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ABSTRACT

Wild pigs are a damaging invasive species with a long history in the United States.
However, during the last 30 years wild pigs have drastically expanded their invasive
range and are now present in 44 U.S. states. Though historic records provide insights
regarding original introduction histories in areas where pigs are long-established, little is
known regarding sources for new populations. To develop a better understanding of
recent invasions, I utilized an array of molecular markers (mitochondrial DNA sequence,
nuclear microsatellites, and nuclear single nucleotide polymorphisms) to evaluate both
the evolutionary history of introduced pigs and gene flow between populations indicative
of dispersal pathways.

Mitochondrial sequence provided a basal understanding of pig invasions (i.e.,
geographic origins and breed associations) through evaluation of U.S. pigs in context of
published sequence from around the world. However, mitochondrial relationships must
be considered cautiously, as introduction sources can be obscured due to shared ancestry
between Eurasian wild boar and domestic pigs and the ubiquity of some haplotypes in
national and global datasets.

With microsatellites and single nucleotide polymorphisms, I identified multiple
genetic groupings that corresponded to geographic distributions and known introduction

histories. Through individual and population genetic distance analyses, I found that

xiil



dispersal patterns and sources for invasions of wild pigs can be identified using molecular
techniques. I also identified an isolation by distance relationship at the national level and
in California, which suggests that range expansion can be tracked in terms of gene flow
across the landscape. However, my results did not resolve whether the association of
genetic distance with geographic distance has resulted from diminishing rates of gene
flow under a natural dispersal scenario or from genetic drift associated with
anthropogenic dispersal; evidence of both pathways for pig invasion was apparent in my
dataset. Further, landscape genetic analyses suggested some role for natural dispersal in
range expansion in California.

My findings here suggest that ongoing research in the area of wild pig genetics
would be productive. Additional samples from throughout the United States will be
necessary to further resolve population genetic relationships and the role of

anthropogenic and natural dispersal in range expansion.
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CHAPTER I

PIG (Sus scrofa L.): NATURAL HISTORY, STATUS AS AN INVASIVE SPECIES,
AND PERSPECTIVES ON MANAGMENT

Volumes have been written on the natural history of pigs and their association with
humans (Towne and Wentworth 1950, Jonsson 1991, Rothschild and Ruvinsky 1998).
Here, I provide a synopsis of the taxonomy of the species, impacts resulting from
domestication and anthropogenic dispersal, and life-history traits of domestic and wild
swine important for invading new environments. I then review the invasion history of
pigs in the United States and explore their ecological and economic impacts. Next, |
summarize management practices for introduced pigs and identify areas of management
need that can be addressed with molecular research. Finally, I establish research

objectives to be addressed in proceeding chapters of this dissertation.

Natural History and Human Impacts

Taxonomy

Pigs are classified as follows: Class Mammalia, Order Artiodactyla, Family Suidae,

Genus Sus, Species scrofa L. There are five genera in Suidae, including Phacochoerus



(warthogs), Potamochoerus (red river hog and bush pig), Hylochoerus (giant forest hog),
Babyrousa (babirusa), and Sus (pigs) (Feldhamer et al. 2007; Figure 1.1). Within Sus,
there are seven to ten recognized species, depending on the reference consulted: S.
barbatus Muller (bearded pig), S. ahoenobarbus Huet (Palawan bearded pig), S.
verrucosus Muller (Javan pig), S. bucculentus Heude (Vietnamese warty pig), S.
sylvanius Hodgson (pygmy hog), S. celebensis Muller and Schlegel (Celebese/Sulawesi
warty pig), S. cebifrons Heude (Visayan warty pig), S. philippensis Nehring (Philippine
warty pig), S. oliveri Groves (Oliver’s warty pig), and S. scrofa (Eurasian wild boar and
domestic pigs) (Groves and Grubb 1993, Lucchini et al. 2005; Figure 1.1). Among S.
scrofa, there are eighteen subspecies associated with four geographic regions in the
Eastern Hemisphere: “Western races” in Europe to North Africa and the Middle East,
“Indian races” in Sub-Himalayan regions from Iran to North India and Burma, “Eastern
races” from Mongolia and Siberia to China and Japan, and “Indonesian races” on the
Malay Peninsula throughout Java and off-shore Islands (Groves 1981, Mayer and Brisbin
1991, 2009; Groves and Grubb 1993, Oliver et al. 1993) (Figure 1.2). The number of
accepted subspecies varies, depending on results of morphological versus molecular
analyses (Groves 1981, Randi et al. 1989, Larson et al. 2005, Mayer and Brisbin 2009).
The native range of S. scrofa extends approximately from Northern Africa,
throughout Europe, the Middle East, India, and most of East Asia, including the Malay
Peninsula and some off-shore Islands, including Japan (Mayer and Brisbin 1991; Figure
1.2). Mitochondrial DNA evidence suggests divergence of S. scrofa in Southeast Asia
between five and one million years ago (Randi et al. 1996, Mona et al. 2007), followed

by a radiation of the species across Eurasia during the last 500 thousand years (Giuffra et



al. 2000, Larson et al. 2005; 2010, Lucchini et al. 2005). Anthropogenic dispersal of the
species began as early as 11,400 years ago (Vigne et al. 2009). Due to human movement,
pigs are now found on many islands and all continents except Antarctica (Oliver and

Brisbin 1993).

Domestication

Among Sus, only S. scrofa and S. celebensis have been domesticated (Groves 1981).
Domestication of S. celebensis occurred on South Pacific islands, where resulting breeds
have remained geographically isolated (Groves 1981, Larson et al. 2007). Domestication
of S. scrofa has occurred in numerous locations throughout Europe and Asia and
domestic forms have been distributed globally (Larson et al. 2005; 2010, Luetkemeier et
al. 2009). The exact date of earliest domestication is uncertain, though archaeological and
molecular evidence suggest humans began the process >9000 years ago (Giuffra et al.
2000, Larson et al. 2007, Vigne et al. 2009).

Numerous indigenous breeds of pig have been identified throughout the native
range of S. scrofa (Hongo et al. 2002, Toro et al 2002, Yang et al. 2003, Ishiguro et al.
2008, Cho et al. 2009). However, all S. scrofa subspecies are capable of interbreeding,
and domestic pigs from multiple geographic regions have been hybridized. A classic
example is the crossing of Asian breeds with European breeds that began in the late
1700s, causing admixture of swine lineages previously separated by millennia of
divergence (Darwin 1868, Jones 1998). From the 1800s onward consumer demand and

government requirements have led to development of a vast array of new breeds through



crossing and artificial selection (Jones 1998). Currently, there are more than 200
domestic breeds of pig, including as many as 100 local breeds in China (Jones 1998,

Fang and Andersson 2006).

Life-history Traits

Phenotypic variation across wild S. scrofa, domestic breeds, and feral pigs is
considerable, demonstrating the adaptability of this species in both wild and domestic
environments (Groves 1981, Mayer and Brisbin 1991). Mayer and Brisbin (1991)
describe four morphotypes for pigs; “domestic”, “feral”, “hybrid”, and “Eurasian wild
boar” (Figure 1.3). The term Eurasian wild boar (EWB) here refers to all wild S. scrofa
(i.e., undomesticated pigs) and the term hybrid represents any level of crossing between
domestic pigs and EWB or feral pigs and EWB (Mayer and Brisbin 1991; Figure 1.3).
Though it is possible to identify pigs to morphotype based on discriminant
analysis of physical characters, it is important to note that morphology varies within each
of the four categories (Mayer and Brisbin 1991). For instance, European and Asian
domestic breeds differ in external body morphology and physiology, with some Asian
breeds having drooping abdomens, concave backs, and slow maturation; these attributes
are not typically observed among European breeds (Jones 1998). Thus, feral pig
morphology varies depending on contributing breeds and hybrid pig phenotypes will
depend in part on the degree of crossing between differing domestic lines and EWB
(Mayer and Brisbin 1991). Eurasian wild boar are also divided by morphology into

subspecies (Groves 1981, Mayer and Brisbin 2009). Therefore, introduced pigs will



reflect a gradient of morphological characteristics depending on their origins and
introduction histories (McCann et al. 2003).

Despite wide variation within categories, it is useful to view pigs in terms of the
above listed morphotypes to evaluate phenotypic variation and other life-history traits
that affect the capability of pigs to invade novel habitat. Because of hybridization,
introduced pigs are commonly referred to simply as “pigs” or “wild pigs” unless specific
references to wild or domestic origins are necessary for clarity of discussion.

Morphology. It is thought that swine body size is largely dependent on nutrition,
though genetic sources of variation are obviated by differences in size between domestic
breeds (Jones 1998). Generally speaking, domestic pigs achieve larger body dimensions
and greater weights than feral pigs and EWB (Mayer and Brisbin 1991). This large size
of domestic pigs is attributable to a combination of artificial selection for meat
production and nutrition provided during domestic rearing (Jones 1998). Feral pigs are
highly variable in body weight and external body measurements, which is logical
considering their diverse origins and the multitude of environments that they have
invaded (Mayer and Brisbin 1991). Feral pigs on islands are typically smaller than those
in mainland locations (e.g., 22-24 kg versus 55-67 kg); due to varying annual forage
availability or other environmental factors (Brisbin et al. 1977, Baber and Coblentz
1986). Feral pigs from some mainland locations may be extremely large, such as the
famed 360 kg “Hogzilla” that was harvested in Georgia (Minor 2005). However, most
wild-living pigs in the United States exhibit body size intermediate to these extreme
examples. Adult wild pigs typically weigh between 31-225 kg, stand 67-71 cm at the

shoulder, and are 0.9-1.7 meters in length (Mayer and Brisbin 1991).



Domestication has caused changes in skull morphology and soft tissue in a
number of vertebrate species, including pigs (O’Regan and Kitchener 2005, Dinu 2009).
Foraging requirements in different environments are thought to have selected for varying
skull morphology observed across pig types (Mayer and Brisbin 1988; 1991). In
comparison to EWB, the anterior portion of the crania has been shortened and the angle
of the occipital wall has decreased for domestic pigs (Mayer and Brisbin 1991). Both
elements of the skull are important for foraging in natural environments; these traits
begin to revert to the wild form in feral populations that have been established for long
periods of time (e.g., >200 years; Mayer and Brisbin 1991). Differences in stresses on the
musculature of pigs may result in developmental changes in musculoskeletal
arrangements in individuals (Dinu 2009). This rapid adaptability of pigs to novel
environments is a hallmark of successful invasive species (Ehrlich 1984).

Pelage. Molecular studies have identified a gene, melanocortin receptor 1, which
is important for determining pelage characteristics in pigs (Kijas et al. 1998,
Koutsogiannouli et al. 2010). This marker has been used to estimate drift effects and
identify artificial selection leading to various pelage colors and patterns in domestic
swine (Fang et al. 2009, Mayer and Hochegger 2011). White is the most common color
for domestic pigs while black is predominant for feral pigs, though a variety of colors and
patterns are common to both types (Mayer and Brisbin 1991). Brisbin et al. (1977)
suggest that selection against white coloration in wild environments explains disparities
in color frequencies between domestic and feral types. In addition to pelage color, there is
evidence that selection is resulting in the redevelopment of under-fur in feral pigs, which

is absent in domestic breeds (Mayer and Brisbin 1991).



Other pelage traits appear to be altered or selected against during domestication.
Eurasian wild boar and hybrids have longer and thicker dorsal guard hairs than domestic
and feral pigs (Mayer and Brisbin 1991). Eurasian wild boar also exhibit “wild-grizzled”
pelage, where hairs have a dark shaft and a light tip (Mayer and Brisbin 1991). This
pelage type varies in body coverage from throughout the pelt to only in the margins of the
face and flanks, depending on the individual (Mayer and Brisbin 1991). In hybrids, a
combination of wild-grizzled pelage and a full range of domestic pelage patterns and
colors may be observed (Mayer and Brisbin 1991). Pelage of young EWB (<4 months)
has longitudinal stripes that serve to camouflage piglets from predators; hybrid young
may or may not exhibit this pattern (Mayer and Brisbin 1991). Importantly, wild-grizzled
and striped pelage are observed almost exclusively in EWB and hybrids and may be used
as an indicator of hybridization in introduced pig populations (Mayer and Brisbin 1991).

Behavior. Pigs are intelligent animals with highly adaptable and complex
behavior schemes (Hafez and Signoret 1969, Singer et al. 1981, Gabor et al. 1999). In
wild environments, pigs alter activity patterns depending on variation in temperature,
food, water, and reproductive status (Kurz and Marchinton 1972, Gabor et al. 1999). Pigs
are typically crepuscular, except when food sources are scarce or when seasonal foraging
opportunities arise (Barrett 1978, Everitt and Alanis 1980, Singer et al. 1981). When
conditions become unfavorable, pigs modulate movement patterns or occupy new
locations (Singer et al. 1981). For example, hunting pressure can cause pigs to become
nocturnal (Hanson and Karstad 1959). Further, studies have demonstrated the ability of
pigs to respond to human activity and evade control and eradication efforts (Caley and

Ottley 1995, Morrison et al. 2007).



Pigs are social and often travel in groups, and females are more gregarious than
males (Kurz and Marchinton 1972). Females associate in maternal groupings with several
generations composing the ranks (Barrett 1978, Cousse et al. 1994, Gabor et al. 1999).
Group structure and territoriality defines resource partitioning within populations for
female pigs (Gabor et al. 1999, Sparklin et al. 2009). Territoriality associated with
breeding is observed for male pigs; though fighting among both sexes is common
(Hanson and Karstat 1959, Barrett 1978, Sweeney et al. 2003). Males break maternal ties
by 16 months of age and sometimes make long-distance exploratory movements in search
of mating opportunities (Barrett 1978, Gabor et al. 1999). Otherwise, natural dispersal
occurs through exploratory forays out of natal ranges as young pigs mature, and pig
movements may be punctuated by pulse resource availability (Cousse et al. 1994, Bieber
and Ruf 2009). Though patterns in habitat use are linked to resource availability, pig
dispersal is not thought to be density dependent (Truve et al. 2004).

Home Range. Home range size and habitat use is highly variable for pigs,
depending on environmental factors in invaded areas and demographics of pig
populations (Kurz and Marchinton 1972, Boitani et al. 1994, Sweitzer et al. 2000,
Sparklin et al. 2009). The spatial distribution of forage and water resources often define
how pigs utilize the landscape (Wood and Brenneman 1980, Adkins and Haverson 2007).
Generally speaking, home range size varies inversely with resource abundance and
density (Singer et al. 1981). However, considerable variation in both home range size and
habitat use have been described; differences observed throughout North America are at
least in part attributable to varied ecology and geographic range of invaded areas (Singer

et al. 1981, Baber and Coblentz 1986, Sweitzer et al. 2000). For example, arid conditions



and low forage availability have been linked to large home ranges (e.g., >40 km?)
reported in parts of Texas (Adkins and Haverson 2007).

Home range size also varies for different types of pigs (i.e., feral, hybrid, EWB)
throughout their native and introduced range (Sweitzer et al. 2000). In Europe, mean
home range of EWB varies between 3.7-12.7 km? and may be as high as 24 km? (Boitani
et al. 1994, Massei et al. 1997). In some parts of North America, mean home range of
feral pigs is less than that of hybrid EWB, but there is much overlap in range size
between individuals of both types (Sweitzer et al. 2000). For example, in South Carolina
home range for feral pigs averaged ~4 km”, whereas home range for hybrids in Tennessee
and North Carolina averaged 3.64 km? (Kurz and Marchinton 1972, Singer et al. 1981).

Reproduction. Pigs are polyestrous and capable of producing numerous young per
litter, exhibiting exceptionally high fecundity for a large mammalian species (Foccardi et
al. 2008, Rutherford et al. 2011). Gestation period is 115-118 days and sex ratio in pigs is
typically 1:1 (Hagen and Kephart 1980, Baber and Coblentz 1986). Considerable
variation in reproductive capability between pig types has been observed in wild and
domestic environments. Some breeds of domestic swine can bear more than 20 young
(Rutherford et al. 2011). Eurasian wild boar typically produce 4-6 young per litter,
though larger litters are attainable with high levels of environmental nutrition (Bieber and
Ruf 2005, Focardi et al. 2008). In the U.S., mean wild pig litter size is between 5-8
piglets (Sweeney et al. 1979, Barrett 1978, Baber and Coblentz 1986, Taylor et al. 1998).
Reproduction is biannual in wild pigs, with winter and summer parturition observed in
the Northern Hemisphere (Sweeney et al. 1979, Baber and Coblentz 1986). Winter

parturition is typically the most productive in wild pigs and is thought to be linked to hard



mast availability and seasonal environmental factors (Barrett 1978, Baber and Coblentz
1986, Taylor et al. 1998).

Puberty occurs at 5-7 months for males and 10 months for females, though age of
maturation may be reduced depending on nutrition (Sweeney et al. 1979). For instance,
Barrett (1978) found that sows with high-quality forage reached puberty at 6-8 months.
This early fertility and high rate of reproduction means that introduced pigs can recover
from high rates of annual mortality, making it incredibly difficult to control population
numbers through lethal removal techniques (Hone and Robards 1980).

Diet. Pigs are omnivorous; their diet is based on vegetation but also depends on
animal sources of protein (Everitt and Alanis 1980, Howe et al. 1981, Loggins et al.
2002, Wilcox and Van Vuren 2009). In the United States, pigs generally feed on
herbaceous understory foods during the spring and summer and depend heavily on mast
during autumn and winter (Henry and Conely 1972, Howe et al. 1981, Singer et al. 1981).
Pigs are opportunistic foragers that will capitalize on almost any type of available high-
energy food source (Henry 1969). For instance, pigs will raid food stores of ground
dwelling mammals, and in some instances pigs focus on small mammals as prey
(Foccardi et al. 2002, Loggins et al. 2002, Grinde 2006, Wilcox and Van Vuren 2009).
The ability to root deeply through the soil matrix and forest floor detritus allows pigs to
access herbaceous foods and invertebrate prey items not available to other large
vertebrate species, which may provide a nutritional advantage in competitive scenarios
(Hanson and Karstad, 1959, Ilse and Hellgren 1995).

Physiology. Pigs do not have sweat glands, which may limit invasion in arid

locations with few water sources (Mount 1968, Signoret et al. 1975, Gabor et al. 1997).
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Renal morphology of pigs is less adapted to hot and dry climates than that of collared
peccary (Tayassu tejacu), but morphological plasticity and adaptive behavioral schemes
appear to contribute to survival of pigs in arid locations (Gabor et al. 1997). In warm
climates or during warm seasons pigs will seek shelter during the peak of daytime
temperatures in canyon bottoms, on northern slopes, or in dense cover, and are typically
crepuscular (Kurz and Marchinton 1972, Baber and Coblentz 1986, Wilcox et al. 2004).
With these morphological and behavioral adaptations, wild pigs have successfully
invaded arid locations in the desert southwestern United States and Mediterranean
climates of California (Figure 1.4). Further, the natural range of EWB in the Palearctic
and Oceania explains the ability of wild pigs to proliferate in the temperate hardwood
forests of the Midwest and northern tier states and subtropical portions of the

southeastern United States (Figure 1.1, 1.4).

Overview of Natural History and Human Impacts on Pigs

Pigs have a rich natural history and a long association with humans that has resulted in a
mixture of beneficial and detrimental outcomes for both species. Humans have drastically
impacted the physical and molecular characteristics of pigs through domestication and
hybridization; during the process pigs have achieved a global distribution that includes
feral and hybrid populations. This association with humans has led to a variety of
changes in the morphology, physiology, and reproductive biology of pigs that has

contributed to phenotypic diversity of pigs invading new environments.
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The life-history traits discussed previously explain why pigs are such capable
invaders. Pigs are morphologically and physiologically adaptable, with an omnivorous
diet and unique foraging behavior allowing them to capitalize on almost any kind of
environmentally available energy source. Pigs are long-lived and have a reproductive
strategy that more closely resembles small mammals (Focardi et al 2008). These are
important considerations, given that longevity and reproductive rate are both correlated
with invasiveness (Kolar and Lodge 2001). Further, the intelligence of pigs and the social
structuring of populations contribute to difficulties in their eradication and control
(Morrison et al. 2007). Finally, the association of nutrition with reproductive success and
dispersal may promote natural range expansion in some locations (Bieber and Ruf 2005,

Focardi et al. 2008).

Introductions to the United States

Hawaii

Hawaii was the first U.S. state to be invaded by pigs. Polynesian explorers released pigs
on the archipelago >1000 years ago when Hawaii was first settled (Mayer and Brisbin
1991). The specific origin of the first pigs introduced to Hawaii is uncertain, but it is
thought that introductions occurred as part of human migrations beginning in Oceania
over 3000 years ago that radiated through Polynesian islands and eventually to remote
island chains, including Hawaii (Allen et al. 2001). Pig populations on Hawaii were well-

established by the time of European contact in the 1700s, after which various
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introductions of domestic stock occurred (Mayer and Brisbin 1991). Feral populations on
Hawaii are now a mixture of indigenous breeds and European and Asian domestic breeds
(Mayer and Brisbin 1991, Allen et al. 2001, Larson et al. 2005). It is unclear how ancient
and recent introductions have contributed to feral pig distributions on the islands today
and to what extent feral Polynesian pigs have been crossed with European and Asian

domestic pigs.

North America

The first recorded introduction of pigs to the continental United States occurred during
the DeSoto expedition from 1539-1542 (Towne and Wentworth 1950, Mayer and Brisbin
1991). DeSoto’s men drove pigs along the way as a mobile provision while traversing
parts of nine or ten present-day states in the Southeastern U.S. (Mayer and Brisbin 1991).
During the expedition some animals escaped and established the first known feral pig
populations in North America. From this time forward feral populations were commonly
established in association with exploration and colonization, due to free-range livestock
practices, escape, or release (Mayer and Brisbin 1991). Feral swine were historically
located near Spanish, French, and English settlements in the southeastern U.S. (Towne
and Wentworth 1950, Hanson and Karstad 1959, Mayer and Brisbin 1991). On the west
coast, Spanish exploration and missionary settlements led to initial introductions of feral
pigs to island and mainland locations (Pine and Gerdes 1973, Barrett and Pine 1980,

Mayer and Brisbin 1991). From the colonial period onward, pigs were repeatedly
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introduced to many locations throughout North America, with some populations
persisting and others perishing (Towne and Wentworth 1950).

By the late 1800s, established feral populations were present in at least thirteen
U.S. states in the southern tier of North America, and pigs began to gain popularity as a
game species (Mayer and Brisbin 1991). Interest in pig hunting led to at least three
separate importations of EWB from Europe during 1890-1912 (Mayer and Brisbin 1991).
These EWB bred freely with feral pigs wherever populations came into contact, and their
descendants have subsequently been widely dispersed throughout the U.S. (Mayer and
Brisbin 1991; 2009, Waithman et al. 1999). The crossing of EWB and feral pigs has led
to the occurrence of hybrid animals with a range of intermediate phenotypic
characteristics in many locations (Mayer and Brisbin 1991). During the 1900s
translocation of pigs throughout the U.S. for hunting purposes became commonplace, and
hybrid animals with EWB phenotypic characteristics were selected for establishment of
new populations or improvement of existing herds (Barrett 1977, Mayer and Brisbin
1991, Waithman et al. 1999).

Anthropogenic dispersal is thought to be the leading cause of range expansion in
the U.S. during the last 30 years (Gipson et al. 1998, Waithman et al. 1999). The
geographic range of pigs has increased from seventeen to 44 U.S. states since 1980 and
estimates of individual numbers are at all time highs (Mayer and Brisbin 1991; 2009,
Gipson et al. 1998; Figure 1.4). Considering the adaptability of pigs as an invasive
species and human assistance in their dispersal, range expansion will continue if left

unchecked (Loggins 2007).
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Ecological and Economic Impacts

Introduced pigs cause a wide array of damages (Tisdell 1982, Pimmental et al. 2000;
2007). The impacts of pigs can be considered broadly in terms of ecological damages and
economic losses, though both categories are linked through intrinsic or monetary values
of natural resources (Sweitzer and McCann 2007). Here, I will consider these two
categories and discuss a third, disease transmission, which also has both ecological and
economic implications.

Ecological Impacts. The impact of introduced pigs on natural systems is related
primarily to their diet, behavioral attributes, and high population densities (Sweitzer and
McCann 2007). Though there is a paucity of evidence for direct competition between
pigs and other medium to large vertebrate species, pigs consume many forage types (e.g.,
mast) and occupy habitats important for survival of native large vertebrates (Hanson and
Karstad 1959, Isle and Hellgren 1995). Empirical evidence for competition between pigs
and small mammal species has been documented. Pigs are known to raid food stores of
ground dwelling mammals and sometimes target small mammals as prey items (Focardi
et al. 2000, Grinde 2006, Wilcox and VanVuren 2009). Stomach content analyses have
demonstrated that a wide variety of vertebrates and invertebrates are preyed upon by pigs,
and there is some indication that pigs prey opportunistically on ground nesting birds
(Henry 1969, Henry and Conely 1972, Howe et al. 1981). In addition to competitive
interactions, the mere presence of pigs can have cascading effects on ecosystems. For

example, the presence of abundant feral pigs attracted golden eagles (Aguila chrysaetos)
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to Santa Cruz Island, California, resulting in increased predation of endemic island fox
(Urocyon littoralis) (Roemer et al. 2001).

Foraging behavior of pigs, particularly rooting of the ground, is damaging on a
systemic level. Rooting limits the tunneling of fossorial mammals and reduces the
abundance of invertebrates in soils (Howe et al. 1981, Singer et al. 1984). Rooting also
depletes herbaceous understory and woody root biomass and exposes soil for
colonization by exotic plant species (Howe et al. 1981, Kotanen 1995, Cushman et al.
2004). In California, uprooting and trampling of Oak (Quercus spp.) seedlings by pigs
has been linked to reduced regeneration of Oak forests and imperilment of Oak-savannah
ecosystems (deNevers and Goatcher 1990, Sweitzer and Van Vuren 2002, Gomez et al.
2003). Loss of biomass, exposure of soil, and mixture of soil layers affect rates of
nutrient loss through runoff (Singer et al. 1984). Furthermore, pigs are known to root and
wallow in streams (Lewis 1966). Therefore, where pigs occur at high population
densities, considerable changes in soil matrix composition and elevated levels of nutrients
in watersheds may be expected (Singer et al. 1984, Grinde 2006).

Browsing, trampling, and soil compaction along foot trails is another effect of
high densities of introduced ungulates (Coblentz 1978). High population densities of pigs
also exacerbate ecological impacts of social behaviors such as tusking and rubbing of
trees and physiologically-linked behaviors like wallowing in wetlands; where more pigs
occur, greater mechanical damage to environment elements can be expected. Finally, as
with most terrestrial vertebrate species, population density is linked to rates of disease in

wild pigs (Saunders and Bryant 1988, Gresham et al. 2002).
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Disease Transmission. Pigs host a number of important internal and external
parasites. Notable internal parasites include: nematodes (e.g., Trichenella spiralis and
Ascaris suum), tape worms (e.g., Taenia solium and Spirometra spp.), and flukes (e.g.,
Fasciola hepatica and Echinococcus granulosus) (Corwin and Stewart 1999, Gray et al.
1999). A variety of internal parasites have been reported for feral pigs throughout the
U.S. (Hanson and Karstad 1959, Gipson et al. 1999, Gray et al. 1999). Though internal
parasites rarely cause death in pigs, they can have more serious implications in other
vertebrate species (e.g., Trichinosis in humans).

External parasites of pigs include: mange, lice, ticks, fleas, and mosquitoes.
Mange (Sarcoptes scabiei) is one of the most damaging external parasites of livestock,
causing reduced productivity domestic herds (Cargill and Davies 1999). Hog lice
(Haematopinus suis) are species-specific and are thought to serve as a vector for some
viruses (Cargill and Davies 1999). Otherwise, lice impose a physiological strain on
heavily infested animals, similar to that observed for tick infestations. Hog lice have been
reported for feral pigs throughout North America (Hanson and Karstat 1959, Gipson et al.
1999). Ticks, fleas, flies, and mosquitoes are not host-specific, but may play a role in
disease transmission in domestic and wild environments.

Pigs are susceptible to a wide variety of viral and bacterial pathogens
transmissible to humans, wildlife, and livestock. Among bacterial diseases, Leptospirosis
(Leptospira spp.) and Brucellosis (Brucella suis) are two that are commonly associated
with feral pigs in the United States (Clark et al. 1983, Corn et al. 1986, Van der Leek et
al. 1993, Gipson et al. 1999). Both cause reproductive failure and urogenital disease in

livestock, and both pose serious health risks when transmitted to humans (MacMillan
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1999, Ellis 1999). Importantly, Leptospirosis survives outside of the body and may be
transmitted through infected waters, such as streams and ponds (Mason et al. 1998).

Important viral diseases in swine are: pseudorabies (PRV), porcine parvovirus
(PPV), and porcine reproductive and respiratory syndrome (PRRS). Pseudorabies causes
respiratory, reproductive, and nervous system complications, often leading to death in
pigs and other livestock (Kluge et al. 1999). In the U.S., PRV has been detected in feral
swine samples from numerous locations (Corn et al. 1986, Pirtle et al. 1989, Van der
Leek et al. 1993). Porcine parvovirus is associated only with fetal death and does not
impact adult pigs (Mengeling 1999). However, PPV has been identified in feral pigs from
several states and is a concern for pork growers (New et al. 1994, Gipson et al. 1999).
Porcine reproductive and respiratory syndrome affects all ages of pigs, and PRRS
generally manifests in respiratory complications, abortion and gestational shifts that
affect the productivity of swine rearing operations (Benfield et al. 1999).

These and other trade-limiting pathogens less common among feral pigs in the
U.S. (e.g., foot and mouth disease) have the potential to become established and
perpetuated in feral populations while the livestock industry and government agencies
invest vast sums to eradicate disease. In this manner, feral pigs may serve as a reservoir
for disease and a vector for long-distance dispersal through anthropogenic movements.
Spread of disease will be exacerbated by the continuing popularity of pigs as a game
species and their ongoing range expansion in the U.S., increasing interactions with
livestock and humans.

Economic Impacts. Pigs are responsible for a wide variety of economic damages

as a nuisance species within their native range and as an exotic species (Tisdell 1982,
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Geisser et al. 2004). Economic losses to agriculture are typically incurred through
damage to crops, injury or death of livestock, physical property damage (e.g., broken
fences, undermining of watering impoundments), and rooting and wallowing of roads
(Tisdell 1982, Pavlov and Hone 1982, Adams et al. 2005). Municipalities, private
individuals, and enterprises typically experience damages from rooting of lawns and
gardens, motor-vehicle collisions, and investment in control or eradication programs
(Pimmentel et al. 2000, Sweitzer and McCann 2007).

Alternately, not all parties view introduced pigs as a pest. For instance, many state
agencies have traditionally classified pigs as a game species to generate revenue, and
private individuals benefit from recreational hunting opportunities (Miller 1993). For
some landowners, leased hunting revenues outweigh the cost of damages incurred,
resulting in a net economic gain from pig presence on their property (Miller 1993). As
such, an industry has developed around paid hunting that provides economic support to a
faction of U.S. citizens. However, on a national scale the presence of feral pigs is
generally viewed as detrimental among resource managers, and public perception is
starting to be swayed against pigs (West 2010).

In the U.S., pigs have been implicated in the loss of $800 million through
damages and $500,000 through control and eradication efforts annually (Pimentel 2000;
2007). However, it is difficult to assess an economic value to damaged ecological
resources, which suggests that the actual dollar amount could be much higher (Engeman
et al. 2003; 2004). As pigs continue to increase their invasive range in the U.S., the
monetary value assessed to their damage will increase over time (Mayer and Brisbin

2009). Furthermore, the amount spent on management will increase, though it varies
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depending on socio-political environments and differences in investment of private, state,
and federal resources in pig control and eradication. For example, far more than $500,000
annually was spent in California alone during the period 2004-2006 (Sweitzer and
McCann 2007, McCann and Garcelon 2008). A recent estimate of costs incurred from
damage and control of introduced pigs is $1.5 billion annually (Pimentel et al. 2007).

The discussed ecological impacts of introduced pigs affect the intrinsic value of
natural resources and reduce the aesthetic value of natural environments for human
enjoyment. Though economics often drive management decisions, it is important to
consider ecological perspectives regarding invasive species, especially considering
current trends resulting in increasingly fragmented habitats for native species. Both
ecological and economic considerations should be taken into account when developing
management strategies for pigs; the success of management actions will be measured in

terms of savings in both categories.

Management Strategies

A variety of effective techniques have been developed to control pig numbers and protect
resources. For control or eradication, common practical approaches include trapping,
snaring, poisoning, shooting, hunting with dogs, the “Judas” technique, and aerial
gunning (Choquenot et al. 1990, McCann et al. 2004, Sweitzer and McCann 2007, West
et al. 2010). Fencing has been employed as both a tool for eradication and for protection
of resources as a non-lethal alternative to mitigate damages (Sweitzer and McCann

2007). Chemical sterilization has also been proposed as a non-lethal alternative to control

20



pig populations (West et al. 2010). To assess the current state of pig management in the
United States, it is important to understand the positive and negative attributes of tools
available to managers. Here, I will review each of the above methodologies and consider
their application in context of prior control and eradication efforts in the United States
and elsewhere.

Trapping.Trap configurations vary widely, but there are three primary types; box,
corral, and panelized corral (Barrett 1978, Sweitzer et al. 1997, McCann et al. 2004). Box
traps are typically the smallest and are self-contained units that can be transported by
vehicle or by hand (Stiver and DeLozier 2009). Corral traps vary in design, are
constructed at field sites, and can be made to any size (West et al. 2010). Panelized corral
traps are a hybrid design that incorporates pre-made panels for easy transport and
construction at field sites (Sweitzer et al. 1997, McCann et al. 2004). Any variation of the
above can be used effectively to trap pigs, provided that strong materials such as chain-
link, welded-steel livestock panels, etc. are used. A trap floor or roof may be necessary to
prevent escape; corral-style traps must be anchored to the ground (McCann and Garcelon
2008). Most traps employ a swinging or guillotine style door mechanism that is
mechanically triggered by entrance or manipulation of a bait receptacle (Sweitzer et al.
1997, McCann et al. 2004).

Trapping is an integral part of most pig control or eradication programs because it
efficiently removes a large number of pigs with minimal effort (McCann and Garcelon
2008, Morrison et al. 2007). A large trap line can be maintained with a few personnel and
operated at all hours to encounter pigs in the removal area (Schuyler et al. 2000, McCann

et al. 2004, McCann and Garcelon 2008). However, trap success inevitably depends on
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bait acceptance, which varies due to seasonal fluctuations in natural forage and the
presence of alternate sources of nutrition (Mcllroy et al. 1993, Saunders et al. 1993,
Choquenot and Lukins 1996). Though a variety of bait types have been tested for
attracting pigs, baits composed of grain crops are most widely used (West et al. 2010).
Despite the typically successful deployment of these devices, trapping techniques are not
successful in all locations (Coblentz and Baber 1987, Katahira et al. 1993, McCann et al.
2003). Further, not all animals in a population can be removed using traps alone
(McCann and Garcelon 2008).

Snaring. Snares are typically constructed with steel cable and set with a large loop
(>25cm) positioned above the ground along trails that are frequented by pigs (Katahira et
al. 1993). Cable snares are anchored to trees or other solid substrate and are designed
with a self-locking mechanism that closes around a pig’s head and neck (Coblentz and
Baber 1987, Katahira et al. 1993). A snare of this design will either kill pigs via
strangulation or incapacitate them until they can be euthanized by gunshot or other
means.

Studies suggest that snares may be useful tools when used as part of a
comprehensive program, but that snaring is not the most productive form of pig removal
(Coblentz and Baber 1987, Kathira et al. 1993). Further, there are several drawbacks to
the use of snares. For instance, damage frequently renders snares inoperable (Coblentz
and Baber 1987). Further, the use of snares involves issues regarding humane treatment
of animals, and native species may also be entrapped. Capture of non-target species is
minimized in island ecosystems absent of native large vertebrates but is a serious concern

where snares are employed in North America. Regardless, snaring remains a common pig
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removal technique in some parts of the continental Unites States (e.g., Texas; West et al.
2010).

Poisoning. Poisoning is generally viewed as unacceptable in the United States due
to the possibility of negative effects on native species encountering poisoned baits or
feeding on carcasses of poisoned pigs (West et al. 2010). However, in Australia toxicants
are commonly used to control pig populations and have proven effective in many cases
(Choquenot et al. 1990, Twigg et al. 2005). Poisoning, like trapping, depends on bait
acceptance which may be limited in certain environments (Twigg et al. 2005). Recent
work to produce pig-specific delivery systems for poisons may allow for the use of this
tool in the U.S. in the future (West et al. 2010); although, it is uncertain whether
poisoning would ever be deemed acceptable based on the perception of inhumane
euthanasia of pigs, a charismatic mammalian species.

Shooting. Ground hunting methods employing stalking, still-hunting, stand
hunting, and shooting from motor vehicles are flexible options for pig removal that are
often used as focused elements of control or eradication projects (McCann et al. 2004).
For example, the staff at Great Smoky Mountains National Park have used a combination
of hunting techniques as a primary part of their pig control program for decades (Stiver
and Delozier 2009). Further, ground hunting has been instrumental in a number of
eradication projects in the U.S. and elsewhere (Coblentz and Baber 1987, Lombardo and
Faulkner 2000, Schuyler et al. 2000).

A wide range of firearms, including rifles, shotguns, and pistols can be effective
tools for dispatching free-ranging pigs. In most cases the selection of hunting tools (e.g.,

makes and models, calibers, sighting devices, etc.) will depend on the range of
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environments encountered at the removal site and personal preferences of removal staff
(McCann et al. 2004, Sweitzer and McCann 2007). In some instances, suppressed
firearms are desirable to minimize sound pollution and to avoid habituation of pigs to
gunshots (Stiver and DeLozier 2009). In addition to the generalized techniques listed
above, methodologies employing night-vision optics and baited sites can prove valuable
for removing wary animals (McCann and Garcelon 2008).

The effect of hunting techniques on the managed population is an important
consideration for pig removal by shooting. Pigs will adapt cryptic behavior in response to
hunting pressure, impacting the overall success of removal efforts and leading to
difficulty in completing eradications (Hanson and Karstad 1959, Morrison et al. 2007).
Use of shooting also involves public perception, where ground-hunting techniques may
be misconstrued as sport hunting in the media. In some instances public outcry against
pig removal methodologies and destruction of animals has led to court injunctions or
administrative decisions halting pig removal programs (Sweitzer and McCann 2007). A
final concern is public safety, which necessitates the use of trained staff that exhibit
professionalism during control events (McCann et al. 2004).

Dogging. A variety of dog breeds have been adapted for pig hunting, including
those that are proficient at trailing scent (e.g., Plot hounds), those that are visual hunters
(e.g., Catahoula breed), and “catch dogs”, those that are best known for physically
subduing pigs (e.g., Staffordshire Terriers) (Caley and Ottley 1995, McCann et al. 2004).
Typically, field personnel will release dogs on fresh sign and track them with radio-

telemetry until the dogs have pigs at bay. Field personnel will then locate the dogs and
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dispatch pigs by gunshot or by knife, depending on accepted protocols (McCann et al.
2004).

In the U.S. and elsewhere, dogs have been used extensively for pig removal
(Tisdell 1982, Hone and Stone 1989, Caley and Ottley 1995, Garcelon et al. 2005).
Dogging accounted for 30% and 86% of pigs removed from island sites in California and
Hawaii, respectively (Katahira et al. 1993, Schuyler et al. 2000). Dogs are also a valuable
tool for locating residual pigs when populations are at low density, which may be
difficult with other techniques (Caley and Ottley 1995, McCann et al. 2004, McCann and
Garcelon 2008). A primary advantage of dogging over other removal techniques is that it
does not rely on the ability of field personnel to locate pigs nor does it require pigs to
come to specific locations. This is an important consideration in complex habitats where
visual encounters with pigs limit ground hunting opportunities and large amounts of
natural forage reduce the efficacy of baits (McCann et al. 2004).

Disadvantages of dogging include the physical effort of tracking dogs, medical
care for resulting canine injuries, maintenance of kennels, and the random behavior of
dogs in sensitive natural areas (McCann et al. 2004). Tracking dogs and handling bayed
pigs can be strenuous and often results in the removal of only a minimal number of
animals at each encounter (Caley and Ottley 1995). Dogs, even wearing protective
devices (e.g., Kevlar vests and collars), can be injured during physical contact with pigs,
incurring medical costs. Further, dogs must be trained to avoid non-target species,
especially where wildlife of conservation concern is present (McCann et al. 2004).

The Judas Technique. The Judas technique capitalizes on the social nature of

animals for targeted removal through tracking of individuals with radio-telemetry (Taylor
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and Katahira 1988). Animals are captured and fitted with a radio-telemety collar and then
released back into the removal site. Field personnel then locate collared animals, observe
them, and attempt to dispatch any non-collared animals associated with the Judas
individual. Hence, the collared animal unwittingly betrays its associates.

The Judas technique was first developed for use in eradication of feral goats
(Capri hircus) (Taylor and Katahira 1988, Keegan et al. 1994). More recently this
technique has been adapted for use with pigs (Mcllroy and Gifford 1997, Wilcox et al.
2004). Studies have yielded mixed results on the efficacy of this technique for use with
pigs, but most indications are positive (Mcllroy and Gifford 1997, Wilcox et al. 2004,
McCann and Garcelon 2008). In addition to assisting in primary removal efforts, the
Judas technique provides opportunities for managers to monitor populations, evaluate pig
use of the landscape, and identify residual individuals for removal (McCann and
Garcelon 2008). However, the potential of Judas animals to contribute to population
numbers through reproduction should be considered (Campbell et al. 2005). For example,
McCann and Garcelon (2008) reported considerable work effort to remove offspring of
Judas pigs during the late stages of an eradication project in California and recommended
sterilization of all animals prior to release for future work.

Aerial Gunning. During aerial gunning, a helicopter is used to locate pigs, after
which marksmen positioned in open door wells dispatch them using rifles or shotguns
(McCann et al. 2004, Morrison et al. 2007). The use of helicopters as an aerial platform
for pig removal can be highly effective, especially where drastic decreases in population
density in a short period of time are desired (Saunders and Bryant 1988, Saunders 1993).

Aerial gunning is most effective in open terrain where animals can be flushed from cover

26



so that entire sounders can be tracked and removed simultaneously (Saunders and Bryant
1988, Morrison et al. 2007). However, the efficacy of helicopter operations may be
limited in areas with dense vegetation (West et al. 2010). Additionally, as pig populations
decline the effectiveness of this technique diminishes and other techniques must be used
to further reduce populations (Saunders 1993, Choquenot et al. 1999).

Shooting from helicopters is a high-profile technique that may have either
negative or positive impacts on the political environment surrounding a control operation.
One negative impact is public perception, as with ground hunting methods. Alternately,
aerial gunning operations provide opportunities for consolidation of control operations
across private and public lands and avoid ground operations that are often undesirable to
private landowners (Saunders 1993). The cost of operating helicopters and trained
personnel is a consideration that may also limit the use of this technique in some
locations, depending on the scope and scale of the work (Saunders 1993).

Fencing. A variety of fence types have been employed to effectively restrict the
movement of pigs (Hone and Atkinson 1983, Geisser and Reyer 2004, Lavelle et al.
2011). Tensioned fence with bracing structures, panelized steel mesh, or any number of
fencing materials using tightly linked elements are viable options. Fencing for pigs
typically includes a combination woven wire mesh to a height of >80cm and a ground
anchoring system to prevent lifting; strands of barbed wire may or may not be strung
along the top or bottom of the woven wire (Hone and Atkinson 1983, Katahira et al.
1993, Schuyler et al. 2000, McCann and Garcelon 2008). Though tensioned fence designs
are most common, recent research suggests that panelized fences are most effective

(Lavelle et al. 2011).
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Fencing can be used for two primary purposes in pig control: 1) isolation of pigs
for eradication, and 2) exclusion of pigs to protect sensitive habitats or property. The use
of fence as a tool for eradication has proven effective in a number of locations and falls
into two further subcategories, containment and subdivision. On small islands, pigs are
already contained (i.e., there is no emigration or immigration) and a strategy of
subdivision can be particularly useful for systematically eradicating pigs (Schuyler et al.
2000). On large islands and in mainland locations fencing is used to contain populations
within a manageable area and subdivisions may or may not be employed (Katahira et al.
1993, McCann and Garcelon 2008). Once pigs are eradicated the role of the fence
switches from containment to exclusion. Otherwise, exclusionary fences are typically
erected on small scales where the absence of pigs within the exclosure can be confirmed
visually. These exclosures may be used successfully to protect sensitive habitats (e.g.,
wetlands) or even to protect individual plants or properties (Didion and Lunsford 1993,
Peart et al. 1994, Sweitzer and McCann 2007, Stiver and DeLozier 2009).

Primary concerns associated with fencing are the restriction of native wildlife
movements and damages incurred from fallen trees, storm events, livestock, or humans
that could undermine the integrity of the fence (McCann and Garcelon 2008). Fence
integrity is an important consideration, especially for large eradication projects requiring
considerable work effort and economic expense (McCann and Garcelon 2008). The cost
of establishing fences is a separate consideration, ranging from hundreds of dollars for
small sites, tens of thousands of dollars for county parks, to >$1 million for large

eradication programs (Sweitzer and McCann 2007). In addition to installation costs, the
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expense of ongoing monitoring and repair and replacement of fences must be considered
where exclosures will be continually challenged by pigs.

Sterilization. Chemo-sterilization is a non-lethal alternative commonly put forth
as an option for pig control. However, there are a number of technical problems with
sterilization approaches for reducing wildlife numbers (Miller et al. 1998, NPS 2006).
For instance, many chemical sterilants are not permanent, requiring successive
applications (Miller et al. 2004). Considering the reproductive potential of pigs, a handful
of untreated animals could still result in increasing pig numbers in areas managed with
chemical sterilization techniques. The continued presence of sterilized animals at

disturbed locations is an additional negative consequence that may be unacceptable.

Overview of Techniques

Much has been learned during the course of pig control and eradication programs during
the last 50 years. It is apparent that there is no standard formula for pig control or
eradication that can be broadly applied and no single technique will drive populations to
extinction. Given the adaptability of pigs, the range of landscapes that they invade, and
the varying perspectives of private individuals and policy makers on pigs, managers must
be flexible when developing removal strategies. Clearly, pig control is most effective
when a combination of the above techniques is matched to the unique physical attributes
of removal sites and socio-political environments dictating acceptable methodologies

(McCann and Garcelon 2008).
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Perspectives on the Current State of Wild Pig Management

Management of wild pigs in the United States has become an ever-increasing challenge
because of rising population densities and range expansion (Gipson et al. 1998, Mayer
and Brisbin 2009). Though control of populations can be effective at the local scale with
intensive programs employing the techniques discussed above, much of the management
of pigs in the United States occurs on private lands where efforts are often loosely
organized. Therefore, it is important to consider pig management on a broader and more
inclusive context, where the individuals involved may not be united in a strong front
against invasive pigs. In fact, many private individuals are in favor of pig invasion, as
evidenced by a long history of introductions and continuing trends of anthropogenic
dispersal (Mayer and Brisbin 2009). Further, the view of pigs as a game species by some
state agencies has likely contributed to the ongoing production of pigs and their
continued range expansion (Waithman et al. 1999).

In a broader context, managers are losing ground in the battle to reduce pig
population densities in long-established areas. At the state level, pig management has
been attempted through hunting seasons but it is unclear whether hunter harvest is
effective at reducing pig numbers beyond localized areas; at least 60% annual harvest is
necessary for population declines to begin (Hone and Robards 1980, Waithman et al.
1999). States agencies also offer depredation permits and issue liberal regulations
regarding the take of pigs. For example, in Texas the state has authorized aerial gunning
by private individuals (Tompkins 2011). Though these regulatory methods offer effective

tools for landowners to remove pigs, cooperation among adjoining property owners is not
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ensured; in many cases neighboring lands provide refuge from which pigs continually
filter back into controlled areas (Adams et al. 2005). Another option for landowners is to
enlist wildlife contractors to conduct pig removal, but these groups are costly and have a
limited scope of control that can be affected on private lands. Therefore, a positive path
forward for controlling pig numbers across private lands in historically affected areas is
currently unclear.

A more productive area of management action may be to prevent the spread of
pigs to new locations. To their credit, some states have taken aggressive steps to prevent
the establishment of pigs within their jurisdiction. For instance, introduced pigs were
eradicated from two locations in North Dakota during 2007-2009 (McCann unpublished
data). Other states (e.g., Tennessee) have implemented regulations making hunting of
pigs illegal in an effort to thwart additional introductions driven by sport hunting demand
(TWRA 2011). The efficacy of regulatory approaches at preventing spread of pigs is still
uncertain.

For significant gains in control of pigs to occur at the national level in the United
States, public perception of pigs must change. Pigs have garnered much enthusiasm lately
with reports of “giant” feral pigs on the internet, television programs documenting the
actions of pig removal contractors, and news reports on controversies regarding changing
legislation in various states. Though many media reports note ecological and economic
damage, this information is often minimized by the charismatic nature of pigs and the
sense of adventure surrounding pig hunting. Therefore, the net impact on public

perception resulting from recent media exposure is unclear.
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Management Needs

Very little is known regarding specific origins or types of pigs invading many parts of the
U.S. Though recorded accounts provide insights for pig origins in locations where
populations are long established, it is unclear if lineages from historic introductions
persist or if they have been replaced by subsequent invasions. The clandestine nature of
anthropogenic dispersal within both the historic and recent invasive range of pigs in
North America has added to uncertainty regarding origins and types of pigs invading all
areas (Mayer and Brisbin 2009).

Management efforts would benefit from a detailed understanding of: 1) the global
origins for pigs introduced to North America, 2) the types of pigs invading new locations,
3) intracontinental origins for newly established populations, and 4) the role of natural
landscapes and human assistance in dispersal of pigs. The study of global origins for
introduced pigs would provide background necessary for elucidating putative domestic
breeds and EWB lineages from which feral populations were established. Identification
of pig types occurring throughout the U.S. would provide insights potentially useful for
developing management strategies at the local or regional scale. For example, breed
fecundity or hybridization with EWB may impinge on reproductive responses to
management actions and overall invasiveness (Waithman et al. 1999). Determination of
origins and human-mediated dispersal patterns for introduced pigs would benefit
management by providing information useful for thwarting future introductions. Finally,
an understanding of ecological and anthropogenic factors contributing to dispersal of pigs

is desirable and would be valuable for generating population control strategies that
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incorporate human dimensions of wildlife management or those that seek to identify the
geographic extent of populations for focused removal.

Given the absence of information on recent translocations, an imprecise record on
domestic breeds contributing to feral populations, and unclear origins for introduced
EWB, developing an understanding of biogeography for introduced pigs is unlikely based
on written and oral accounts alone (Mayer and Brisbin 1991, Gipson et al. 1998). Further,
oral accounts may be unreliable, depending on individual motives of those offering
information to wildlife managers. Therefore, the most practical and objective approach to
answering these management needs is the use of molecular techniques (Le Roux and

Wieczorek 2008).

Molecular Techniques for Management

A variety of molecular markers have been identified for studies of phylogeny and
population genetics in vertebrate species, including polymorphisms from both the
mitochondrial and nuclear genomes (Avise 1994). Though gene regions in both genomes
provide useful information on evolutionary relatedness of species, neutral markers (e.g.,
tandem repeats, synonymous nucleotide substitutions) are most appropriate for studies of
gene flow and relatedness because they are not under selective pressure and are thought
to evolve at a more constant rate (Lin et al. 1999). In the mitochondrial genome, the
control region (D-loop) is widely used for phylogenetic and phylogeographic studies of
vertebrate species, in part because of a faster rate of evolution than that observed for

nuclear sequence (Brown et al. 1979). In the nuclear genome, microsatellite (MS) loci
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have a proven record in population genetic studies and provide considerable power for
elucidating parentage, population structure, and phylogeogrpahy (Alexander et al. 1996,
Putnova et al. 2003, Lutkemeier et al. 2009). More recently, single nucleotide
polymorphisms (SNP) have been recognized as a valuable tool for nuclear DNA studies
of population genetics and divergence where fine-scale resolution of relationships and
genomic interpretation of phenotypic variation are desirable, especially where large
numbers of loci (e.g., >50,000) can be evaluated (Rhorer et al. 2007, Gray et al. 2009).

Though a number of other neutral makers are useful for evolutionary and
population genetics studies, mtDNA, microsatellites, and SNP are the most practical
markers for molecular research on introduced pigs in the United States. This is because of
the availability of primers and assays for laboratory work, and the wide use of these
marker types in studies of wild and domestic pigs globally (Scandura et al. 2011).
Respective contributions of these markers to molecular investigations of pigs and other
vertebrate species should be considered.

Mitochondrial DNA. Sequence variation in mtDNA has been used to evaluate
biogeographic and evolutionary relationships of a wide array of large vertebrate species,
including domesticates such as horses and donkeys (Equus spp.) (Aranguren-Mendez et
al. 2004, McGahern et al. 2006) and wild animals including bison (Bison bison), tigers
(Panthera tigris), and deer (Cervus spp.) (Cracraft et al. 1998, Randi et al. 2001, Halbert
et al. 2004). In pigs, mtDNA has proven useful for phylogeographic studies of EWB and
domestic breeds (Larson et al. 2005, Scandura et al. 2008, Luetkemeier et al. 2010).
Mitochondrial studies have elucidated centers of breed development in Asia and Europe

and helped identify patterns of human-mediated dispersal between continents (Giuffra et
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al. 2000, Gongora et al. 2004, Fang and Andersson 2006, Luetkemeier 2010).
Additionally, haplotyic relationships have aided in identification of hybridization events
between domestic pigs and EWB (Fang et al. 2006, Scandura et al. 2008). Finally, the
availability of a global dataset of published sequence makes mtDNA a particularly
valuable genetic marker for analyses to identify putative origins for introduced pigs in the
U.S. (Giuffra et al. 2000, Loggins 2007).

Though mtDNA has many positive attributes for evaluating the invasion history
of introduced pigs, important limitations inherent to this maker must be considered.
Mitochondrial DNA is a single haploid marker that is maternally inherited, which means
that translocation of male pigs cannot be tracked beyond the dispersing individual.
Further, it is debatable whether mtDNA lineages appropriately represent the evolutionary
histories of organisms or simply the phylogeny of an organelle (Ballard and Whitlock
2004). Due to the recent availability of multi-locus nuclear DNA markers, the use of
mtDNA alone to elucidate phylogeographic relationships has been scrutinized (Zink and
Barrowclough 2008, Edwards and Bensch 2009). Additionally, there is evidence that
mtDNA sequence is not truly under neutral selection (Ballard and Whitlock 2004).
Regardless, a vast literature supports the use of mtDNA in identifying vicariance for
vertebrate species, which suggests that mtDNA would be useful for evaluating global
geographic origins and haplotypic variation of introduced pigs (Barrowclough and Zink
2009).

Microsatellites. Short tandem repeats in sequence, commonly referred to as
microsatellites, have been a popular marker for molecular studies in humans and other

vertebrate species since the mid 1990s (Rubenstein et al. 1995, Jaarola and Tegelstrom
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1996, Paetkau et al. 1998, Xuebin et al. 2005). In pigs, numerous polymorphic MS
markers have been identified that are useful for varying types of genetic research on
domestic and wild forms (Alexander et al. 1996, Lowden et al. 2002). For example,
analyses of MS have identified population structure and evolutionary relationships for
domestic pigs, feral pigs, and EWB (Martinez et al. 2000, Hampton et al. 2004, Nikolov
et al. 2009, Frantz et al. 2009). Microsatellites have also been used to elucidate
hybridization events for EWB and to estimate rates of gene flow between European and
Asian domestic breeds of pig (Fang et al. 2005, San Cristobal et al. 2002, Scandura et al.
2008).

The demonstrated utility of MS markers for analyses of pig genetics at global,
continental, and local scales suggests that similar analysis at the national and regional
level in the U.S. would be productive at identifying population structure and dispersal
events. In Australia, research on variation in MS loci has identified animals that were
translocated between geographic areas, suggesting that anthropogenic pathways of range
expansion could be explored similarly in the U.S. (Spencer and Hampton 2005). Prior
research using MS in the U.S. has contributed to a better understanding of local-scale
population genetics and demographic relationships for w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>