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ABSTRACT North Carolina, USA, represents the southern extent of the American black duck's (Anas
rubripes) breeding range. Mallards (A. platyrhynchos) are present on the breeding grounds of the American
black duck and hybridization is observed between these species; therefore, we assessed the genetic integrity,
hybridization rates, and population structure of this local breeding population. We extracted genomic and
mitochondrial DNA from chorioallantoic membranes and contour feathers from monitored black duck
nests. We then prepared the extracted DNA for analysis using high‐throughput DNA sequencing methods
(ddRAD‐seq). First, we assessed nuclear and mitochondrial population structure, genetic diversity, and
differentiation across samples from North Carolina, and compared them against 199 genetically vetted
mallards, black ducks, and mallard× black duck hybrids that served as genetic references. Next, we tested
for parentage and sibling relationship and overall relatedness of black ducks in North Carolina. We
recovered strong population structure and high co‐ancestry across genetic markers due to interrelatedness
among sampled nests in North Carolina and concluded that black ducks have been locally breeding in this
area for a prolonged period of time. Despite a high level of interrelatedness among our samples, nucleotide
diversity was similar to the reference continental black duck population, suggesting little effect of genetic
drift, including inbreeding. Additionally, we conclude that molecular diversity of black ducks in North
Carolina is maintained at reference population levels through the influx of genetic material from unrelated,
migrating male black ducks. Finally, we report a hybridization level of 47.5%, covering 3 filial generations.
Of identified hybrids, 54.7% and 53% were the direct result of interbreeding between black ducks and
captive‐reared or wild mallards, respectively. We conclude that because of high rates of interspecific
hybridization and successive backcrossing events, introgression from wild and feral mallards is occurring
into this population of breeding black ducks and requires careful consideration in future management
efforts. © 2021 The Wildlife Society.

KEY WORDS Anas platyrhynchos, Anas rubripes, anthropogenic hybridization, breeding ecology, captive‐reared
mallard, population structure.

Although gene flow is a widespread evolutionary phenom-
enon across taxonomic lineages (Mallet 2007, Arnold and
Kunte 2017), the increasing incidence of anthropogenic
hybridization (i.e., hybridization due to human activity; Vilà
et al. 2000) between taxa has important implications for
conservation that vary temporally, spatially, and across bi-
ological systems (Arnold 1992, Barton 2001, Seehausen
et al. 2008). Specifically, anthropogenic hybridization as a
result of habitat change or the direct movement of in-
dividuals, is resulting in accelerated rates of interspecific
interaction among closely related species (Vallejo‐Marín

and Hiscock 2016). Consequences of such events range
from the breakup of co‐adapted gene complexes (i.e., out-
breeding depression) to the possibility of adaptive in-
trogression (Arnold and Martin 2009). In extreme cases,
prolonged or frequent events of introgression (i.e., gene flow
between populations whose individuals hybridize, achieved
when hybrids backcross to 1 or both parental populations;
Rhymer and Simberloff 1996) can result in a hybrid swarm
(McFarlane and Pemberton 2019) in which individual gene
pools are eliminated, causing extinction in 1 or both pa-
rental taxa (Rhymer and Simberloff 1996, Simberloff 1996,
Rhymer 2006, Seehausen 2006, Allendorf 2017). Effects of
hybridization are further amplified when dealing with small
populations, which are innately more susceptible to be-
coming genetically swamped (Wells et al. 2019). For
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example, on the Hawaiian Islands of O'ahu, Maui,
Moloka'i, and Hawai'i, the Hawaiian duck (Anas wy-
villiana) experienced extirpation by introgressive hybrid-
ization with introduced feral mallards (Anas platyrhynchos).
Specifically, Wells et al. (2019) reported that the absence of
large native Hawaiian duck populations and the establish-
ment of feral mallards on these islands, advanced the for-
mation of hybrid swarms and ultimately led to these
extirpations. Thus, understanding the frequency and extent
of introgressive hybridization among interacting species is
increasingly important when managing populations
(Allendorf et al. 2001, Randi 2008, McFarlane and
Pemberton 2019).
Ducks and geese (Order Anseriformes) exhibit some of the

highest levels of hybridization in class Aves (Johnsgard 1960,
Scherer and Hilsberg 1982, Grant and Grant 1992). Notably
in Anatinae ducks, the mallard readily hybridizes with many
other Anatinae duck species including the American black
duck (A. rubripes; black duck). Black ducks belong to a para-
phyletic duck group with an estimated divergence time from
mallards of 600,000 years before present (Lavretsky
et al. 2019a). Prior to the 1950s, black ducks and mallards
were mostly allopatric; however, increasing conversion of
temperate forests to open land cover types in the breeding and
wintering grounds of the eastern United States and Canada
may have promoted mallard ranges to extend eastward
(Livezey 1991, Green 1996, Johnson and Sorenson 1999,
Mank et al. 2004). Additionally, some state agencies and
private entities facilitated large‐scale releases of captive‐reared
mallards, with 500,000 annually released along the east coast
through the first half of the twentieth century
(Heusmann 1974, Soutiere 1986, Hepp et al. 1988). More
recently, an estimated 210,000 captive‐reared mallards are
being released annually in the Atlantic Flyway, with most re-
leases occurring on licensed shooting preserves (U.S. Fish and
Wildlife Service [USFWS] 2013). In general, these events
resulted in an approximately 6‐fold increase in mallard abun-
dance east of the Mississippi River by the mid‐1960s
(Heusmann 1974, Soutiere 1986, Hepp et al. 1988), and
have resulted in high rates of interspecific interactions with
black ducks in eastern North America (Anderson et al. 1987,
Ankney et al. 1987, Avise et al. 1990, Conroy et al. 2002,
Lavretsky et al. 2019b). Moreover, the release of captive‐reared
mallards in eastern North America has resulted in an estab-
lished feral (i.e., individuals of domestic origins but found in
wild settings) and feral×wild mallard hybrid swarm
(Lavretsky et al. 2019c). Thus, black ducks across eastern
North America can interact with wild mallards and mallards of
captive‐reared origin.
Historically, the black duck was the most abundant duck

species in the Atlantic Flyway, but because of population
declines (>50%) between the 1950s and 1990s, black ducks
are now a species of greatest conservation concern in 14 of
17 states (Devers and Collins 2011). Black ducks are also a
flagship species of the Atlantic Coast Joint Venture and the
North American Waterfowl Management Plan (Ringelman
and Williams 2018). Potential explanations for their decline
include overharvest (Nichols et al. 1987, Francis et al. 1998,

Longcore et al. 2000), loss of breeding and non‐breeding
habitat quantity and quality (Conroy et al. 2002,
Zimpfer 2004), and interactions (competition, hybrid-
ization) with mallards (Anderson et al. 1987, Conroy
et al. 2002, Mank et al. 2004). Recent landscape‐level
sampling coupled with high‐throughput DNA sequencing
methods confirmed a high rate of hybridization of around
42% between mallards and black ducks (Lavretsky
et al. 2019b), which is highest of all comparisons between
mallards and other North American monochromatic
Anatinae ducks (Lavretsky et al. 2015, Peters et al. 2016,
Ford et al. 2017). Introgression of mallard genes into
black ducks remained relatively low (Lavretsky
et al. 2015, 2019b), suggesting that backcrossing of F1 (first
filial generation) mallard× black duck hybrids into the black
duck gene pool was somehow limited (e.g., assortative
mating, hybrid‐breakdown), and largely can be associated
with lost reproductive potential. More concerning, however,
was that many of the F1 hybrids and the few black duck‐
backcrossed samples recovered by Lavretsky et al. (2019b)
showed nuclear genetic assignment to captive‐reared mal-
lards. These results suggest that much of the interspecific
interaction that has been discussed between mallards and
black ducks is the result of the established eastern North
American feral mallard population (Lavretsky et al. 2019b).
Additionally, mallards in North America carry 2 mi-
tochondrial haplogroups; Old World (OW) A and New
World (NW) B (Avise et al. 1990; Johnson and
Sorenson 1999; Kulikova et al. 2004, 2005; Lavretsky
et al. 2014). Lavretsky et al. (2019c) provided inferential
evidence that the majority of OW A mitochondrial DNA
(mtDNA) haplotypes in North America are due to gene
flow from released captive‐reared mallards. Thus, the pos-
session of an OW A mtDNA haplotype is strong evidence
of domestic mallard ancestry.
Determining genetic population structure is contingent on

sampling genetic material of adequate quantity and quality
(Taberlet et al. 1999). Although not the only option, blood is
the most commonly sampled genetic material in avian genetic
studies (Coulon et al. 2008, Höglund et al. 2009). Capture
and handling techniques used to obtain avian blood samples
can be invasive (Trimbos et al. 2009). In waterfowl, traditional
blood‐based sampling methods require capture of the nesting
female or offspring to assess maternity and population struc-
ture during the breeding season. Disturbance associated with
trapping and traditional sampling techniques can possibly
compromise nesting success. A noninvasive alternative to
sampling birds directly is the use of DNA‐containing mate-
rials deposited by birds in nests (Pearce et al. 1997). Most
waterfowl species deposit down and contour feathers in nests
as incubation advances and chorioallantoic membranes often
remain in the nest after hatch (Baldassarre 2014) providing
researchers with alternate genetic materials. Previously, DNA
has been successfully extracted and analyzed from feathers
(Taberlet and Bouvet 1991, Ellegren 1992, Morin et al. 1994,
Pearce et al. 1997) and chorioallantoic membranes (Pearce
et al. 1997; Strausberger and Ashley 2001; Bush et al. 2005;
Trimbos et al. 2009, 2014). Perceived limitations associated
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with using noninvasive samples are chance contaminations
with parental and sibling DNA (Taberlet and Fumagalli 1996,
Taberlet and Waits 1998, Strausberger and Ashley 2001,
Schmaltz et al. 2006), DNA degradation by ambient envi-
ronmental conditions, and reduced DNA quantities compared
to traditional samples (Pearce et al. 1997). Trimbos et al.
(2009), however, presented inferential evidence that neither
degeneration nor cross‐contamination was apparent in total
genotypic comparison of chorioallantoic membrane DNA and
blood sample DNA. Thus, noninvasive materials (e.g.,
feathers, egg membranes) can provide a viable source of DNA
for population genetic research.
In general, the black duck population in the

Albemarle‐Pamlico Peninsula and Outer Banks regions
of coastal North Carolina, USA, is thought to be small,
and largely composed of locally breeding individuals that
rarely conduct long‐distance movements (D. L. Howell,
North Carolina Wildlife Resources Commission, per-
sonal communication). Although genetic drift dis-
proportionally effects populations of small size (Wang
and Caballero 1999), inbreeding may also be a particular
issue for ducks that exhibit seasonal monogamy and fe-
male nest‐site fidelity (Coulter and Miller 1968). Thus,
we endeavored to understand whether any observable
population structure was due to sibling relationship,
inbreeding, or both.

Our objectives were to assess the genetic integrity and
population structure of a black duck population at the
southernmost extent of their breeding range and to measure
the relationship among samples (i.e., sibship, parentage) to
determine the extent to which interrelatedness is present in
the black duck population in North Carolina. Because
captive‐reared mallard releases occur in eastern North
Carolina, we predicted that most hybrids would be of feral
mallard× black duck ancestry. We predicted to see multiple
filial generations of hybrids if hybrids readily backcrossed.
Alternatively, if hybrid survival was low or selected against
during pair bonding, then we predicted to find little evi-
dence of backcrossed hybrids. Finally, if the North Carolina
breeding black duck population is in immediate risk of in-
breeding depression, we predicted to find low genetic
structure, high levels of interrelatedness, and low haplotype
and nucleotide diversity within black ducks in North
Carolina as compared to reference black duck populations.

STUDY AREA

We sampled black duck and mallard nests in Hyde and
Dare counties in the Albemarle‐Pamlico Peninsula and the
Outer Banks regions of North Carolina from late March to
the end of June in 2017 and 2018 (Fig. 1). This area rep-
resents the southernmost extent of the black duck's breeding
range in the Atlantic flyway (Parnell and Quay 1962,

Figure 1. Study area of Hyde and Dare counties, North Carolina, USA, 2017–2018, and sampling locations for American black duck nests.
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Bellrose 1980, Baldassarre 2014). Specifically, our research
focal area covered approximately 5,562 km2 and ranged
from the convergence of the Pamlico and Pungo rivers
northeast along the Pamlico Sound to the intersection of
United States Highway 64 and the Croatan Sound and
throughout the Outer Banks of Hyde and Dare counties.
The area is relatively flat with an elevation averaging <1.5m
above mean sea level. The climate is characterized by hot
summers (Jun–Aug) and cool winters (Dec–Feb).
Temperatures in July average 26°C and in January average
6°C. Total annual precipitation averages 132 cm, with ap-
proximately 50% occurring during May–September. The
dominant land use is for agriculture, forestry, and tourism.
Study sites included Swanquarter National Wildlife Refuge
(NWR; 35°21′59.99″N, −76°19′18.00″W), Alligator River
NWR (35°46′59.99″N, −75°50′59.99″W), Pea Island
NWR (35°41′17.99″N, −75°32′26.99″W), and private and
state‐owned lands along the Pamlico Sound.
The Albemarle‐Pamlico Peninsula historically was dense

in wetlands, but most of the wetlands were drained and
converted to agricultural cropland. Existing wetlands in-
clude large natural lakes, river drainage systems of the
Alligator, Pungo, and Long Shoal rivers, large contiguous
blocks of semi‐permanently flooded swamp, pocosins, and
freshwater and brackish marshes. The Outer Banks region is
a barrier island complex bordered by Pamlico, Croatan, and
Core sounds to the west and the Atlantic Ocean to the east.
This area is dominated by extensive brackish and saltmarsh,
beach dunes, maritime shrub and dry grassland, and various
early successional cover types, including man‐made dredge
spoil islands. Dominant vegetation at nesting sites within
brackish and saltmarshes included black needlerush (Juncus
roemerianus), salt meadow cordgrass (Spartina patens), and
saltgrass (Distichlis spicata), whereas those on dredge spoil
islands were found most often in dense vegetation domi-
nated by warm‐season grasses, blackberry (Rubus spp.), and
forbs. Dominant fauna included raccoon (Procyon lotor),
mink (Neovison vison), American crow (Corvus brachyrhyn-
chos), fish crow (Corvus ossifragus), bald eagle (Haliaeetus
leucocephalus), American black bear (Ursus americanus), and
various species of waterfowl and waterbirds.

METHODS

Over the 2017 and 2018 nesting seasons (i.e., Mar–Jul), we
systematically searched for black duck nests in areas that
North Carolina Wildlife Resources biologists identified as
suitable for nesting, as determined via breeding black duck
surveys (D. L. Howell, unpublished report). We oppor-
tunistically sampled mallard nests throughout the same time
period. To search for nests, we hand dragged a 30.5‐m rope
across potential nest locations. We attached aluminum cans
with rocks inside at 2‐m intervals along the entire length of
the rope to serve as noisemakers (modified from all‐terrain
vehicle chain drags used for upland nesting waterfowl; Klett
et al. 1986). In areas where vegetation height and rigidity
hindered us from using rope drags, we distanced 5–25m
apart and walked transects of the search area. We conducted
nest searches for both species in 2017 systematically and

then we implemented more‐focused searches in 2018. To
increase nest sample size, we prioritized our efforts after
developing a search image of nesting habitat cues. We
checked nests every 7–10 days until the nest was terminated
(i.e., successful, abandoned, destroyed, nonviable, un-
known), either when the female was located away from the
nest site or by flushing the female from the nest. Nest
searching and monitoring methods followed Guidelines to
the Use of Wild Birds in Research (Fair et al. 2010).
Once monitored nests for both species were terminated,

we collected all chorioallantoic membranes and ≥10 ma-
ternal contour feathers from the nest bowl. We labeled and
stored samples at room temperature in separate plastic bags.
We attempted DNA extraction and isolation on all col-
lected chorioallantoic membranes and maternal contour
feather calami to have at minimum 1 representative duck-
ling and maternal sample from each sampled nest. We ex-
tracted and isolated DNA using a Qiagen DNAeasy blood
and tissue kit (Qiagen, Valencia, CA, USA) and following
manufacturer's protocols. We quantified extractions using a
NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) to ensure a minimum
concentration of 0.02 µg/µl.

ddRAD‐seq Library Preparation and Bioinformatics
We prepared multiplexed double digest restriction‐site as-
sociated DNA (ddRAD‐seq) fragment libraries following
Lavretsky et al. (2015a). We then pooled samples in equi-
molar concentrations and completed 150 base pair (bp),
single‐end sequencing on an Illumina HiSeq. 4000
(Illumina, San Diego, CA, USA) at the University of
Oregon's Genomics and Cell Characterization Core
Facility. All Illumina raw reads are deposited in the
National Center for Biotechnology Information's Sequence
Read Archive (http://www.ncbi.nlm.nih.gov/sra, accessed
24 Sep 2018; BioProject PRJNA699265, accession numbers
SAMN17770951–SAMN17770990). In addition to our
samples, we included previously published ddRAD raw se-
quence data from Lavretsky et al. (2019b) for 199 black
ducks (n= 46), wild mallards (n= 35), mallard× black duck
F1 hybrids (n= 21), and captive‐reared mallards from game
farms in New Jersey and Kentucky, USA (n= 48). These
samples served as references of each population for com-
parative purposes to our black duck population in North
Carolina regarding population structure and nucleotide
diversity.

Mitochondrial DNA Sequencing and Alignment
We used Primers L78 and H774 (Sorenson and
Fleischer 1996, Sorenson et al. 1999) to amplify and se-
quence 625 bp of the mtDNA control region following
protocols described in Lavretsky et al. (2014). All products
were Sanger sequenced using the L78 primer on a 3130XL
Genetic Analyzer (Applied Biosystems, Waltham, MA,
USA) at the University of Texas at El Paso, Border
Biomedical Research Center's Genomic Analysis Core
Facility. We aligned and edited sequences using Sequencher
version 4.8 (Gene Codes, Ann Arbor, MI, USA). All
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sequences are deposited in GenBank (accession numbers
MW574482–MW574589).

Determining Population Structure and Molecular
Diversity among Samples
We used a dataset of independent bi‐allelic autosomal
ddRAD‐seq single nucleotide polymorphisms (SNPs), with
singletons removed across analyses of population structure.
We completed all analyses without a priori information on
population or species identity. First, we used the program
PLINK version 1.07 (Purcell et al. 2007) to ensure that
singletons (i.e., minimum allele frequency [MAF]≥ 0.004)
and any SNP missing ≥20% of data across samples were
excluded in each dataset. Additionally, we assessed in-
dependence among SNPs through pair‐wise linkage dis-
equilibrium tests across ddRAD‐seq autosomal SNPs, with
1 of 2 SNPs randomly excluded if a linkage disequilibrium
correlation factor (r2)> 0.5 was obtained.
First, we analyzed clustering among samples using the

dudi.pca function in the R Statistical software (R Core
Team 2020) package Adegenet (Jombart 2008) to perform a
principal component analysis (PCA). Next, we calculated a
matrix of co‐ancestry coefficients based on the distribution of
identical or nearest neighbor haplotypes among samples with
the program fineRADstructure (Malinsky et al. 2018). In
short, recent co‐ancestry is emphasized by rare SNPs (Kimura
and Ohta 1973), and thus, an increase in these SNPs corre-
sponds with relatedness. We completed a burn‐in of 100,000
iterations, followed by 100,000 Markov chain Monte Carlo
iterations, followed by tree building using default parameters.
We visualized results with the R scripts fineradstructureplot.r
and finestructurelibrary.r (http://cichlid.gurdon.cam.ac.uk/
fineRADstructure.html, accessed 24 Sep 2018).
Finally, we calculated maximum likelihood individual as-

signment probabilities with the program ADMIXTURE
version 1.3 (Alexander et al. 2009, Alexander and
Lange 2011). We ran ADMIXTURE analyses with a
10‐fold cross‐validation, and with a quasi‐Newton algorithm
employed to accelerate convergence (Zhou et al.
2011). To limit any possible stochastic effects from single
analyses, we ran 100 iterations at each population K‐value,
which indicates the number of genetic clusters inferred
(ranging from 1–10). Each analysis used a block relaxation
algorithm for point estimation and terminated once the
change (i.e., delta) in the log‐likelihood of the point esti-
mations increased by <0.0001. We based the optimum K on
the average of coefficient of variation errors across the 100
analyses per K; however, we analyzed additional Ks for fur-
ther population structure resolution. After using the R pro-
gram PopHelper (Francis 2017) to convert ADMIXTURE
outputs into CLUMPP input files, we used the program
CLUMPP version 1.1 (Jakobsson and Rosenberg 2007) to
determine the robustness of the assignments of individuals to
populations at each K. We employed the large greedy algo-
rithm and 1,000 random permutations, with final admixture
proportions for each K and per sample assignment proba-
bilities (Q estimates; the log likelihood of group assignment)
based on CLUMPP analyses of all 100 replicates per

K (Table S1, available online in Supporting Information).
We used per‐sample assignment probabilities to assign
samples to black ducks, wild mallards, feral mallards, and
mallard× black duck hybrids (first through third filial gen-
erations and direction of backcross) following purity thresh-
olds defined by Lavretsky et al. (2019b). Specifically, we
applied 6 purity thresholds per Lavretsky et al. (2019b) to
classify individuals with 1) ≥95% black duck assignment as
pure black ducks, 2) ≥98% mallard assignment as pure
(wild or feral) mallards, 3) 27–72% interspecific assignment
as F1 hybrids, 4) 10–27% as F2‐black duck backcrosses, 5)
2–27% black duck assignment as F2‐mallard backcrosses,
and 6) 5–10% mallard assignment as F3‐black duck
backcrosses.
For mtDNA analyses, we included North Carolina

samples and an additional 199 genetically vetted wild mal-
lards, captive‐reared mallards, black ducks, and F1 black
duck×mallard hybrids (Table S2, available online in
Supporting Information; GenBank accession numbers
MK425222–MK425495 from Lavretsky et al. 2019b). We
visualized population structure via a haplotype network re-
constructed in the program Network version 5 (Bandelt
et al. 1999; fluxus‐engineering.com, accessed 25 Sep 2018),
which we also used to determine samples carrying OW A
versus NW B mtDNA haplotypes. We used mtDNA se-
quences from offspring samples to determine the maternal
lineage in cases where sequencing of the maternal sample
failed. Finally, we calculated composite pair‐wise population
estimates of relative differentiation (ΦST; Hudson
et al. 1992), and per population nucleotide diversity (π;
Hudson et al. 1992, Wakeley 1996) across mtDNA and
ddRAD‐seq loci in the R package PopGenome (Pfeifer
et al. 2014).

Interrelatedness among North Carolina Samples
We quantified sample relatedness using the program
COLONY version 2.0.6.5 (Jones and Wang 2010).
Program COLONY implements full‐pedigree likelihood
methods to simultaneously infer sibship and parentage
among individuals using multilocus genotype data. Analyses
in COLONY were based on ddRAD‐seq autosomal loci
with <5% missingness and a minimum allele frequency of
0.5 across samples. To reduce the risks of type I error, we
only reported parental, full‐sibling, and half‐sibling dyads
with pairwise relatedness estimates that were greater than
0.2 (Lebigre et al. 2010). Additionally, we used the half‐
sibling dyads to infer quarter sibling (i.e., second cousins)
relationships. Any female whose lineage had successfully
bred in the area for generations would show a substantial
number of quarter siblings as a result of their nieces and
nephews also successfully breeding. In contrast, any non‐
related females breeding for the first time in the area would
have been and would have had offspring with no direct
relationships to individuals from other nests. In general, if
few migrants moved into the North Carolina population, we
expected to find substantial interrelatedness given the
hypothesis that the local breeding population is small and
likely disjunct from the main black duck population
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breeding in eastern Canada and the mid‐Atlantic and
northeastern United States (D. L. Howell, personal
communication).

RESULTS

We pooled data across years to assure adequate sample size
and made the assumption that a year effect did not exist.
We achieved sufficient DNA quality and quantity required
to construct ddRAD‐seq libraries for 35% (32 of 92) of
duckling chorioallantoic membranes and 21% (8 of 39) of
maternal contour feathers, representing genomes at 40
separate nests. After combining all successfully sequenced
samples and those acting as reference populations, we ob-
tained a dataset of 1,330 ddRAD‐seq autosomal loci
(195,984 bp; 22,155 polymorphisms) that met our coverage
and missing data criteria. Our final datasets contained loci
with an average of 94% of alleles per individual being
present, ensuring that data missingness was not a problem
in downstream analyses.

Nuclear Population Structure and Interrelatedness of
North Carolina Samples
Population structure analyses were based on 7,997 (of
8,737) independent bi‐allelic ddRAD‐seq autosomal SNPs
that matched our filtering criteria. First, we recovered an
optimum K population of 2 in ADMIXTURE analyses
where captive‐reared mallards were clearly distinguished
from all others; however, additional resolution of population
structure was achieved up to a K population of 4 (Fig. S1,
available online in Supporting Information). At a K pop-
ulation of 4, we were able to identify previously described
structure between captive‐reared mallards, wild mallards,
and parental black duck samples (Lavretsky et al. 2019b)
and recover a unique genetic structure within many of the
samples from North Carolina (Fig. 2A). The same 4 pop-
ulation units were also recovered in fineRADstructure co‐
ancestry plots (Fig. 2B); the highest co‐ancestry assignments
were recovered among North Carolina samples that made
up the North Carolina genetic cluster in ADMIXTURE
analyses (Fig. 2A). Finally, plotting the first 3 principal
components identified 3 primary groups consisting of our
reference captive‐reared mallards, wild mallards, and
American black ducks, whereas North Carolina samples
were largely scattered among, within, and around these
groups (Fig. 2C).
Using 262 ddRAD‐seq autosomal SNPs that met our

coverage and minimum allele frequency requirements to
quantify relatedness among samples in the program
COLONY, we detected 32 parentage assignments, 5 full‐
sib pairings, and 38 half‐sib pairings with pairwise related-
ness estimates that were greater than 0.2 (Fig. S1). We
inferred an additional 67 quarter sibling pairings (i.e.,
second cousins) from the half sibling relationships that de-
marcated several clusters of related lineages. Among them,
we identified 2 females (i.e., 127C and 058C) that had a
number of half‐ and quarter‐sibling relationships suggesting
a minimum of 3 generations of breeding cohorts over-
lapping in space and time. All samples assigned to the

North Carolina genetic group in ADMIXTURE (Fig. 2A)
and those that had the highest co‐ancestry (Fig. 2B) were
identified as highly interrelated in the program COLONY
(Fig. S2). Additionally, we clearly recovered the 2 sets of full
siblings in fineRADstructure (Fig. 2B) and PCA analyses
(Fig. 2C). Thus, the unique genetic cluster of black ducks in
North Carolina was best explained by high interrelatedness.
We also conclude that the distortion in the clustering of
North Carolina samples within the PCA analysis was a
product of their interrelatedness (Wang 2018, O'Connell
et al. 2019). Together, for North Carolina samples, we as-
signed 30% (12 of 40) as related black ducks, 13% (5 of 40)
as second cousin black ducks, 20% (8 of 40) as unrelated
black ducks (i.e., unrelated to the North Carolina pop-
ulation), 15% (6 of 40) as putative feral mallard× black duck
hybrids, and 23% (9 of 40) as putative wild mallard× black
duck hybrids (Table 1). Moreover, we categorized 52.5%
(21 of 40) of these samples as pure black ducks and 47.5%
(19 of 40) as hybrids, and categorized 53% (10 of 19) and
47% (9 of 19) of hybrids as resulting from mate pairings
between a black duck and either a wild or captive‐reared
mallard, respectively. Captive‐reared genetic assignment
recoveries occurred in relation to captive‐reared mallard
release areas (Fig. S3, available online in Supporting
Information); however, we did not detect an obvious spatial
relationship between these data.
Finally, the apparent interrelatedness of our North

Carolina samples complicated ADMIXTURE analyses and
our ability to properly assign samples to late‐stage hybrid
classes (≥F3). In fact, we detected how relatedness can bias
ADMIXTURE analyses after considering the near‐perfect
interspecific assignments observed across individuals com-
prising the related black duck genetic clusters from North
Carolina and game‐farm mallards from Kentucky and New
Jersey (Fig. 2A). This indicates that results were influenced
by strong familial structure, as evident in the
fineRADstructure co‐ancestry plot for these exact groups
(Fig. 2B). Together, we conclude that the high co‐ancestry
largely hinders our capacity to be confident in the identi-
fication of ≥F3 stage hybrids (i.e., 5–10% mallard assign-
ment as F3‐black duck backcrosses). For example, 2 related
black duck samples had higher than average co‐ancestry
assignment to captive‐reared mallards but low assignment
probability to them in ADMIXTURE analyses (i.e., ~2%
assignment to captive‐reared mallard; Fig. 1A). But when
we compared known hybrids to samples in the 2 North
Carolina hybrid clusters, we recovered similar interspecific
assignment probabilities, mixed co‐ancestry scores, and in-
termediate clustering in our PCA (Fig. 2). Most evident
were samples that were identified as being captive‐reared
mallard× black duck hybrids because they were found in
intermediate space in PCA, equal assignment probabilities,
and co‐ancestry assignment to the 2 parental populations
(Fig. 2). Together, we conclude that the inclusion of all 3
analyses provides resolution where relatedness may bias
other analyses (O'Connell et al. 2019) and are confident in
identifying hybrids, including assignment of hybrids up to
the F2‐backcross group. In the end we determined that 47%
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and 42% of hybrids had assignment probabilities within the
expected ranges of F1 and F2‐black duck backcrossed
hybrids, respectively.

Genetic Differentiation and Diversity
Within North Carolina samples, related black ducks were
genetically differentiated (ΦST= 0.06) from unrelated
black ducks (Fig. 3). Moreover, comparisons of North
Carolina and reference samples of mallards yielded dif-
ferentiation estimates of 0.05 for related black ducks and
0.025 for unrelated black ducks. Similarly, estimated
differentiation from reference black ducks was 0.05 for
related black ducks and 0.01 for unrelated black ducks.
Finally, genetic differentiation was apparent for related
black ducks and unrelated black ducks, (ΦST= 0.12 and
0.11, respectively) when compared against known captive‐
reared mallards. Collectively, differentiation estimates

between all North Carolina breeding black duck samples
and reference mallards and black ducks was 0.019, and
0.09 from known captive‐reared mallards (Fig. 3).
Despite the high interrelatedness and a moderate in-
breeding coefficient of 0.105, π was 0.0070 in related and
0.0072 in unrelated North Carolina sample black ducks,
and was comparable to reference black ducks and mallards
(π ~ 0.0071; Fig. 4).

Mitochondrial Diversity and Population Structure
We successfully amplified 624 base‐pairs of the mtDNA
control region and sequenced across 82% (75 of 92) of
duckling chorioallantoic membranes and 85% (33 of 39) of
maternal contour feathers, representing 108 mtDNA ge-
nomes at 93 separate nests. Previously described OW A and
NW B mtDNA haplogroups (Avise et al. 1990, Johnson
and Sorenson 1999, Kulikova et al. 2005, Lavretsky
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et al. 2019a) were recovered in the mtDNA haplotype
network (Fig. 5) and represented spatially in relation to
captive‐reared mallard release sites (Fig. S4, available online
in Supporting Information). Of phenotypically‐ and ge-
netically assigned black ducks, mallards, and their hybrids,
8 of 88, 3 of 5, and 1 of 15 possessed OW A haplotypes,

respectively (Table S2). Remaining black ducks (80 of 88),
mallards (2 of 5), and genetically assigned mallard× black
duck hybrids (14 of 15) possessed NW B haplotypes
(Table S2).

Table 1. Simulation‐based indices for pure black ducks (ABDU),
F1 hybrids (MBDX F1), F2‐black duck backcrosses (ABDX F2), and
F3‐black duck backcrosses (ABDX F3). Per the index, assignment prob-
abilities are based on the proportion (prop.) of intra‐ and inter‐specific
assignment. Purity assignments are based on percentage assigned to black
duck populations, coastal North Carolina, USA, 2017–2018. The number
of samples with Old World A mitochondrial (mtDNA) haplotypes for
each index are noted.

Group Index Estimate n

American black duck Pure ≥95% 22 (0.55) 22
Prop. assigned to feral

mallard group
0

Prop. A mtDNA
haplogroup

0

Hybrid (MBDX F1) 27%< F1≤ 72% 10 (0.25) 10
Prop. assigned to feral

mallard group
4 (0.40)

Prop. A mtDNA
haplogroup

0

F2 toward ABDU
(ABDX F2)

10%< F2≤ 27% 6 (0.15) 6
Prop. assigned to feral

mallard group
4 (0.64)

Prop. A mtDNA
haplogroup

1 (0.03)

F3 toward ABDU
(ABDX F3)

5%< F3≤ 10% 2 (0.05) 2
Prop. assigned to feral

mallard group
2 (1.00)

Prop. A mtDNA
haplogroup

0

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

W
ild

 m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Fe
ra

l m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C
W

ild
 m

al
la

rd
 x

 b
la

ck
 d

uc
k 

hy
br

id
s f

ro
m

 N
C

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

U
nr

el
at

ed
 b

la
ck

 d
uc

ks
 fr

om
 N

C
Fe

ra
l m

al
la

rd
 x

 b
la

ck
 d

uc
k 

hy
br

id
s f

ro
m

 N
C

W
ild

 m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Al
l s

am
pl

es
 fr

om
 N

C
Re

la
te

d 
bl

ac
k 

du
ck

s f
ro

m
 N

C
U

nr
el

at
ed

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Fe
ra

l m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C
W

ild
 m

al
la

rd
 x

 b
la

ck
 d

uc
k 

hy
br

id
s f

ro
m

 N
C

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Ca
p�

ve
-r

ea
re

d
Al

l s
am

pl
es

 fr
om

 N
C

Re
la

te
d 

bl
ac

k 
du

ck
s f

ro
m

 N
C

U
nr

el
at

ed
 b

la
ck

 d
uc

ks
 fr

om
 N

C
Fe

ra
l m

al
la

rd
 x

 b
la

ck
 d

uc
k 

hy
br

id
s f

ro
m

 N
C

W
ild

 m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C

W
ild

 m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s v
er

su
s

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Bl
ac

k 
du

ck
Ca

p�
ve

-r
ea

re
d

Al
l s

am
pl

es
 fr

om
 N

C
Re

la
te

d 
bl

ac
k 

du
ck

s f
ro

m
 N

C
U

nr
el

at
ed

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Fe
ra

l m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C
W

ild
 m

al
la

rd
 x

 b
la

ck
 d

uc
k 

hy
br

id
s f

ro
m

 N
C

WIld 
mallards

American
black ducks

Captive-reared
mallards

Within North Carolina (NC)

Related
black ducks

from NC

Feral mallard x 
black duck

hybrids from NC

Unrelated
black ducks

from NC

Ф
ST

Figure 3. Pair‐wise estimates of differentiation (ΦST) from 1,330 nuclear double digest restriction‐site associated DNA (ddRAD‐seq) loci and between
genetically vetted mallards, American black ducks, and captive‐reared mallards, and the 5 genetic populations identified in North Carolina, USA,
2017–2018. In addition, we provide within‐North Carolina comparisons denoted in the solid box.

0.005

0.006

0.007

0.008

W
ild

 m
al

la
rd

Se
co

nd
 c

ou
sin

 b
la

ck
 d

uc
ks

 fr
om

 N
C

Am
er

ic
an

 b
la

ck
 d

uc
k

Ca
p�

ve
-r

ea
re

d 
m

al
la

rd

Al
l s

am
pl

es
 fr

om
 N

C

Re
la

te
d 

bl
ac

k 
du

ck
s f

ro
m

 N
C

U
nr

el
at

ed
 b

la
ck

 d
uc

ks
 fr

om
 N

C

Fe
ra

l m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C

W
ild

 m
al

la
rd

 x
 b

la
ck

 d
uc

k 
hy

br
id

s f
ro

m
 N

C

N
uc

el
oe

tid
e 

di
ve

rs
ity

 (π
)

Figure 4. Nucleotide diversity (π) estimated from 1,330 nuclear double
digest restriction‐site associated DNA (ddRAD‐seq) loci among reference
mallard, black duck, and captive‐reared mallard samples, and against the
5 genetic populations identified in North Carolina, USA, 2017–2018.

8 The Journal of Wildlife Management



DISCUSSION

High Interrelatedness and Localized Breeding Explains
Population Genetics

Molecular assessment of a locally breeding black duck pop-
ulation in North Carolina revealed unique genetic structure
largely explained by high interrelatedness among sampled in-
dividuals. Specifically, we recovered nuclear (Fig. 2) and
mtDNA (Fig. 5) structure within North Carolina samples that
were evidently different from reference populations, including
continental black ducks. In addition to having some of the
highest levels of co‐ancestry (Fig. 2C), most black ducks in
North Carolina possessed a specific NW B mtDNA hap-
logroup. Given that mtDNA is maternally inherited and
Anatinae waterfowl exhibit female‐biased natal and breeding
philopatry (Coulter and Miller 1968, Greenwood and
Harvey 1982, Clarke et al. 1997, Zhuravlev and
Kulikova 2014), the recovery of this unique cluster of
haplotypes within the NW B haplogroup suggests localized
population structure in the area and specifically among
breeding females. Among black ducks, 36% of adult females
are philopatric to natal breeding sites, and in extreme cases
have been reported to repeatedly nest within the same wetland
(i.e., <0.25 km away annually; Reed 1975, Ringelman
et al. 1982, Seymour 1991). Inferring from our nuclear‐ and
mtDNA‐based analyses (Figs. 2, and 5), we recovered 2 re‐
nesting females, 3 returning females, and 2 breeding sisters
that nested <0.05 km from previous nests of one another.
Thus, the unique cluster of mtDNA haplotypes and recovery
of related females breeding close to one another is consistent
with the philopatric nature of these birds. Finally, given the
number of mutations that have arisen in the mtDNA hap-
logroup of black ducks in North Carolina (Fig. 5) and clusters
of individuals with half and quarter sibling (Fig. S2, available

online in Supporting Information), relatives across different
nests also suggests that many of these lineages have been
breeding in North Carolina for some time. In fact, the 2
females (i.e., 058C, 127C) with multiple half‐ and quarter‐
sibling relationships with sampled eggs from different nests
(Fig. S2) demonstrates their lineage's breeding propensity and
the evident generational overlap of breeding females in the
area, in general. Although we contend that the geographical
space that was sampled is representative of breeding black
ducks in the sampled coastal marshes (Fig. 1), future work will
benefit from increased sampling of interior North Carolina
and of temporal sampling of the current locations to further
confirm how much of this black duck population is composed
of the same, perpetuated lineages.
Despite strong population structure due to elevated levels

of interrelatedness, nucleotide diversity remained high
(π≥ 0.007) and similar to reference populations. Among
our samples, we recovered 8 unrelated black ducks that were
genetically most similar to the reference black ducks in our
dataset, which indicates non‐residents do breed in North
Carolina. Thus, despite the potential for bottlenecking due
to founder events or inbreeding, we posit that the influx of
genetic material from non‐resident birds via gene flow likely
maintains high molecular diversity in North Carolina.
Males are the dispersing sex in ducks (Rohwer and
Anderson 1988) and most black ducks in the North
Carolina sample had a maternal lineage of mtDNA
haplotypes only found in North Carolina, which suggests
that the majority of interbreeding is likely with immigrating
male black ducks (Cooke et al. 1975). Conversely, we
identified several breeding females that did not show high
co‐ancestry (Fig. 1C) or relatedness with other sampled
females and nests (Fig. S1). Together, we conclude that the
influx of genetic diversity is contributed by immigrating

OW A Haplogroup NW B Haplogroup

North Carolina samples
Reference American black duck
Reference North American wild mallard
Reference American black duck x wild mallard hybrids
Captive-reared mallards - New Jersey
Captive-reared mallards - Kentucky

Unique North Carolina
B Haplogroup

Figure 5. Reconstructed haplotype network for the mitochondrial DNA (mtDNA) control region sequenced for reference American black ducks, mallards,
captive‐reared mallards, and hybrids, and samples obtained from North Carolina, USA, 2017–2018. Graduated circles represent sample size and network
lines represent genetic distance between and within mitochondrial haplogroups. The previously identified Old World A (OWA) and NewWorld B (NW B)
haplogroups and the unique North Carolina haplogroup nested within the NW B cluster are denoted. With the exception of 1 mallard, the remaining
recovered haplotypes within the North Carolina haplogroup were all specific to North Carolina samples.
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males and females. Because nucleotide diversity in this local
black duck population is comparable to reference pop-
ulations, we conclude that further bottlenecking, including
inbreeding is not currently an immediate risk to the black
duck population in North Carolina.

Hybridization Rates in North Carolina
Based on nuclear assignment, 52.5% of samples were
characterized as pure black ducks; the 47.5% hybridization
rate recovered here is comparable to those reported for the
continental population of black ducks (~42%; Lavretsky
et al. 2019b). This rate, however, remains higher than for
other North American monochromatic mallard‐like taxa
(e.g., ~2–5% hybridization rate between mallards and
Mexican [A. diazi] or mottled [A. fulvigula] ducks;
Lavretsky et al. 2015, Peters et al. 2016, Ford et al. 2017).
Most hybrid samples we recovered had feral mallard con-
tributions apparent in 3 filial generations. Additionally, the
11% of mtDNA samples that we recovered with OW A
haplotypes were the direct result of gene flow from female
feral or captive‐reared mallards in North America, as
mtDNA is maternally inherited and OW A haplotypes are
of captive‐reared mallard origins (Lavretsky et al. 2019c). Of
the 4 mallard nests opportunistically sampled in our study
area, we identified 2 genetically (based on mtDNA) as feral
female mallards that were nesting in similar areas as black
ducks. This finding further confirms that captive‐reared
mallards are fully capable of using breeding habitat outside
of their originating preserves and do therefore become feral.
Alternatively, of the 23% (9 of 40) of North Carolina
samples that we found with recent (i.e., within 4 generations
or ≥5% assignment) nuclear contributions from feral mal-
lards, none possessed OW A haplotypes. This can only
occur when female black ducks or hybrids with NW B
haplotypes copulate with male mallards or hybrids of
captive‐reared ancestry (Lavretsky et al. 2019b, c). Thus, we
conclude that although female feral mallards are breeding in
eastern North Carolina marshes, most of the black duck×
feral mallard introgression is the result of gene flow from
male feral mallards. Whether these interspecific mating
events are from the direct release of captive‐reared mallards
in eastern North Carolina (~15,000 annually; J. C. Fuller,
North Carolina Wildlife Resources Commission, personal
communication), or releases within the remaining Atlantic
Flyway states (>80,000 free‐flight releases annually;
USFWS 2013) remains unknown. The 47.5% hybridization
rate recovered in this study does suggest that these inter-
specific mating events pose some threat to breeding black
ducks in North Carolina. In addition to decreasing molec-
ular diversity, the movement of maladaptive domestic traits
into wild populations can result in outbreeding and de-
creased adaptive potential of those wild populations. The
negative effects of frequent interbreeding between domestic
and wild types often takes several generations (i.e., hybrid
breakdown) to be observed (Latta et al. 2007, Ellison and
Burton 2008, Arcella et al. 2014, Stelkens et al. 2015,
Bolstad et al. 2017). Thus, understanding the frequency and
extent of anthropogenic hybridization among interacting

species is increasingly critical when attempting to manage
populations (Allendorf et al. 2001), particularly when
dealing with small populations where the effects of hy-
bridization are often amplified (Wells et al. 2019).
Despite having a high rate of hybridization and being

relatively small and isolated, pure black ducks remain in
North Carolina; therefore, the observed hybridization is not
characteristic of a hybrid swarm (McFarlane and
Pemberton 2019). This suggests that introgression or gene
flow is still, to some extent, limited. In addition to the
potential that mallard (wild or feral)× black duck hybrids
may be less adaptive on the landscape (i.e., Haldane's Rule,
Kirby et al. 2004; or hybrid breakdown, Dobzhansky and
Dobzhansky 1971, Armbruster et al. 1997, Galloway and
Fenster 1999, Hall and Willis 2005), assortative mating may
also be resulting in low levels of incorrect mate pair se-
lection, including mating with hybrids by black ducks.
Alternatively, the mispairings may simply be due to extra‐
pair or forced copulation events that mallards are known to
display (Barrett 1973, Mineau et al. 1983, Seymour 1990,
Davis 2002), especially those of domesticated origins (Burns
et al. 1980; Cheng et al. 1982, 1983). Under such a scenario,
we posit that annual hybridization rates in North Carolina
are simply a direct proportion of wild or feral mallards on
the landscape that can potentially mate each year. Future
research will generally benefit from investigating the
number of mallards breeding in the area, and the change in
feral mallard× black duck pairing events through time.
The intent of Federal Code (§ 21.13 of Title 50, 1975) was

to provide privately operated shooting preserves unlimited
opportunity to shoot captive‐reared mallards. A 2013 review
by USFWS stated that there is sufficient ambiguity in the
regulation as it relates to the method of release and contain-
ment of captive‐reared mallards to the area of the shooting
preserve to consider amending it or to promulgate actions
which further restrict intermixing of captive‐reared mallards
with wild migratory waterfowl. Further, it is worth noting that
this Federal Code was last amended in 1989 when our
knowledge of genetic introgression was not as well developed
as it is today. Therefore, because no further action has
occurred, there continues to be an unlimited potential for
spatial mixing and genetic swamping of wild birds.

Considerations when Noninvasively Sampling
Avian Nests
Noninvasive sampling for molecular research often contends
with highly degraded DNA due to various factors (e.g.,
sunlight, moisture; Pearce et al. 1997) that can result in
unsuitable DNA for some partial‐genome sequencing
methods that require intact enzymatic cut‐sites to be present
(e.g., ddRAD‐seq; DaCosta and Sorenson 2014). Our 35%
success rate in creating working ddRAD sequencing li-
braries is similar to other studies using noninvasive methods
(Taberlet et al. 1999, Perry et al. 2010, Hans et al. 2015,
Janjua et al. 2019), and attests to these limitations. In ad-
dition to environmental degradation of DNA, contour
feathers and chorioallantoic membranes often have low
quantities of DNA that become problematic for many
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next‐generation sequencing methods requiring relatively
high amounts of starting DNA (Van Dijk et al. 2014).
Nevertheless, increasing proportional success when applying
ddRAD sequencing methods on such noninvasively ob-
tained tissue samples would benefit from halting any further
DNA degradation by immediately flash‐freezing and
storing samples at −80°C (Wong et al. 2012), and collecting
more noninvasive materials per sample (e.g., >20 contour
feathers vs. ≥10) to obtain sufficient amounts of DNA.
Despite the relatively low success in using outlined ddRAD

sequencing methods, the declining costs and time associated
with obtaining such data allows researchers to process many
samples at once for thousands of markers and obtain large
enough datasets to answer important population questions.
Specifically, our sample dataset was large enough to capture
≥95% of the local nesting black duck population's genetic
diversity (Nazareno et al. 2017, Leipold et al. 2020).
Moreover, simulations across studies established that late
generation hybrids into the F7 backcross stage are accurately
assessed when using >1,000 loci (Boecklen and Howard 1997,
Lavretsky et al. 2019c, Caniglia et al. 2020, Leipold
et al. 2020). Although we demonstrate the limitations posed
by strong familial structure on ADMIXTURE and PCA
analyses, coupling these with co‐ancestry assignments and
sibship analyses allows researchers to make robust inferences
into population structure and diversity, and provides con-
fidence in assigning purity levels across sampled individuals
(Wang 2018, O'Connell et al. 2019).

MANAGEMENT IMPLICATIONS

Feral mallards of captive‐reared origin are intermixing with
black ducks in North Carolina. Therefore, in its current state
this population of breeding black ducks is at risk of incurring
negative genetic consequences (e.g., genetic swamping, de-
creased molecular diversity, reduced adaptive potential) from
prolonged anthropogenic hybridization with feral mallards.
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