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Abstract A comprehensive understanding of soci-
ality in wildlife is vital to optimizing conservation
and management efforts. However, sociality is com-
plicated, especially for widely distributed species
that exhibit substantive behavioral plasticity. Invasive
wild pigs (Sus scrofa), often representing hybrids of
European wild boar and domestic pigs, are among
the most adaptable and widely distributed large mam-
mals. The social structure of wild pigs is believed to
be similar to European wild boar, consisting of matri-
archal groups (sounders) and solitary males. How-
ever, wild pig social structure is understudied and
largely limited to visual observations. Using a hier-
archical approach, we incorporated genomic tools to
describe wild pig social group composition in two
disparate ecoregions within their invaded range in
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North America. The most common social unit was
sounders, which are characterized as the associa-
tion of two or more breeding-aged wild pigs with or
without dependent offspring. In addition to sound-
ers, pseudo-solitary females and male-dominated
bachelor groups were observed at a greater frequency
than previously reported. Though primarily com-
posed of close female kin, some sounders included
unrelated females. Bachelor groups were predomi-
nantly composed of young, dispersal-aged males and
almost always included only close kin. Collectively,
our study suggests social organization of wild pigs in
their invaded range is similar to that observed among
wild boar but is complex, dynamic, and likely vari-
able across invaded habitats.

Keywords Genetics - Invasive mammal -
Relatedness - Social groups - Sus scrofa

Introduction

Sociality is the tendency for individuals to live within
a group and exhibit coordinated behavioral patterns,
conveying both benefits and costs to group mem-
bers (Silk 2007; Prox and Farine 2020). Benefits of
sociality may include “safety in numbers,” increased
access to resources, or increased offspring survival
(Krause et al. 2002; Silk 2007). On the other hand,
group members may compete for mating opportuni-
ties (Cafazzo et al. 2016), be at greater risk of disease

@ Springer
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transmission (Moore et al. 1988), or be more visible
to predators (Krause and Godin, 1995) — all of which
can influence their individual fitness (Krause et al.
2002; Silk 2007; Prox and Farine 2020). Thus, social
structures persist in a species when the benefits of
intraspecific interactions outweigh the costs (Krause
et al. 2002; Silk 2007).

Social structures can be as varied as the animals
that display them, with differences observed even
within a taxon. Among mammals, social structures
encompass subsocial species (i.e., primarily living
alone, except briefly for mating or rearing offspring;
jaguar — Panthera onca; Cavalcanti and Gese, 2009),
parasocial species (i.e., primarily living in a group
cooperatively; African lion — Panthera leo; Dick-
inson and Koenig 2018), and species with complex
eusocial societies (i.e., hive or colonial cooperation,
majority of colony members forgo reproduction to
collectively care for and assist the minority reproduc-
tive caste; Damaraland mole-rats — Crytomys dama-
rensis; Nowak et al. 2010, Dickinson and Koenig
2018). Among social species, group organization and
composition are important life history traits that drive
interspecific interactions, and ultimately conserva-
tion and management decisions. However, costs and
benefits associated with group membership can be
dynamic across both space and time, contributing to
greater diversity in social organization across a spe-
cies’ range (Gehrt and Fox 2004). For example, Con-
nor et al. (2001) reported temporary individual-based
fission—fusion in male groupings of Indian Ocean
bottlenose dolphins (Tursiops aduncus), an aggrega-
tion not described in other populations of this species.
Similarly, density-dependent variability in the social
organization of red foxes (Vulpes vulpes) has been
reported, in which typically monogamous breeding
pairs recruit related and unrelated individuals to share
parental care when population densities are high
(Macdonald 1979). Alternatively, caribou (Rangi-
fer tarandus) displayed different rates of fission and
fusion among social groups before and during peak
rutting seasons (Body et al. 2015). Describing social
organization of a species becomes further compli-
cated when the species is found globally in both
domestic and free-living populations and in native
and introduced ranges.

Sus scrofa, which includes domestic pigs, wild
boar, and invasive wild pigs (hereafter referred to as
“wild pigs;”; Keiter et al. 2016), are one of the most
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widely distributed species globally, with populations
of wild boar or wild pigs occurring on all continents
except Antarctica (Barrios-Garcia and Ballari 2012;
Lewis et al. 2019). As they are classified under the
same taxon, many of the behavioral patterns observed
among European wild boar (Sus scrofa spp.) in their
native range are believed to be reflected in wild pigs
among invaded ranges. The social organization of
European wild boar is complex, but social units are
generally characterized as matriarchal social groups
(referred to as sounders) or solitary males that only
temporarily associate with sounders to mate (Dardail-
lon 1988; Kaminski et al. 2005; Iacolina et al. 2009;
Poteaux et al. 2009; Podgoérski et al. 2014a, b; Bat-
tocchio et al. 2017; Beasley et al. 2018). Dardaillon
(1988) documented a third social unit comprised of
males believed to be young, dispersing individuals
transitioning to solitary, breeding-aged adults, which
has since been observed in other populations. Most
studies have reported that sounders are typically com-
posed of several closely related females and their
offspring; however, genetic determinations of relat-
edness within social groups have often yielded con-
flicting reports (Dardaillon 1988; Poteaux et al. 2009;
Podgorski et al. 2014a, b; Battocchio et al. 2017). For
example, lacolina et al. (2009) found that wild boar
social groups in Italy consisted mostly of unrelated
females and their offspring. Podgorski et al. (2014a,
b) found that social groups in Poland were comprised
of one or more females and their offspring, whose
home ranges overlapped with those of neighboring
relatives. Similarly, adult female Japanese wild boar
(Sus scrofa leucomystax) were found to occasion-
ally group together but were typically either solitary
or with their current litter of offspring (Nakatani and
Ono 1994).

Within North America, wild pigs are a destruc-
tive invasive species with free-ranging populations
long-established on the continent. Swine were first
introduced as livestock in 1539 and subsequently
established widespread feral populations. Feral popu-
lations of domestic pigs later hybridized with escaped
European wild boar introduced for sport hunting
(Mayer and Beasley 2018; Mayer et al. 2020). As a
result, contemporary wild pig populations gener-
ally represent extensive admixture of wild boar and
domestic pig lineages (Keiter et al. 2016; Smyser
et al. 2020). Throughout the United States of Amer-
ica (USA), broad variability in the hybridization of
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domestic versus wild lineages has been observed both
within and among wild pig populations (Smyser et al.
2020). With humans artificially selecting different
phenotypic traits from specialized domestic lineages
and natural selection of adaptive traits in hybridized
wild populations, the extent to which wild pig social
organization differs from that of native populations
of European wild boar is difficult to predict and has
not been well described in the literature (Spencer
et al. 2005). Within the USA, wild pigs are presumed
to reflect the social organization of European wild
boar and sounders are assumed to be primarily com-
posed of closely related females and their dependent
offspring. Observational studies of wild pigs in the
USA have demonstrated that sounders vary in size
and composition (Mayer and Brisbin 2009; Poteaux
et al. 2009; Beasley et al. 2018; Gaskamp et al. 2021),
ranging from a single female with offspring to groups
with over 30 pigs; however, sounders composed of
3-9 individuals have typically been reported. The
underlying factors contributing to variance in sounder
size are largely unexplored, although some studies
have suggested water availability may influence group
size in wild pigs (Gabor et al. 1999; Gaskamp et al.
2021). It is worth noting that these reports are often
limited to behavioral observations and lack robust
genetic assessment (Gabor et al. 1999; Mayer and
Brisbin 2009; Delgado-Acevedo et al. 2010). As with
European wild boar, previous studies have observed
male social groups within wild pig populations;
however, the frequency of occurrence, composition,
and dynamics of these male coalitions is relatively
unknown and are thought to be temporary associa-
tions (Gabor et al. 1999; Mayer and Brisbin 2009).

A detailed description of the relatedness and
demographic composition of wild pig social units
(inclusive of solitary pigs and pig social groups) is
important for understanding the broader population
dynamics of this taxon. Little work has been done
on wild pig social organization outside of the arid
region in their USA range (Beasley et al. 2018); addi-
tional research is needed to elucidate how the size
and familial composition of social groups may vary
with differences in resource distribution, genetic lin-
eage, and other factors. Among published studies,
few have used genomic tools to investigate previ-
ously held assumptions of the relatedness displayed in
social groups. However, the incorporation of genom-
ics would provide the resolution to investigate the

complexity of variation in group composition across
different ecosystems. Using samples collected across
two disparate ecoregions within the invaded range in
the USA, our study aims to describe the composition
of invasive wild pig social groups and social organi-
zation within the two datasets. Our study is the first
to utilize robust genomic tools to understand invasive
wild pig social group composition, as well as the first
to investigate relatedness among male wild pig social
groups.

Study areas

We captured wild pigs for this study across two
regions of the USA that have had established wild
pig populations for hundreds of years. Wild pigs were
abundant in both study areas, but the landscapes dif-
fered considerably in habitat composition, land use,
and genetic composition of founding populations.

South Carolina

Wild pigs were captured on the Savannah River Site
(SRS) near Aiken, South Carolina, USA from 2012
to 2019 as part of ongoing population control and
research efforts (Supplementary Fig. 1). The SRS
is an 802.67 km? restricted access site managed by
the USA Department of Energy (DOE). Originally
constructed for nuclear weapons manufacturing, the
industrial footprint of SRS comprises a small portion
of the landscape, with>90% of the site representing
natural habitats including upland pine (Pinus spp.),
cypress-tupelo (Taxodium districhum-Nyssa aquati-
cus) or oak-hickory (Quercus spp.-Ulmus spp.) bot-
tomland hardwood, shrub/herbaceous areas (Myrica
cerifera, llex spp., Vaccinium corymbosum), and
upland/mixed forests (Quercus spp., Pinus spp.;
Imm and McLeod 2005). The climate is generally
warm and humid, with average monthly tempera-
tures ranging from 15.4-33.4 °C, average monthly
relative humidity ranging from 63 to 80%, and aver-
age annual precipitation of approximately 1,200 mm
(Imm and McLeod 2005). The wild pig population
predates the acquisition of SRS by the USA DOE
in the 1950s. Individuals within the population are
characterized as hybrids between Western heritage
breeds and wild boar, however there is considerable
variation in the extent of European wild boar ancestry
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among individuals (Mayer et al. 2020; Smyser et al.
2020). Since the establishment of the SRS, wild pigs
have been extensively controlled to minimize dam-
ages through a combination of trapping, opportunistic
shooting, and hunting with dogs (Mayer et al. 2020).
Despite being managed since SRS’s establishment,
the wild pig population has expanded substantially
over the past several decades (Mayer et al. 2020).
Wild pigs are now abundant and widely distrib-
uted throughout SRS, with an estimated abundance
of > 5,000 individuals as of 2017 (Keiter et al. 2017).

Oklahoma

Wild pigs were captured from 2010 to 2017 in south-
central Oklahoma (Carter and Love counties) as a
component of ongoing research and control efforts at
the Noble Research Institute’s (NRI) Coffey Ranch
(10.17 km?), Oswalt Road Ranch (20.77 km?), and
Red River Ranch (13.39 km2), in addition to the
Strate Ranch (3.90 km?), Hoffman Ranch 99.35 km?),
and Ljungdahl Ranch (2.33 km? Supplementary
Fig. 2). These ranches were all grazed by cattle and
found in the Cross Timbers and Prairies regions of
Oklahoma and incorporate a mix of oak (Quercus
spp.), elm (Ulmus spp.), and hickory (Carya spp.)
forest and prairie habitat predominately of big and
little bluestem (Andropogon gerardii and Schizachy-
rium scoparium, respectively), switchgrass (Panicum
vigatum), and Indian grass (Sorghastrum nutans),
as well as agricultural areas and rangelands (Boyer
et al. 2020; Gaskamp et al. 2021; Haydett et al. 2021).
Red River Ranch also managed 150 ha of pecan trees
(Carya illinoinensis) for production, which included
native groves and improved orchards (Boyer et al.
2020). Long-term monthly average precipitation
ranges from 47.75 to 133.6 mm, totaling 990.85 mm
on average annually (Oklahoma Climatological Sur-
vey; accessed 31 March 2022). Monthly temperature
averages 16.89 °C annually, and ranges from 5.0 to
28.17 °C across months (Oklahoma Climatological
Survey; accessed 31 March 2022). Relative humid-
ity averages 69% annually with monthly averages
that range from 65 to 73% (Oklahoma Climatologi-
cal Survey; accessed 31 March 2022). Wild pigs are
widely distributed and abundant the across the Cross
Timbers and Prairies regions and have been inten-
sively controlled since 2010 (using various methods;
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Stevens 2010; VerCauteren et al. 2020; Gaskamp
et al. 2021).

Methods
Field sampling

We collected samples from wild pigs that were cap-
tured as part of other research and control efforts,
with detailed descriptions of capture and handling
procedures described previously (e.g., Gaskamp et al.
2016, 2018, 2021, Keiter et al. 2017, Haydett et al.
2021, Yang et al. 2021). Briefly, at NRI we captured
wild pigs from 2010 to 2017 using drop nets, corral
traps, and suspended metal traps, and captured wild
pigs at SRS from 2012 to 2019 with drop traps and/
or corral traps. We set and monitored corral traps at
SRS primarily via cellular cameras to identify and
target entire social groups or solitary males, or large
corral traps set with trip wires that were baited and
set by experienced trappers to capture entire social
groups. For NRI, we similarly targeted social groups
using dual compartment corral traps with tripwires
to trigger either a single spring or saloon style gate,
suspended metal traps triggered using remotely
controlled traps, or drop nets targeting groups that
we triggered with a line-of-sight remote control
(Gaskamp et al. 2021). Individuals were included in
the study that were live captured and released as part
of other ongoing research projects as well as lethally
sampled as part of control and management activities.
At time of capture, we recorded weight, sex, and age
based on tooth rupture (0-0.5 year [piglet], 0.5—1 year
[juvenile], 1-1.5 years [yearling], 1.5-3 years [sub-
adult], and > 3 years [adult], Matschke 1967 or weight
estimates recorded in the field when tooth rupture
was unavailable). Furthermore, hair (NRI) and/or tis-
sue (SRS, NRI) was also collected for genotyping.
Tissue samples were stored in vials with 99.5% etha-
nol at—70 °C or dry vials at— 18 °C and hair samples
were stored in paper coin envelopes at— 18 °C.

We assigned individuals captured at the same time/
location to a social group if at least one breeding-
age individual (e.g., yearling, subadult, or adult) was
included in the trapping event. For four social groups
caught on the SRS, we also used telemetry or remote
camera imagery to validate group membership.
We used the sex ratio to categorize social groups
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as either sounders (i.e., female dominant groups or
groups with an equal sex ratio) or bachelor groups
(i.e., male dominant groups). We used other social
unit descriptors (pseudo-solitary females and pseudo-
solitary males) to classify breeding-aged individu-
als that were captured with extraneous group mem-
bers (e.g., offspring, suitor males) and are essentially
not a stable social group. We included all samples
of individuals collected at each study site to deter-
mine population structure to adjust genomic pairwise
relatedness; however, we only used samples of indi-
viduals captured as social groups (including pseudo-
solitary individuals) to determine degrees of related-
ness within groups. Because they were captured with
other individuals (offspring and/or suitors), degrees
of relatedness were also assigned to dyads (pairs) of
pseudo-solitary individuals.

Laboratory analyses

Following extraction of DNA with MagMax DNA
extraction kit (Thermo Fisher Scientific), we geno-
typed samples using GeneSeek’s Genomic Profiler
for Porcine biallelic single nucleotide polymorphism
(SNP loci) array (GeneSeek, a Neogen Company,
Lincoln, Nebraska) developed with Illumina (San
Diego, California) bead array chemistry (Ramos et al.
2009). We mapped SNP loci to the Sscrofall.l refer-
ence genome assembly (Warr et al. 2020) and filtered
genotypes to remove unmapped or non-autosomal
SNP loci, with 62,128 loci available for analysis. We
then implemented quality control measures using
PLINK 1.9 (Purcell and Chang 2015) to remove
loci with call rates <0.99, with minor allele frequen-
cies<0.05, or in linkage disequilibrium (window
size =50 loci, step size=35 loci, r2>0.5). Following
loci filtering, samples were pruned if their call rate
was <0.95.

Statistical analyses

For each study area, we estimated coefficients of
relatedness (r) for all sampled pigs using the meth-
ods described in Conomos et al. (2015, 2016). Spe-
cifically, through an iterative process executed in
program R (version 4.1.3; R Core Team 2021), sam-
ples were classified as unrelated or related using pair-
wise kinship coefficients and ancestry divergence
(SNPRelate package; Zheng et al. 2012). We then

used PC-AIR to conduct a principal component anal-
ysis (PCA) on the subset of unrelated samples (GEN-
ESIS package; Gogarten et al. 2019). Finally, using
PC-Relate (GENESIS package; Gogarten et al. 2019)
we adjusted pairwise estimates of kinship using the
ancestry representative principal components (PC) to
account for any potential population structure. The
number of PC to be retained was determined by (1)
eigenvalues and associated scree plots and (2) self-
kinship based on the expectation that values should
be distributed around one (Simeone et al. 2011).
Adjusted pairwise kinship coefficients were scaled by
two to obtain coefficients of relatedness (r).

To characterize relatedness within wild pig social
groups, we evaluated r values calculated for all dyads
sampled within a given social group (Supplemen-
tary Fig. 3) and respectively assigned degrees of
familial relationship for each pair (up to third-degree
relatives as delineated in Manichaikul et al. (2010)).
Specifically, we considered dyads with »>0.707 as
monozygotic twins, 0.354<r<0.707 as first-degree
relatives (parent—offspring and full, non-monozygotic
siblings), 0.177<r<0.354 as second-degree rela-
tives (grandparent-grandoffspring, avuncular, dou-
ble-cousins, and half-siblings), and 0.088 <r<0.177
as third-degree relatives (first-cousins, great-grand-
parent-great-grandoffspring, grand-avuncular, and
half-avuncular; Manichaikul et al. 2010). More dis-
tant relationships (» <0.088) could not be confidently
classified as previous work that combined genetic
estimates of relatedness with pedigrees demonstrated
increasingly smaller expected ranges of relatedness
values and greater inconsistency in identifying true
degrees of relatedness (Ramstetter et al. 2017). Fol-
lowing classification, we assembled relatedness net-
works for each social group.

For each study area, we then identified the follow-
ing demographic composition for each group: group
size, sex ratio, age composition, degree of related-
ness composition, and mean group genomic related-
ness. Given that wild pigs can reproduce year-round
throughout much of their invaded range (Chinn,
unpublished data), breeding-aged males (hereafter
referred to as suitor males) are often captured with
female-dominated social groups but are not actual
group members. Accordingly, unrelated suitor males
were identified as breeding-aged males that shared
a pairwise relatedness of less than 0.088 with all
other members of the group they were captured
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with. Further, because sounders often are numeri-
cally dominated by juveniles due to the high repro-
ductive capacity of this species, genomic relatedness
values within groups can be highly dependent upon
the occurrence and number of offspring present at
the time of sampling. Therefore, to account for these
factors and establish a comprehensive understand-
ing of socio-genomic relationships within groups,
we applied the following hierarchical approach in
the analysis of our data: (1) all group membership
included, (2) nonbreeding-aged individuals excluded
(i.e., piglets and juveniles), and (3) nonbreeding-aged
individuals and suitor males excluded.

Results
Savannah river site

After retaining 16,656 SNP loci and 5 PCs for estima-
tion of relatedness (Supplementary Fig. 4), pairwise
relatedness coefficients were calculated for 969 indi-
viduals on SRS. The average relatedness across all
wild pigs caught on SRS was r=0.012. We assigned
299 of the 969 genotyped individuals and an addi-
tional 4 individuals that were not genotyped to 77
social groups for demographic analyses. The remain-
ing individuals were excluded due to capture as soli-
tary individuals, incomplete social groups (i.e., only
piglets and/or juveniles were captured), or missing
age or other necessary capture information. For relat-
edness analyses, we excluded the four non-genotyped
individuals. Overall, we found sounders were the
most common group type across all analysis hierar-
chies; however, bachelor groups remained present in
all hierarchies (Supplementary Fig. 7).

All group members included

The first hierarchy of analysis included all 303 indi-
viduals assigned to 77 social groups for demographic
analysis and 299 individuals assigned to 76 groups
for the genomic relatedness analysis. Based on demo-
graphic analysis, most social groups were classified
as sounders (81.8%; Supplementary Fig. 7). Aver-
age group size (n) was 3.7 individuals (Table 1), and
groups were typically composed of only breeding-
aged (i.e., yearling or older; 51.9%; Fig. 1), first-
degree relatives (27.3%; Fig. 2). However, 14.3% of
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all kin-based groups included at least one unrelated
group member. Sounders had an average of 3.7 indi-
viduals and an average group r of 0.318 (Table 1).
Sounders were most commonly composed of only
breeding-aged (50.8%; Fig. 1), first-degree relatives
(25.4%; Fig. 2). Groups consisting of only unrelated
individuals made up 9.1% of all sounders (Fig. 2).
Interestingly, it was not uncommon for sounders to
include at least one completely unrelated group mem-
ber (15.9%). The remaining 18.2% of social groups
were bachelor groups (Supplementary Fig. 7) and
on average consisted of 4.5 individuals. The aver-
age group r for bachelor groups was 0.342 (Table 1).
Bachelor groups were also typically composed of
only breeding-aged (57.1%; Fig. 1), first-degree
relatives (35.7%; Fig. 2). Unlike sounders, bachelor
groups were unlikely to be composed of only unre-
lated individuals (7.1%; Fig. 2), nor include an unre-
lated group member when groups were comprised of
kin.

Nonbreeding-aged group members excluded

Under the second hierarchy, 32.5% of social groups
were excluded because they classified as pseudo-sol-
itary individuals (Supplementary Fig. 7); therefore,
144 individuals assigned to 53 groups were retained
for the demographic analysis and 137 individuals
assigned to 52 groups were retained for the related-
ness analysis. When compared to the first hierarchy
of analysis, the average group size decreased to 2.1
individuals and average group r decreased to 0.318
(Table 1). Groups of only first-degree (34.6%; Fig. 2),
female (57.1%; Supplementary Fig. 7) relatives were
the most common group composition. The average
sounder size was 2.7 individuals and the average
sounder relatedness was 0.315 (Table 1). Sounders
composed of only first-degree relatives remained the
most common group relatedness composition (34.1%;
Fig. 2). However, 20.5% of sounders included at least
one unrelated group member and unrelated group
members also frequently formed sounders (17.3%;
Fig. 2). Bachelor groups accounted for 10.4% of the
dataset analyzed under the second hierarchy (Sup-
plementary Fig. 7). As observed with sounders, the
average group relatedness and average group size
for bachelor groups decreased (Table 1). Similarly,
groups of only first-degree relatives remained the
most common group relatedness composition (37.5%;
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Table 1 Descriptive statistics under three hierarchies of analy-
sis for wild pig (Sus scrofa) social groups (female dominated,
male majority, pseudo-solitary female, and pseudo-solitary

male) observed at the Savannah River Site (SRS), South Caro-
lina, USA and Nobel Research Institution (NRI), Oklahoma,
USA

Group type Count* Min n® Average n° Max n¢ Min r® Average 1! Max r®

SRS NRI SRS NRI SRS NRI SRS NRI SRS NRI SRS NRI SRS NRI
First hierarchy: All group members
Sounders 63(263) 8(32) 2 37 40 12 12 0.003 —0.071 0.318 0.163 0.863 0.592
Bachelor Groups 14(3) 741 2 3 45 59 16 9 -0.015 0.145 0.342 0.295 0.558 0.498
All 77 (299) 15(73) 2 39 49 16 12 -0.015 -0.071 0.323 0.225 0.863 0.592
Second hierarchy: offspring excluded
Sounders 44 (118) 6(17) 2 27 28 6 0.003 —-0.086 0.315 0.161 0.863 0.498
Bachelor Groups 8 (19) 5(16) 2 3 24 32 5 4 —0.015 0.068 0.338 0.359 0.558 0.621
Pseudo-solitary Female 23 (23) 2 (2)
Pseudo-solitary Male 2(2) 0(0)
All 77(162) 13(35) 1 1 21 27 6 6 —-0.015 -0.086 0.318 0.251 0.863 0.621
Third hierarchy: offspring, suitors excluded
Sounders 42(109) 5(15) 2 26 3.0 6 0.015 —0.086 0.345 0.203 0.863 0.498
Bachelor Groups 8(19) 413 2 3 24 33 4 —0.015 0.068 0.338 0.415 0.558 0.621
Pseudo-solitary Female 25 (25) 4 (4)
Pseudo-solitary Male 2Q2) 0(0)
All 77 (155) 13(332) 1 1 20 25 5 6 —-0.015 -0.086 0.344 0.297 0.863 0.621

#Total number of groups with the total number of individuals in parentheses in relatedness analysis

¢ Average group size
dMaximum group size
*Minimum group relatedness
fAverage group relatedness

£Maximum group relatedness

Fig. 2). None of the kin-based bachelor groups
included a completely unrelated group member.

Nonbreeding-aged and unrelated male group
members excluded

Similar to the second hierarchy, 35.1% of social
groups were pseudo-solitary individuals and removed
from consideration (Supplementary Fig. 7). Subse-
quently, the third hierarchy of analysis included 133
group members assigned to 50 groups for demo-
graphic analysis and 128 group members assigned
to 50 groups for relatedness analysis. Compared to
the first hierarchy of analysis, the average group size
decreased to 2.0 individuals but the average group r
increased to 0.344 (Table 1). The majority of groups
were composed of only first-degree relatives (38.0%;
Fig. 2); however, 4.0% of groups included a com-
pletely unrelated group member. The average sounder

group size was 2.6 and average group relatedness was
0.345 (Table 1). Sounders consisting of only first-
degree relatives were the most common group demo-
graphic under the third hierarchy (38.1%; Fig. 2);
however, two of the sounders still retained at least one
unrelated group member. Interestingly, one sounder
consisted of an unrelated female captured with a male
and female that were first-degree relatives (Fig. 3).
Bachelor groups accounted for 10.4% of the dataset
(Supplementary Fig. 7). The average bachelor group
size and average group r did not change from the sec-
ond hierarchy of analysis to the third (Table 1). Bach-
elor groups consisting of only first-degree relatives
remained the most common relatedness composition
(37.5%; Fig. 2), although one bachelor group was a
pair of unrelated yearling males. Another bachelor
group was composed of a subadult female with four
subadult males that displayed variable degrees of
relatedness (Fig. 3).
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Fig. 1 Percentage of
majority age classes of
groups at the Savanah
River Site (SRS) (left) and
Noble Research Institute
(NRI) (right) under the
first hierarchy (all group
members) with all groups
(top), sounders (middle),
and bachelor groups (bot-
tom). The majority age
classes displayed in groups
are shown as proportions
of the total dataset for each
study area

OBreeding-aged Only

B Breeding-aged Majority

B No majority

E Nonbreeding-aged Only

H Nonbreeding-aged Majority

Percentage of Group Ages:
SRS, sounders, all memberships

OBreeding-aged Only

B Breeding-aged Majority

® No majority

B Nonbreeding-aged Only

@ Nonbreeding-aged Majority

Percentage of Group Ages:
SRS, all groups, all membership

11.7%

Percent of Group Ages:
NRI, all groups, all membrship

6.5%

Percent of Group Ages:
NRI, sounders, all membrship

12.5%

0,
50.8% 50.0%

12.7%

Percentage of Group Ages:
SRS, bachelor groups, all memberships

O Breeding-aged Only

B Breeding-aged Majority

B No majority

H Nonbreeding-aged Only

= Nonbreeding-aged Majority

Noble research institute

With 6,735 SNP loci and 4 PCs retained (Supple-
mentary Fig. 5), adjusted pairwise relatedness coef-
ficients were calculated for 403 individuals from
southcentral Oklahoma. The average relatedness
across all wild pigs sampled in NRI was r=0.022.
We assigned 383 of the 403 individuals to 44 social
groups. The remaining 20 individuals were captured
alone and excluded from analysis. Furthermore, 31
social groups (310 individuals) were excluded due
to incomplete social groups (i.e., only piglets and/
or juveniles were captured) and/or individuals that
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7.9%

Percent of Group Ages:
NRI, bachelor groups, all
membrship

14.3%

71% 14.3%

were missing age or other necessary capture informa-
tion. It is worth mentioning that among the excluded
social groups, many were very large (Supplementary
Table 1). Sounders were the most common group
type under all hierarchies of analysis (Supplemen-
tary Fig. 7). As with SRS, bachelor groups were pre-
sent under all hierarchies of analysis (Supplementary
Fig. 7).

All group members included

The first hierarchy of analysis considered all 13
social groups and their 73 group members for both
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Fig. 2 Percentage of majority degrees relatedness of groups
at the Savannah River Site (SRS) with all group membership
(top), proposed offspring excluded (middle), and proposed

demographic and relatedness analyses. The aver-
age group size was 4.9 individuals and the average
group relatedness was 0.197 (Table 1). Southcentral
Oklahoma groups were typically composed of only
breeding-aged individuals or did not display an age
majority (33.3 and 26.7%, respectively; Fig. 1). The
most common group relatedness composition were

Percent of Majority Degrees
Relatedness:
SRS, sounders, all
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11.1 6:3%1.6%

%

11.1
%
6.3%
3.2%

1.1
v 63%
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Percent of Majority Degrees
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SRS, sounders, offspring &
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700 8% 24%
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membership
14.3

%
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7.1%

14.3 21.4
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%
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%
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offspring and potential suitor males excluded (bottom). The
majority degree of relatedness displayed in groups are shown
as proportions of the total dataset

groups that displayed a majority of unrelated dyads
(26.7%; Fig. 4). However, groups of either only
first-degree relatives or only unrelated individuals
were not uncommon (20.0 and 20.0%, respectively;
Fig. 4). Five groups that included relatives also had
an unrelated group member (33.3%). Sounders were
slightly more common than bachelor groups (53.3
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SRS Relatedness Network of Group 99 and 161

MIDOG%

MIDO%B

WD0745

MID07$

AgeClass @ Adult A Subadult

Fig. 3 Plot of relatedness network of Savannah River Site
(SRS) social group 99 (left) and 161 (right). Each individual
in the group is represented by a plot point. Age class of an
individual is indicated by point symbol, sex of an individual

and 46.7%, respectively; Supplementary Fig. 7). The
average sounder size was 4.0 individuals and the
average group relatedness was 0.163 (Table 1). Half
of all sounders were composed of only breeding-
aged individuals (Fig. 1). Interestingly, most sound-
ers were composed of only unrelated individuals
(37.5%; Fig. 4); however, sounders that included kin
were unlikely to also include a completely unrelated
group member. The average group size and group r
of bachelor groups were slightly larger than sounders
(Table 1). Bachelor groups were typically composed
of a majority of nonbreeding-aged individuals or did
not display an age majority (28.6 and 28.6%, respec-
tively; Fig. 1). Groups of either first-degree relatives,
a majority of first-degree dyads, or a majority of
unrelated dyads were the most common group relat-
edness composition (28.6, 28.6 and 28.6%, respec-
tively; Fig. 4).

Nonbreeding-aged group members excluded
The second hierarchy of analysis excluded 15.4% of
social groups identified as pseudo-solitary (Supple-

mentary Fig. 7), retaining 33 individuals assigned
to 11 social groups for demographic and relatedness
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Degrees Relatedness 1=2=3 NA

is indicated by point color, and degree of relatedness for each
dyad is represented by the line connecting the pair. If the dyad
was classified as unrelated (NA), then points are were not con-
nected

analyses. The average group size greatly decreased
from the first hierarchy of analysis, but the average
group r was slightly higher (Table 1) and groups were
commonly composed of only first-degree relatives
(36.4%; Fig. 4). Sounders were more common than
bachelor groups (46.2 and 38.5%, respectively; Sup-
plementary Fig. 7). The average sounders size was
2.8 individuals and average group relatedness was
0.161 (Table 1). As with the first hierarchy of analy-
sis, sounders of only unrelated individuals remained
most common (33.3%; Fig. 4); however, sound-
ers with relatives never included an unrelated group
member. Bachelor groups had an average group size
of 3.2 individuals and average group relatedness of
0.359 (Table 1). Unlike sounders, bachelor groups
composed of only first-degree relatives were most
common (60.0%; Fig. 4).

Nonbreeding-aged and unrelated male group
members excluded

Under the third hierarchy of analysis, 30.8% of social
groups were determined to be pseudo-solitary and
excluded from consideration (Supplementary Fig. 7);
therefore, 28 individuals assigned to nine social
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Fig. 4 Percentage of majority degrees relatedness of groups
at Noble Research Institute (NRI) with all group membership
(top), proposed offspring excluded (middle), and proposed

groups were retained for demographic and related-
ness analyses. In comparison to the first hierarchy
of analysis, the average group size decreased to 2.5
individuals and average group r increased to 0.297
(Table 1). As with the second hierarchy of analysis,
groups were typically composed of only first-degree
relatives (44.4%; Fig. 4). The sounders that persisted

” ‘
%
1.1%0 11.1%

offspring and potential suitor males excluded (bottom). The
majority degree of relatedness displayed in groups are shown
as proportions of the total dataset

under the third hierarchy accounted for 38.5% of
the dataset (Supplementary Fig. 7), had an aver-
age group size of 3.0 individuals, and average group
relatedness of 0.203 (Table 1). Sounders of only first-
degree relatives, only second-degree relatives, only
unrelated group members, a majority of unrelated
dyads, and no relatedness majority composition were
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all equally represented (20.0% each, respectively;
Fig. 4). Although some sounders were comprised
of only unrelated individuals, none of the sound-
ers that displayed kin relationships incorporated a
completely unrelated group member. Interestingly,
one sounder included adult male relatives (Fig. 5).
This group displayed variable relatedness among its
members, and was composed of two adult males, two
subadult females, and two yearling females. Bachelor
groups comprised 30.8% of the dataset (Supplemen-
tary Fig. 7). When compared to the first hierarchy of
analysis, the average bachelor group size decreased to
3.3 individuals and average group relatedness greatly
increased to 0.415 (Table 1).

NRI Relatedness Network Group 20

AE_DNA04ET

NF@NAO465

Al F_DNAO0464

Sex @ Female ® Male

Fig. 5 Plot of relatedness network of Noble Research Institute
(NRI) social group 20. Each individual in the group is repre-
sented by a plot point. Age class of an individual is indicated
by point symbol, sex of an individual is indicated by point
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Discussion

Despite their widespread distribution and extensive
ecological and economic impacts, the social organi-
zation of invasive wild pigs has been understudied
and largely limited to observational behavioral data
(Fernandez-Llario et al. 1996; Hampton et al. 2004;
Rosell et al. 2004). Using robust genomic tools, our
results revealed that previously held assumptions of
familial associations within invasive wild pig sound-
ers were generally correct; however, these assump-
tions did not fully capture the diversity in group
composition observed within the study populations.
Across both geographic areas sampled, wild pig social
units consisted of sounders, pseudo-solitary females,
bachelor groups, and solitary males. Aside from soli-
tary males, sounders were the most common social
group observed across our two study sites. Although
adult females in these groups were often close kin

NF_DN&466

NF_DNA0468H

NF_DNA8463
Degrees Relatedness 1 2 3 NA

color, and degree of relatedness for each dyad is represented by
the line connecting the pair. If the dyad was classified as unre-
lated (NA), then points are were not connected
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(first-degree relatives), many of these groups also
included an unrelated breeding-aged female — coun-
ter to previous assumptions. In southcentral Okla-
homa, we observed a dichotomy in sounder organiza-
tion in which some sounders were comprised of only
unrelated individuals whereas those sounders that
included relatives did not include unrelated group
members. Even though there were many sounders of
only unrelated females, kin-only sounders were still
more common in southcentral Oklahoma. This ten-
dency for females to form sounders with close kin has
also been reported in European wild boar across their
native range. Conversely, few studies have found that
these groups will recruit unrelated females; behavior
that was observed among the SRS sounders (Kamin-
ski et al. 2005; Iacolina et al. 2009; Podgérski et al.
2014b). We also found that many adult females were
captured with only their offspring or unrelated breed-
ing-aged males, suggesting the size and composition
of sounders are dynamic and variable within popu-
lations. Though they occurred less frequently, bach-
elor groups were prevalent in both populations and
primarily comprised of young, related individuals.
Though our study can only describe social groups
at the time of their capture, we have demonstrated
invasive wild pigs display more complex and diverse
social organization than previously believed.

Similar to wild boar (Iacolina et al. 2009; Podgor-
ski et al. 2014a, b), matriarchal sounders were the
most common social unit observed across both study
sites. Sounders were highly variable in size depend-
ing on the number of offspring present, ranging from
2 to 45 individuals. The largest group captured at
SRS had 16 individuals and average SRS group size
was approximately four individuals before offspring
and suitors were excluded. When these individuals
were excluded, social groups at SRS were typically
composed of two breeding-aged relatives. The larg-
est group captured in southcentral Oklahoma was
45 individuals; however, this group, as well as many
other large social groups at this location, could not be
included in our dataset because age and/or sex was
not recorded at time of collection. In fact,>40% of
the excluded groups captured in southcentral Okla-
homa had over 10 individuals, and approximately
10% had over 20. Within their native range, average
group size for European wild boar generally ranges
from 4 to 9 individuals, depending on the location
(Dardaillon 1988; Poteaux et al. 2009; Podgorski

et al. 2014a, b; Battocchio et al. 2017), although stud-
ies do not always explicitly state whether offspring
are included in these calculations. Thus, while groups
at SRS were generally smaller than those reported for
European wild boar, sounders in southcentral Okla-
homa were more comparable in size to groups within
the native range of this species. Studies of wild pigs
in Texas and Oklahoma also have reported large
social groups (>5 individuals; Gabor et al. 1999;
Wehr et al. 2018; Gaskamp et al. 2021). The propen-
sity for invasive wild pigs to form smaller groups in
the Southeastern USA compared to more arid regions
of the USA may be due to differences in resource
distributions, management strategies, or genetic lin-
eages. Productive bottomland swamps are abundant
and widely distributed throughout much of the South-
eastern USA and have a strong influence on wild pig
movements and population dynamics (Keiter et al.
2017; Clontz et al. 2021). Furthermore, wild pigs on
the SRS are intensively managed to reduce collisions
with vehicles and minimize other damages (Beasley
et al. 2014), and individuals within the SRS generally
have lower wild boar ancestry than those individu-
als encountered in the NRI population (Smyser et al.
2020). More in-depth studies are needed to better
understand how ancestry, management strategies, and
landscape attributes, as well as other biotic and abi-
otic factors, may influence sounder sizes among inva-
sive populations.

Interestingly, our data revealed wild pig group
members are not always closely related to each other
and may include unrelated individuals. Sounders at
SRS were most commonly composed of only first-
degree relatives; however, nearly half of all SRS
sounders displayed variable relatedness. Many groups
included group members that were first-degree rela-
tives to some and distantly related or unrelated to oth-
ers (Fig. 3). Furthermore, 4.8% of SRS kin sounders
included an unrelated breeding-aged female. Telem-
etry data collected from these groups as part of com-
plementary studies (Beasley et al. 2021; Clontz et al.
2021) confirmed these unrelated individuals were
established group members as opposed to simply
temporary associates. Some populations of European
wild boar also exhibit tolerance of unrelated females
within sounders, but this tolerance is not shared
uniformly across their range (Iacolina et al. 2009;
Podgorski et al. 2014a, b). Conversely, southcen-
tral Oklahoma sounders typically displayed greater
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variability in patterns of relatedness among group
members (Fig. 5).

Despite the variability in relatedness exhibited
among southcentral Oklahoma sounders, kin-based
sounders were not likely to include a completely unre-
lated individual. Some studies on European wild boar
have suggested frequent hunting or population control
efforts may disrupt the social structure of sounders
and facilitate the collective association of unrelated
individuals (Poteaux et al. 2009; Podgodrski et al.
2014a). Though our two study sites both implement
control strategies, the sites differ in the frequency and
type of removal efforts. In particular, the majority of
wild pigs removed from the SRS are captured in box
traps or small corral traps, methods that often result in
partial removal of sounders, whereas whole-sounder
removal efforts are more common at NRI (Gaskamp
et al. 2021). The disruption of social units at SRS due
to partial removal of sounders may facilitate the inte-
gration of unrelated members within social groups
in this study site and other areas that employ similar
management strategies. Indeed, a study to assess the
movement ecology of translocated wild pigs found
that the majority of translocated sows integrated
within a new (unrelated) sounder within 1-2 months
following translocation (Smith et al. 2022).

It may be that the genetic ‘snapshot’ provided by
our dataset fails to represent the full breadth of famil-
ial associations within sounders. Mcllraith (2021)
described fission—fusion dynamics among sounders
within four southern USA populations as group mem-
bers coalesced and separated over time. Further, wild
pigs captured together, and subsequently collared,
tended to associate with one another more than indi-
viduals distributed between sounders. However, even
collared pigs from the same captured sounder exhib-
ited irregular separation periods. Future research is
needed to combine relatedness with movement data to
better understand fission—fusion dynamics and social
structure. Although wild pigs throughout much of
their invasive range in North America reproduce year-
round, mating often peaks in late winter following a
pulse in mast availability (Chinn unpublished data).
The seasonality of reproduction may result in variable
group size and composition across seasons, particu-
larly for populations at the northern extent of the spe-
cies’ range. Thus, subsequent studies of wild pig and
wild boar social groups should incorporate broader
environmental factors to elucidate their effects on
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group size, formation, and recruitment. Landscape
features also may influence the structure of sounders.
Past studies have suggested habitat quality and access
to resources could affect the size of sounders and the
recruitment of an unrelated individual (Delgado et al.
2008; Gaskamp et al. 2021). Differences in land-
scape features between southcentral Oklahoma and
SRS may account for the different relatedness com-
positions between the two sites. The SRS is generally
wetter and more humid than southcentral Oklahoma
and encompasses a mixture of upland and bottomland
woodlands. However, determining the influence of
habitat differences between the two sites was outside
the scope of this study due to the disparity in sample
sizes. Future studies should further investigate if dif-
ferences in resource availability and/or removal pres-
sure can account for the disparity in sounder related-
ness between locations.

In addition to sounders, we observed individual
adult females, who were captured with either depend-
ent offspring, suitor males, or both in southcentral
Oklahoma and SRS. These individuals are thought
to be temporary associations as suitor males are not
likely to remain with a female for more than a week
or two and offspring often disperse as older juveniles
or yearlings. Among these pseudo-solitary groups,
some included offspring that were a few weeks old.
These females may be temporarily separated from
their sounder for parturition (Gabor et al. 1999;
Mayer et al. 2020). This secretive behavior has been
observed in studies of European wild boar (Dar-
daillon 1988; Kaminski et al. 2005; Poteaux et al.
2009). Indeed, we were able to confirm from camera
data that some of these females had been in associa-
tion with an uncaptured female prior to parturition
(Clontz et al. 2021). However, other pseudo-solitary
groups included offspring that were several months
old, suggesting not all of these groups were tempo-
rary disassociations from larger groups during partu-
rition. Gabor et al. (1999) demonstrated that female
dispersal does occur, though rare. There remains a
strong possibility that social organization for wild pig
females may include both sounder and pseudo-soli-
tary females, although the fission—fusion dynamics
of wild pig social groups remains largely unknown.
We are limited by our sampling strategy and can only
describe the social organization of these individu-
als at the time of capture when no camera is avail-
able. Even so, through use of genomic data we can
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highlight the complexity of sounder composition and
diversity in female social units with greater resolution
than described in past studies.

Though not as common as sounders, our study also
revealed male majority groups (i.e., bachelor groups)
are relatively common, and primarily composed of
small, breeding-aged kin. Past studies have described
bachelor groups as being rare (e.g., Gabor et al.
1999). However, these studies, as well as ours, largely
targeted sounders or solitary adult males as part of
ongoing research and management, and thus male-
dominated groups undoubtedly occur more frequently
than reported herein or in the prior literature due to
biases in sampling strategies. Although typically
composed of only closely related males, a few bach-
elor groups in our study included a related female
and one group included an unrelated female. Unlike
sounders, bachelor groups were highly unlikely to
include an unrelated group member, and none were
composed of only unrelated individuals. Similar
male coalitions have been observed in other species.
Most notably in African lions, male créche mates
will take over and defend female prides (Packer and
Pusey 1982). Male groups have also been observed in
some raccoon (Procyon lotor) populations in which
males of varying age have been observed traveling
and denning in the same tree (Gehrt and Fox 2004).
Though uncommon in African elephants (Loxo-
donta africana), Asian elephants (Elephas maximus)
frequently display bachelor herds that sometimes
include females and are not dependent on relatedness
of its members (Schneck 1991; Ahlering et al. 2011).
Unlike raccoons and Asian elephants, wild pig bach-
elor groups in our study seem to be intolerant of unre-
lated individuals. However, the lack of capture groups
composed of large, breeding-aged males suggests that
bachelor groups are unlikely to be as cooperative as
male African lion coalitions and are likely transition-
ing to become independent and solitary. Bachelor
groups in European wild boar have been reported to
be littermates that disperse from there natal groups
for a short period before transitioning to become soli-
tary (Dardaillon 1988). Wild boar females were also
observed to disperse with their male litter mates on
rare occasions (Kaminski et al. 2005). However, the
behavior and frequency of bachelor coalitions in both
wild pigs and European wild boar is understudied.

Collectively, our study suggests wild pig social
organization is complex, dynamic, and likely variable

across the species’ introduced range. Wild pig social
organization seems to mirror European wild boar in
that they both are largely composed of matriarchal
groups and tolerance of unrelated individuals varies
by population. In addition to matriarchically domi-
nated sounders and solitary males, pseudo-solitary
females and bachelor coalitions were relatively com-
mon and should be included in future investiga-
tions of wild pig social organization. Interestingly,
we found that sounders in southcentral Oklahoma,
the drier and less humid study site, were less likely
to include unrelated group members but were more
likely to have groups composed of only unrelated
individuals. It is unclear whether this observation was
due to differences in resource distribution between
sites or differences in culling strategies resulting
in greater disruption of sounder composition at the
SRS or an artifact of the dichotomous sample sizes
between SRS and southcentral Oklahoma. Thus,
future research is needed to individually elucidate
the impacts of resource distribution and management
strategies on wild pig and wild boar social dynam-
ics, as these data could have direct implications to the
development of more efficient management strategies
for this destructive species. Further studies also are
needed to better understand the dynamics and sta-
bility of associations of group members, as well as
the frequency of pseudo-solitary females and male
groups in wild pig populations.
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