. Also, proportion of bottomland hardwoods and upland pines were
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correlated (R =-0.58), so we did not include them in the same model but tested them
independently (Table 3.2).
Home Range Size

The highest ranked model for estimating weekly home range size included
average maximum temperature, average atmospheric pressure, average precipitation, and
an interaction between sex and bottomland hardwoods (Table 3.3). No other models were
within A2 AIC. (Table 3.2). For weekly home ranges, males had a larger weekly home
range compared to females. In addition, the interaction between sex and bottomland
hardwoods was significant indicating the effect of bottomland hardwoods on home range
size was dependent upon sex (Table 3.3; Fig. 3.3). Home range size had a negative
relationship with proportion of bottomland hardwoods for both females and males.
However, female home range size exhibited more dependence on bottomland hardwoods
than males (Fig. 3.3). In addition, weekly home range size also displayed a negative
relationship with average maximum temperature (Table 3.3; Fig. 3.1) and, conversely, a
positive relationship with average atmospheric pressure (Table 3.3; Fig. 3.1). Although
included in the top model for home range size, average precipitation was not significant
in the model (i.e., p > 0.05; Table 3.3). The top model for estimating weekly home range
size had a marginal R?cLmm(m) = 0.25 and a conditional R%Lmm() = 0.35.
Core Area Size

For weekly core areas, the highest ranked model included proportion of
bottomland hardwoods, average maximum temperature, average atmospheric pressure,
average precipitation, and an interaction between sex and average distance to stream

(Table 3.4). No other models were within A2 AIC. (Table 3.5). Similar to weekly home
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ranges, males maintained larger weekly core areas than females. The interaction between
sex and average distance to streams was significant indicating the effect of distance to
streams on core area size was dependent upon sex (Table 3.4; Fig. 3.4). Male core area
size was negatively associated with increasing distances to streams; however, females
showed no substantial change in core area size across different distances to streams (Fig.
3.4). In addition, core area size maintained the same positive relationship with average
atmospheric pressure as at the weekly home range scale (Fig. 3.4). Lastly, average
precipitation and average maximum temperature were included in the top model, but they
were not statistically significant (i.e., p > 0.05) predictors for core area size (Table 3,4).
The top model for estimating core area size had a marginal R%cLmmm) = 0.18 and a
conditional R%cLmm(c) = 0.28.
95% MCP Home Range Shape

The analysis investigating the influence of sex, habitat, and environmental
attributes on home range shape produced a single top model that included an interaction
between average distance to stream and proportion of upland pines (Table 3.6). No other
models were within A2 AIC. (Table 3.7). The interaction between proportion of upland
pines and average distance to streams was significant, indicating that wild pig 95% MCP
weekly home range shape was affected differently by the proportion of upland pines
within the home range across varying distances to streams. For example, at close
distances to streams (i.e., <250 m), wild pigs had more elongate home ranges that were
comprised of less upland pine habitat and more circular home ranges comprised of a

higher proportion of upland pines. However, at far distances to streams (i.e., > 900 m),
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there was no change in home range shape across fluctuating proportions of upland pines
(Fig. 3.5).
DISCUSSION

Using GPS data from wild pigs collected within a matrix of heterogeneously
distributed bottomland hardwood (i.e., high-quality habitat) and upland pine (i.e., low-
quality habitat) habitat, we demonstrated that home range size and shape were influenced
by a combination of biotic (i.e., vegetation types) and abiotic (i.e., temperature,
precipitation, pressure, streams) environmental factors. Similar to previous research that
has quantified home ranges of wild pigs at more coarse temporal scales (i.e., monthly,
bimonthly, annually), males exhibited larger weekly home ranges and core areas
compared to females (Dexter 1999, Kay et al. 2017, Gray et al. 2020). In addition, the
extent of movement by both males and females was strongly influenced by the
availability of high-quality habitat, with individuals maintaining smaller home range and
core area sizes in areas dominated by bottomland hardwood vegetation. However, at the
home range scale this pattern was slightly more pronounced for females than males.
Furthermore, temperature and pressure were found to influence both female and male
home range size, while pressure was the only influential meteorological variable for both
sexes at the core area scale. In addition, males had larger core areas at closer distances to
streams, while females maintained consistent core area sizes across all distances to
streams. Home range shape was also driven by vegetation and landscape characteristics
via an interaction between low-quality habitat and average distance to stream in this

study system.
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The larger home range size of males observed in this study compared to females
is consistent with our hypotheses, as well as most other wild pig research conducted at
broader temporal scales (Mcllroy 1989, Dexter 1999, Kay et al. 2017, Gray et al. 2020);
although Singer et al. (1981) reported no difference in home range size between sexes.
Male wild pigs are generally larger than females, and their body mass does not fluctuate
as drastically as females (Saunders and McLeod 1999, Gray et al. 2020). In addition, wild
pigs have a promiscuous mating strategy and are reproductively active year-round (Snow
et al. 2020). Therefore, unlike other ungulates that experience one short-term rut
annually, mate-seeking movements in wild pigs likely occur throughout the year with
gradual peaks at certain temporal periods based on forage availability (Gray et al. 2020,
Snow et al. 2020). Therefore, larger home range sizes of male wild pigs in this study
could be a result of allometric effects or the process of maximizing reproductive fitness
(Dexter 1999, Gray et al. 2020).

At the weekly scale, our results suggest landscape vegetation composition plays
an important role in influencing the extent of wild pig movements. Landscape vegetation
was intended to act as a proxy for habitat quality in our models and was represented by
two dominant vegetation types within our study area, bottomland hardwoods (high-
quality) and upland pines (low-quality). Bottomland hardwoods was an important
predictor variable of home range and core area size with smaller home ranges and core
areas associated with higher proportions of bottomland hardwoods. However, at the home
range scale, the effect of bottomland hardwoods on home range size was moderated by
sex, with male home range size being less influenced by the proportion of bottomland

hardwoods than females. Bottomland hardwoods offer an abundance of resources
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important to wild pigs including dense cover, areas proximal to water, and a diversity of
food resources (Ditchkoff and Mayer 2009, Ballari and Barrios-Garcia 2014, Beasley et
al. 2014, Gray et al. 2020, Mayer et al. 2020a). Therefore, increased availability of
bottomland hardwoods likely facilitates reduced movements associated with important
behaviors such as foraging, wallowing, searching for a mate, etc., and simplifies the
process of acquiring necessary resources. However, the difference in social dynamics and
reproductive responsibilities between males and females may produce differences in the
dependence on and selection of bottomland hardwood habitat. For example, depending
on the stage of reproduction, females may require more energy and/or cover or be limited
to an area by their offspring and occupy habitats that offer the best conditions while
males may be more mobile (Hillen et al. 2011, Gray et al. 2020).

The interaction between distance to streams and sex was an influential predictor
variable for core area size but not for home range size. Male core area size was inversely
related to distance to streams (i.e., core areas are smaller at farther distances from
streams), while female core area size was not influenced by distance to streams. Previous
literature has shown wild pigs have an affinity for water and associated vegetation types,
which are generally associated with higher quality habitat (Gray et al. 2020); therefore,
densities of wild pigs are potentially higher in areas with water-associated vegetation
types than in areas with lower quality habitat. In other ungulates, both positive and
negative relationships between home range size and population densities have been
observed (Saunders and McLeod 1999, Kjellander et al. 2004, Kilpatrick et al. 2011). The

association between male core area size and distance to streams could be influenced by
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population density and/or age, which were two variables we were unable to evaluate in
our models and should be considered in further research.

The influence of meteorological conditions (i.e., temperature and pressure) on
weekly home range size was also evident in our models. Average weekly maximum
temperature and average atmospheric pressure were both important explanatory variables
in weekly home range models, while atmospheric pressure alone was important in
describing core area size. As predicted, warmer conditions were associated with smaller
weekly home ranges, which is consistent with previous research (Dexter 1999, Kay et al.
2017). Since wild pigs have limited thermoregulatory capabilities, smaller home range
sizes that coincide with warmer temperatures demonstrate a biological tradeoff between
the need to increase movements for foraging purposes and the need to limit exertion and
stay near areas with reliable thermal cover (Dexter 1999, Garza et al. 2017). This limited
thermoregulatory ability of wild pigs thus may not only constrain wild pig movements at
the home range scale (Kay et al. 2017), but may limit their ability to colonize new areas
and proliferate throughout their overall invasive range (McClure et al. 2015). Therefore,
quantifying the extent and relationship of temperature at the weekly scale is important for
predicting movement capacity of wild pigs, which could provide input for managers on
optimal timing for management strategies. For example, aerial gunning may be more
effective when temperatures are cooler because wild pigs will be more active.

Wild pigs exhibited a positive relationship with atmospheric pressure at the
weekly home range and core area scales, with home range sizes increasing as
atmospheric pressure increased. Low pressure is generally associated with bad weather

following frontal boundaries such as rain and storms, while high pressure is generally
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associated with clear, fair weather. Therefore, the positive association with pressure is
likely explained by wild pigs restricting movements to areas with reliable cover in times
of bad weather (i.e., low pressure). Similarly, movements of other species such as moose
(Dussault et al. 2006), domestic cattle (Malechek and Smith 1976), deer (Webb et al.
2010), and red fox (Ables 1969) have been shown to respond to changes in atmospheric
pressure. For invasive wild pigs, Kay et al. (2017) described a concave relationship
between daily maximum distance moved and pressure for wild pigs, suggesting there is
an optimal range of atmospheric pressure associated with wild pig movements. These
patterns were evident through investigation of daily movement rates, but monthly
averages of pressure were deemed less reliable for predicting animal movement patterns
(Kay et al. 2017). However, averaging daily pressure readings across weekly periods
produced a reliable relationship with estimated home range and core area size. Therefore,
using averages of atmospheric pressure at fine temporal and spatial scales as an indicator
for weather can provide insights into the extent of wild pig movements on a weekly scale,
which can be used to implement effective management strategies. Additionally,
precipitation was an important predictor variable in the top models of home range and
core area size for wild pigs, but it was not statistically significant. This finding coincides
with other studies that have found precipitation to be insignificant for both direct, real-
time (i.e., animal’s response to precipitation) (Garza et al. 2017) and delayed effects (i.e.,
animal’s response to increased productivity in vegetation growth caused by precipitation)
on wild pig movements (Schlichting et al. 2016).

Home range shape of wild pigs is highly variable and has been described as

circular to elongate or irregular (Singer et al. 1981, Mcllroy 1989, Gray et al. 2020). Our
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results suggest short-term wild pig home ranges are more circular than linear, but
variance in home range shape may reflect the distribution of preferred habitats on the
landscape, as the interaction between upland pines (i.e., low-quality habitat) and distance
to streams was the most important factor influencing home range shape in our study.
Wild pigs inhabiting areas at closer distances to streams with home ranges comprised of
lower proportions of upland pines exhibited more elongate home ranges than those in
areas close to streams with high proportions of upland pines. Given that upland pines and
bottomland hardwoods were negatively correlated in our study area, and that most
streams were buffered by bottomland hardwood habitat, this finding likely reflects more
constrained movements of wild pigs along riparian corridors. Wild pigs tend to seek out
river systems and riverine woodlands in hot and humid environments like the southeast
United States in order to thermoregulate when heat loads are high (Dexter 1998). This
biological restriction confines wild pigs to areas close to riparian areas; therefore, the
composition of the landscape and distribution of riparian areas may have a substantial
influence on the shape and distribution of wild pig home ranges. Also, linear landscape
features such as streams that are buffered by productive, high-quality habitat have been
shown to direct animal movement (Kay et al. 2017, Abouelezz et al. 2018, Gray et al.
2020). As a result, wild pigs with home ranges closer to streams are more likely to have
elongate home ranges coinciding with intermixed high-quality habitat boundaries along
streams in a matrix of low-quality habitat. However, at farther distances from streams
wild pigs maintained consistent semi-circular home ranges across all proportions of
upland pines, suggesting when possible, wild pigs can optimize movements to be

centered on streams taking advantage of pockets of high-quality habitat in landscapes
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dominated by low-quality habitat. Therefore, streams can be important predictors of
home range shape in heterogeneous landscapes. For example, Clontz et al. (2020)
demonstrated wild pigs select for areas near streams at a population or second-order scale
(Johnson 1980). Similarly, other linear landscape and anthropogenic features such a roads
and edges of agricultural fields have been shown to influence home range shape or act as
barriers to animal movement (Gray et al. 2020).
MANAGEMENT IMPLICATIONS

As an intensively managed invasive species, effective wild pig control requires
insights into the ecology of this species that can be used by managers to make real-time
decisions regarding where and when to best implement trapping, aerial gunning,
toxicants, or other management approaches to maximize their efficacy. The temporal
scale and covariates incorporated in this study were intended to be easily classified and
estimated on a visual and/or knowledge-based foundation, making it practical to make
informed, small-scale management decisions on a week-by-week basis. When managing
wild pigs near streams, techniques such as trapping and toxicants can be distributed along
stream corridors to efficiently target the flow of wild pig movement. In conjunction,
implementing more traps and bait stations in high quality habitat (i.e., bottomland
hardwoods) may be necessary to ensure multiple social groups and solitary boars have
access since home range sizes are smaller in these areas. Also, accounting for
meteorological conditions in short-term management has the potential to increase success
and reduce costs. For example, it may not be practical to trap or deploy bait for wild pigs
during certain weeks out of the year due to decreased movement caused by real-time or

delayed effects of weather. Lastly, our data provide spatial ecology insight on wild pig
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movement and influential parameters to aid in disease risk assessment and control

planning.
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Figure 3.1. The Study area with all represented vegetative communities used to extract
dominant vegetation types (i.e., Upland Pines and Bottomland Hardwoods) which were
used to model the effect of low- and high-quality habitat within male and female wild pig
(Sus scrofa) weekly home ranges between Janurary 2017 — August 2020 in South
Carolina, USA.
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Figure 3.2. Examples of female wild pig (Sus scrofa) 95% minimum convex polygon
(MCP) weekly home ranges illustrating variance in home range shape among individuals.
Values for 95% home range shape are based on a shape index (perimeter / (2* v/(pi *
area)) which represents a spectrum from circular (smaller values) to elongate (larger
values). Individuals were tracked between Janurary 2017 — August 2020 in South

Carolina, USA.
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Figure 3.3. Relationships between back-transformed covariates for weekly home range
size for both females and males from wild pig location data on the Savannah River Site in
South Carolina based on GPS locations from January 2017 — August 2020.
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Figure 3.4. Relationships between back-transformed covariates for core area home range
size for both females and males from wild pig location data on the Savannah River Site in
South Carolina based on GPS locations from January 2017 — August 2020.
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Figure 3.5. The relationship between 95% minimum convex polygon (MCP) home range
shape and the interaction between back-transformed distance to streams and proportion of
upland pine values from wild pig location data from the Savannah River Site in South

Carolina based on GPS locations collected from January 2017 — August 2020. The values

for 95% MCP home range shape are based on a shape index (perimeter/(2* v/(pi * area))
which represents a spectrum from circular (smaller values) to elongate (larger values).
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Table 3.1. Covariate statistics including mean, standard deviation, minimum, and
maximum values for all observed data used to standardize and back-transform covariates
used in models for A) core area size, B) weekly home range size, and C) 95% minimum
convex polygon (MCP) home range shape for wild pigs in the southeast United States
between January 2017 and August 2020. Covariates include proportion of bottomland
hardwoods within the home range (Prop. B. Hardwoods), proportion of upland pines
within the home range (Prop. Up. Pines), average maximum weekly temperature (Tmax),
average weekly precipitation (Precip), average weekly atmospheric pressure (Avg.
Pressure), and average distance to stream (Avg. Dist. Stream).

A
Covariate Mean SD Min Max
Avg. Dist. Stream 0.63 0.45 0.02 211
Avg. Pressure 0.45 0.20 0.00 1.00
Prop. Up. Pines 0.24 0.18 0.00 1.00
Prop. B. Hardwoods 77.88 11.86 35.71 97.57
Tmax 0.14 0.16 0.00 0.92
Precip 29.89 0.11 29.69 30.17
B.
Covariate Mean SD Min Max
Avg. Dist. Stream 0.65 0.35 0.06 2.10
Avg. Pressure 29.89 0.11 29.69 30.17
Prop. Up. Pines 0.47 0.13 0.01 0.94
Prop. B. Hardwoods 0.20 0.12 0.00 0.90
Tmax 77.88 11.86 35.71 97.57
Precip 0.14 0.16 0.00 0.92
C.
Covariate Mean SD Min Max
Avg.Dist.Stream 0.66 0.39 0.05 2.14
Prop. Up. Pines 0.48 0.16 0.00 1.00
Prop. B. Hardwoods 0.19 0.14 0.00 0.93

101



Table 3.2. Model selection results for variation in weekly home range size for wild pigs
in the southeast United States between January 2017 and August 2020. Model variables

include sex, proportion of bottomland hardwoods within the home range (Prop. B.
Hardwoods), proportion of upland pines within the home range (Prop. Up. Pines),

average maximum weekly temperature (Tmax), average weekly atmospheric pressure
(Avg. Pressure), and average weekly precipitation (Precip). Model output includes the
number of parameters (K), AlIC. values, AAIC. values, and AIC. weights (wi).

Model K AlCc AAICc i
Sex * Prop. B. Hardwoods + Tmax + Precip + Avg. 9 5782.33 0.00 0.73
Pressure

Sex * Avg. Dist. Stream + Prop. B. Hardwoods + 10 5785.08 2.75 0.18
Tmax + Avg. Pressure + Precip

Sex + Avg. Dist. Stream + Prop. B. Hardwoods + 9 5787.96 5.63 0.04
Tmax + Avg. Pressure + Precip

Sex + Prop. B. Hardwoods + Tmax + Avg. Pressure 7 5789.56 7.23 0.02
Sex + Prop. B. Hardwoods + Tmax + Avg. Pressure 8 5789.62 7.30 0.02
+ Precip

Sex * Prop. B. Hardwoods + Tmax + Precip 8 5791.81 9.48 0.01
Sex * Prop. B. Hardwoods + Tmax 7 579459 12.26 0.00
Sex + Prop. B. Hardwoods + Tmax + Precip 7 5799.01 16.68 0.00
Sex * Tmax + Prop. B. Hardwoods + Precip 8 5800.71 18.39 0.00
Sex + Prop. B. Hardwoods + Tmax 6 5801.36 19.03  0.00
Sex * Prop. B. Hardwoods 6 5805.35 23.02 0.00
Sex + Avg. Dist. Stream + Prop. B. Hardwoods 6 5811.54 29.21 0.00
Sex + Prop. B. Hardwoods 5 5813.32 31.00 0.00
Sex * Prop. Up. Pines + Tmax + Precip + Avg. 9 5826.15 43.83 0.00
Pressure

Sex + Prop. Up. Pines + Tmax + Precip + Avg. 8 5830.06 47.74 0.00
Pressure

Sex + Prop. Up. Pines + Tmax + Avg. Pressure 7 5830.43 48.10 0.00
Sex + Prop. Up. Pines + Avg. Dist. Stream + Tmax 9 5832.06 49.73 0.00
+ Avg. Pressure + Precip

Sex * Prop. Up. Pines + Tmax + Precip 8 5836.06 53.73  0.00
Sex * Prop. Up. Pines + Tmax 7 5838.97 56.64 0.00
Sex + Prop. Up. Pines + Tmax + Precip 7 5839.82 57.50 0.00
Sex * Tmax + Prop. Up. Pines + Precip 8 5841.74 59.41 0.00
Sex + Prop. Up. Pines + Tmax 6 5842.96 60.63 0.00
Sex * Prop. Up. Pines 6 5846.92 64.59 0.00
Sex + Prop. Up. Pines 5 5850.94 68.61 0.00
Sex + Prop. Up. Pines + Avg. Dist. Stream 6 5852.84 70.51 0.00
Sex + Avg. Dist. Stream 5 5855.37 73.04 0.00
Null (1|Pig ID) 3 5880.59 98.26 0.00
Avg. Dist. Stream 4 5882.60 100.27 0.00
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Null (1|Social Group/Pig ID) 4 5883.71 101.38 0.00

Table 3.3. Standardized coefficient estimates * standard error, p-values (p), and 95%
confidence intervals for the covariates included in the top generalized linear mixed-
effects model for weekly 95% fixed-kernel home range estimates of wild pigs on the
Savannah River Site in South Carolina based on GPS locations from January 2017 —
August 2020. Covariates include the intercept (represents females as reference level),
SexM (males), proportion of bottomland hardwoods within the home range (Prop. B.
Hardwoods), average maximum weekly temperature (Tmax), average weekly
atmospheric pressure (Avg. Pressure), and average weekly precipitation (Precip).

Covariate Estimate + SE  Pr(>|z|]) Lower Upper
95% CI 95% ClI
Intercept 1.30£0.10 <0.001 1.10 1.51
SexM 1.14+0.16 <0.001 0.84 1.45
Prop. B. Hardwoods -0.44 £0.06 <0.001 -0.54 -0.33
Tmax -0.07 £0.03 0.033 -0.13 -0.01
Avg. Pressure 0.10 £0.03 0.001 0.04 0.16
Precip -0.04 £0.03 0.133 -0.09 0.01
SexM:Prop. B. Hardwoods 0.299 £0.10 <0.001 0.10 0.50

Table 3.4. Standardized coefficient estimates + standard error, p-values (p), and 95%
confidence intervals for the covariates included in the top generalized linear mixed-
effects model for 50% fixed-kernel home range estimates of wild pigs on the Savannah
River Site in South Carolina based on GPS locations from January 2017 — August 2020.
Covariates include the intercept (represents females as reference level), SexM (males),
proportion of bottomland hardwoods within the home range (Prop. B. Hardwoods),
average maximum weekly temperature (Tmax), average weekly atmospheric pressure
(Avg. Pressure), and average weekly precipitation (Precip).

Covariate Estimate + SE  Pr(>|z]) Lower Upper
95% CI  95% CiI
Intercept -0.22+0.11 0.044 -0.42 -0.01
SexM 1.04£0.16 <0.001 0.73 1.35
Avg. Dist. Stream -0.07 £ 0.06 0.237 -0.18 0.05
Prop. B. Hardwoods -0.27 £ 0.05 <0.001 -0.37 -0.17
Tmax -0.04 £ 0.04 0.258 -0.11 0.03
Avg. Pressure 0.09 £ 0.03 0.008 0.02 0.15
Precip -0.05+0.03 0.131 -0.10 0.01
SexM:Avg. Dist. Stream -0.27 £ 0.09 0.005 -0.45 -0.08

103



Table 3.5. Model selection results for variation in core area home range size for wild pigs
in the southeast United States between January 2017 and August 2020. Model variables

include sex, proportion of bottomland hardwoods within the home range (Prop. B.
Hardwoods), proportion of upland pines within the home range (Prop. Up. Pines),
average maximum weekly temperature (Tmax), average weekly atmospheric pressure
(Avg. Pressure), and average weekly precipitation (Precip). Model output includes the
number of parameters (K), AlC. values, AAIC. values, and AIC. weights (wi).

Model AlCc AAICCc oi
Sex * Avg. Dist. Stream + Prop. B. Hardwoods + 10 2855.97 0.00 0.94
Tmax + Avg. Pressure + Precip

Sex + Avg. Dist. Stream + Prop. B. Hardwoods + 9 2861.73 5.76 0.05
Tmax + Avg. Pressure + Precip

Sex + Prop. B. Hardwoods + Tmax + Avg. Pressure + 8 2870.06 14.09 0.00
Precip

Sex + Prop. B. Hardwoods + Tmax + Avg. Pressure 7 2870.39 1442 0.00
Sex * Prop. B. Hardwoods + Tmax + Precip + Avg. 9 2871.36 15.40 0.00
Pressure

Sex + Avg. Dist. Stream + Prop. B. Hardwoods 6 2871.80 15.83 0.00
Sex + Prop. B. Hardwoods + Tmax + Precip 7 2876.07 20.10 0.00
Sex * Prop. B. Hardwoods + Tmax + Precip 8 2877.29 21.33 0.00
Sex * Tmax + Prop. B. Hardwoods + Precip 8 2877.87 2191 0.00
Sex + Prop. B. Hardwoods + Tmax 6 2878.73 22.76 0.00
Sex * Prop. B. Hardwoods + Tmax 7 2880.00 24.03 0.00
Sex + Prop. B. Hardwoods 5 2882.06 26.09 0.00
Sex * Prop. B. Hardwoods 6 2883.12 27.16 0.00
Sex * Prop. Up. Pines + Tmax + Precip + Avg. 9 288394 27.97 0.00
Pressure

Sex + Prop. Up. Pines + Avg. Dist. Stream + Tmax + 9 2886.05 30.08 0.00
Avg. Pressure + Precip

Sex + Prop. Up. Pines + Tmax + Precip + Avg. 8 2886.42 30.45 0.00
Pressure

Sex + Prop. Up. Pines + Tmax + Avg. Pressure 7 2887.07 3110 0.00
Sex * Prop. Up. Pines + Tmax + Precip 8 2889.18 33.22 0.00
Sex + Prop. Up. Pines + Tmax + Precip 7 289130 3533 0.00
Sex * Prop. Up. Pines + Tmax 7 289151 3554 0.00
Sex * Tmax + Prop. Up. Pines + Precip 8 289325 37.28 0.00
Sex + Prop. Up. Pines + Tmax 6 289418 38.21 0.00
Sex + Avg. Dist. Stream 5 289451 38.54 0.00
Sex * Prop. Up. Pines 6 289543 39.46 0.00
Sex + Prop. Up. Pines + Avg. Dist. Stream 6 2896.43 40.46 0.00
Sex + Prop. Up. Pines 5 2897.88 4191 0.00
Avg. Dist. Stream 4 2918.05 62.08 0.00
Null (1|Pig ID) 3 291991 63.94 0.00
Null (1|Social Group/Pig ID) 4 292289 66.93 0.00
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Table 3.6. Standardized coefficient estimates + standard error, p-values (p), and 95%
confidence intervals for every one unit of standard deviation for the covariates included
in the generalized linear mixed-effects models for 95% Minimum Convex Polygon
(MCP) home range shape estimates of wild pigs on the Savannah River Site in South
Carolina based on GPS locations from January 2017 — August 2020. Covariates include
the intercept (represents females as reference level), SexM (males), proportion of
bottomland hardwoods within the home range (Prop. B. Hardwoods), proportion of
upland pines within the home range (Prop. Up. Pines), and average distance to stream
(Avg. Dist. Stream).

Covariate Estimate + SE  Pr(>|z|) Lower Upper
95% CI 95% CI
Intercept 0.150 £ 0.007 <0.000 0.14 0.16
Avg. Dist. Stream -0.002 £0.004 0.483 -0.01 0.00
Prop. Up. Pines -0.005 +0.004 0.151 -0.01 0.00
Avg. Dist. Stream:Prop. Up. Pines 0.007 +0.002 0.004 0.00 0.01

Table 3.7. Model selection results for variation in home range shape for wild pigs in the
southeast United States between January 2017 and August 2020. Model variables include
proportion of bottomland hardwoods within the home range (Prop. B. Hardwoods),
proportion of upland pines within the home range (Prop. Up. Pines), average distance to
stream (Avg. Dist. Stream). Model output includes the number of parameters (K), AlC.
values, AAIC. values, and AIC. weights (®i).

Model AlICc AAICc i

-1949  0.00 0.80
-1944  5.17 0.06
-1943  6.16 0.04
-1942  7.26 0.02
-1941  7.56 0.02
-1941  8.18 0.01
-1940 8.54 0.01
-1940 9.16 0.01
-1940 9.26 0.01
-1940 9.28 0.01
-1939 9.50 0.01
-1938 10.68 0.00
-1937 11.49 0.00
-1937  11.52 0.00
-1936 12.82 0.00

Avg. Dist. Stream * Prop. Up. Pines

Prop. Up. Pines

Avg. Dist. Stream + Prop. Up. Pines
Null(1|Pig ID)

Avg. Dist. Stream

Sex + Avg. Dist. Stream + Prop. Up. Pines
Sex * Avg. Dist. Stream + Prop. Up. Pines

Sex * Prop. Up. Pines + Avg. Dist. Stream
Avg. Dist. Stream * Prop. B. Hardwoods

Sex

Avg. Dist. Stream + Prop. B. Hardwoods

Avg. Dist. Stream * Prop. B. Hardwoods

Sex * Avg. Dist. Stream + Prop. B. Hardwoods
Sex + Avg. Dist. Stream + Prop. B. Hardwoods
Sex * Prop. B. Hardwoods + Avg. Dist. Stream
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CHAPTER 4
CONCLUSIONS AND MANAGEMENT IMPLICATIONS

Despite the growing importance of wild pigs (Sus scrofa) as an invasive species,
research investigating fine-scale behaviors and spatial ecology is relatively scarce. This is
an important literature gap to fill because understanding the behaviors and spatial ecology
of invasive wild pigs provides the ability to understand invasions as well as refine
strategies to manage this destructive invasive species more effectively and efficiently.
Within this Master’s thesis, using an extensive dataset of GPS locations for wild pigs, |
evaluated common behaviors of wild pigs and how these behaviors corresponded with
resources on the landscape, as well as, how wild pig home ranges are affected by
vegetative composition, meteorological conditions, landscape characteristics, and
demographic attributes. The results provide unique knowledge of specifics on behavioral
state resource selection, activity patterns, and influencing factors of fine-scale movements
for an invasive, generalist species that is adaptively managed yet understudied. Therefore,
this thesis represents a contribution to the scientific literature of wild pig behavioral and
spatial ecology.

In chapter 2, | used an extensive dataset of wild pig GPS data to demonstrate the
variance in resource selection strategies employed by wild pigs at both a broad and fine
spatial scale across two distinct seasons in the Southeastern U.S. | found that step-lengths
and turning angles of wild pigs in our study were influenced by habitat attributes such as

bottomland and upland hardwoods, streams, secondary roads, and shrub/herbaceous
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vegetation communities. Males and females selected similar vegetation types at the
population scale; however, there were notable differences in the fine-scale use of habitats
within home ranges between sexes and seasons. However, both males and females
selected bottomland hardwood habitats and areas with extensive canopy cover
consistently. Also, in using movement characteristics to define behavioral patterns, |
found that females and males differed in daily activity patterns across seasons depending
on forage availability. For example, females demonstrated a crepuscular activity pattern
in the high-forage season and a variable pattern in the low-forage season, while males
exhibited nocturnal activity patterns across both seasons. In addition, | found that wild
pigs exhibited variance in selection of landscape attributes among behavioral states. For
example, males selected for diversity in vegetation types while foraging in the low-forage
season compared to the high-forage season and demonstrated an increased use of linear
anthropogenic features across seasons while traveling. Furthermore, females selected
areas near primary roads and bottomland hardwoods during the low-forage season, yet
during the high-forage season they selected areas near upland hardwoods, upland pines,
bottomland hardwoods, and areas near primary roads. Collectively, these results
demonstrate that unique behavioral states provide unique insights into the relative
importance of environmental attributes critical to the invasion of an ecosystem or
management of a species that may otherwise be obscured through more coarse-scale
resource selection, which in turn showed that male and female pigs exhibit clear
differences in movement behavior and there are key resources associated with common

behaviors that can be targeted to improve the efficiency of management programs.
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In Chapter 3, using GPS data from wild pigs collected within a matrix of
heterogeneously distributed bottomland hardwood (i.e., high-quality habitat) and upland
pine (i.e., low-quality habitat) habitat, I have shown that weekly home range size and
shape were influenced by a combination of biotic (i.e., vegetation types) and abiotic (i.e.,
temperature, precipitation, pressure, streams) environmental factors. Males demonstrated
larger weekly home ranges and core areas compared to females. In addition, individuals
maintained smaller home range and core area sizes in areas dominated by bottomland
hardwood vegetation. However, at the home range scale this pattern was more
pronounced for females than males. In addition, meteorological conditions including
temperature and pressure were found to influence both female and male home range size,
while pressure was the only influential meteorological variable at the core area scale.
Furthermore, males had larger core areas at closer distances to streams, but females
maintained consistent core area sizes across all distances to streams. Lastly, home range
shape was driven by an interaction between low-quality habitat and average distance to
streams in this study system. These results demonstrate the extent of wild pig home
ranges and movements are variable and influenced by several abiotic and biotic factors
that can easily be quantified from available land use and meteorological databases.
Unique insights from this fine-scale study may be useful for monitoring populations,
identifying high risk zones for diseases, and allowing more effective and efficient short-
term management planning.

The conclusions of this research provide building blocks to build upon and
continue to fill critical knowledge gaps regarding the ecology and management of wild

pigs. Understanding how wild pigs use the landscape can provide an advantage for
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managers and/or disease biologists when trying to deploy traps, toxicants, attractants, etc.
to ensure visitations occur quickly and consistently, and to predict areas of high risk for
disease transmission. This knowledge, in conjunction with the knowledge of how the
shape and size of wild pig weekly home ranges are influenced by vegetative composition,
meteorological conditions, demographic attributes, and landscape characteristics,
provides insight on the intricacies of wild pig spatial ecology that can better inform fine-
scale management decisions to control this widespread invasive species. For all these
reasons, this thesis represents an important contribution to the literature on wild pig
spatial ecology, which should further contribute to the improvement of management for

this widespread generalist species.
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