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Abstract

Along with manipulating habitat, the direct release of domesticated individuals into
the wild is a practice used worldwide to augment wildlife populations. We test be-
tween possible outcomes of human-mediated secondary contact using genomic
techniques at both historical and contemporary timescales for two iconic duck spe-
cies. First, we sequence several thousand ddRAD-seq loci for contemporary mallards
(Anas platyrhynchos) throughout North America and two domestic mallard types
(i.e., known game-farm mallards and feral Khaki Campbell's). We show that North
American mallards may well be becoming a hybrid swarm due to interbreeding with
domesticated game-farm mallards released for hunting. Next, to attain a historical
perspective, we applied a bait-capture array targeting thousands of loci in century-
old (1842-1915) and contemporary (2009-2010) mallard and American black duck
(Anas rubripes) specimens. We conclude that American black ducks and mallards
have always been closely related, with a divergence time of ~600,000 years before
present, and likely evolved through prolonged isolation followed by limited bouts of
gene flow (i.e., secondary contact). They continue to maintain genetic separation, a
finding that overturns decades of prior research and speculation suggesting the ge-
netic extinction of the American black duck due to contemporary interbreeding with
mallards. Thus, despite having high rates of hybridization, actual gene flow is limited
between mallards and American black ducks. Conversely, our historical and contem-
porary data confirm that the intensive stocking of game-farm mallards during the
last ~100 years has fundamentally changed the genetic integrity of North America's
wild mallard population, especially in the east. It thus becomes of great interest to
ask whether the iconic North American mallard is declining in the wild due to intro-
gression of maladaptive traits from domesticated forms. Moreover, we hypothesize
that differential gene flow from domestic game-farm mallards into the wild mallard
population may explain the overall temporal increase in differentiation between wild
black ducks and mallards, as well as the uncoupling of genetic diversity and effective
population size estimates across time in our results. Finally, our findings highlight
how genomic methods can recover complex population histories by capturing DNA

preserved in traditional museum specimens.
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1 | INTRODUCTION

Natural or anthropogenically induced changes in species' ranges (ex-
pansion, contraction, or shifts) have recently brought many closely
related species into secondary contact, raising concern over the pos-
sibility of extinction by introgressive hybridization in various taxa
(Abbott, Barton, & Good, 2016; Payseur & Rieseberg, 2016; Todesco
et al., 2016; Wayne & Shaffer, 2016). Such interactions are further
complicated when artificially selected-on domesticated forms come
into contact with their wild congeners (Domyan et al., 2014; Kidd,
Bowman, Lesbarreres, & Schulte-Hostedde, 2009; Makino et al.,
2018; Skoglund, Ersmark, Palkopoulou, & Dalén, 2015; Tufto, 2017,
Wu et al., 2018). Where the release of domesticated stocks is com-
mon and intensive, interbreeding with released or feral conspecifics
can cause a decrease in genetic variation, leading to a loss of adaptive
potential and overall fitness within the wild population (Frankham,
2005; Laikre, Schwartz, Waples, & Ryman, 2010). Here, we use DNA
from archived specimens to evaluate whether the human-mediated
introduction of domestic and movement of wild mallard (Anas platy-
rhynchos) populations has altered the genetic integrity of mallard
populations.

The mallard is a Holarctic species whose range has expanded
globally due to changing habitat and direct augmentation of pop-
ulations with domesticated variants (Baldassarre, 2014). In North
America, range expansions since the early 1900s have extended the
mallard's range east of the Mississippi to include much of eastern
North America (Osborne, Swift, & Baldassarre, 2010; USFWS, 2013).
This expansion was likely due to (a) direct augmentation by game
managers, sportsmen and others, who have released ~500,000 cap-
tive-bred mallards per year along the eastern seaboard since the
1920s (Hepp, Novak, Scribner, & Stangel, 1988; Heusmann, 1974;
Soutiere, 1986) and have continued to release ~210,000 birds an-
nually in recent years (Osborne et al., 2010; USFWS, 2013), and (b)
conversion of boreal forests into open, prairie-like habitat, allowing
mallards to naturally expand eastward in the 1950s (e.g., southern
Ontario; Hanson, Rogers, & Rogers, 1949). Using genomewide mark-
ers, Lavretsky, Janzen, and McCracken (2019) recently identified
two mallard genetic clusters in North America, a “Western” mallard
genetic cluster to which all mallards west of the Mississippi River
were assigned and a “Non-Western” mallard cluster that was largely
recovered in mallards from eastern North America. Their results
suggest that historical releases and habitat changes have fostered
gene flow between game-farm and wild populations of mallards, and
even with their eastern North American sister species, the American
black duck (Anas rubripes; “black duck”).

Prior to expansion of the mallard's range in the 1950s, mallards

and American black ducks were largely allopatric, being found

west and east of the Mississippi River, respectively (Johnsgard,
1967; Merendino & Ankney, 1994; Snell, 1986). Reports of hybrid-
ization between the species in secondary contact raised concerns
that the iconic eastern black duck could face genetic extinction
(Mank, Carlson, & Brittingham, 2004; Rhymer, 2006; Rhymer &
Simberloff, 1996). Employing three microsatellite markers and an-
cient DNA (aDNA) methods, Mank et al. (2004) reported an 18-
fold reduction in differentiation (Gst) between mallards and black
ducks sampled in 1998 (0.008) versus 1940 (0.146) and concluded
that a century of hybridization must have led to a loss of genetic
distinctiveness. More recently, Lavretsky, Janzen, et al. (2019) ap-
plied double-digest restriction site-associated DNA sequencing
(ddRAD-seq) to a large and geographically broad sample set and
achieved the ability to genetically distinguish between contempo-
rary mallards, black ducks and their hybrids despite their overall
low levels of genomic differentiation (composite Der ~ 0.01). The
authors demarcated putatively non-neutrally evolving (i.e., out-
lier) regions across several chromosomes. These regions of high
differentiation appear to persist despite potentially a century of
extensive introgressive hybridization between mallards (wild and/
or domestic) and black ducks. This suggests that if secondary con-
tact has amalgamated much of the genomes of black ducks and
mallards, it has perhaps also allowed the divergence and specia-
tion process to progress (Edwards et al., 2005; Gourbiere & Mallet,
2010; Nosil, Harmon, & Seehausen, 2009; Nosil & Schluter, 2011;
Servedio & Noor, 2003).

In this article, we first aim to determine the source of the re-
cently described non-Western mallard nuclear genetic signature
now widespread in eastern North American (Lavretsky, Janzen,
et al., 2019; also see Figure 2a). We note that 75% of North
American mallards with substantial genetic assignment (210%)
to the non-Western mallard nuclear cluster also possessed Old
World (OW) A as opposed to New World (NW) B mitochondrial
haplotypes (Lavretsky, Janzen, et al., 2019). The Eurasian origins
of the OW A mitochondrial haplogroup (Avise, Ankney, & Nelson,
1990; Johnson & Sorenson, 1999; Kulikova et al., 2005; Lavretsky,
McCracken, & Peters, 2014) suggest that non-Western nuclear vari-
ation is likely also of Eurasian descent. We explicitly test whether
the two genetic mallard clusters in North America are due to nat-
ural (i.e., divergence within wild mallards) or artificial (i.e., anthro-
pogenic release of domesticated game-farm mallards) processes.
The former seems unlikely as wild mallards show no discernible
structure across their Holarctic distributions (Champagnon et al.,
2013; Kraus et al., 2011; Séderquist et al., 2017), with the only
genetic structure within Eurasian mallards due to hybridization
with captive-bred mallards (Séderquist et al., 2017). Furthermore,

tracking data show that when mallards migrate between Eurasia
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and North America, the path used is eastward through Alaska and
not westward across the Atlantic Ocean (Hupp et al., 2011; Lam et
al., 2012; Shin et al., 2015; Yamaguchi et al., 2008). The number of
mallards moving between continents is fairly limited (Pearce et al.,
2011), and thus, gene flow between mallards moving across the
Atlantic Ocean and extensively interbreeding is unlikely. Together,
these movement patterns would not explain either the geograph-
ical location or high representation of the secondary mallard clus-
ter in North America.

To test whether game-farm mallards released by hunting pre-
serves have bred with wild populations and evaluate the origin of
the secondary “Non-Western” mallard cluster in North America,
we sequenced thousands of ddRAD-seq nuclear loci and the mi-
tochondrial control region across known domestic mallard breeds
(i.e., game-farm and feral “park” mallards) and compared them
with previously published wild North American mallard sequences
(Lavretsky, Janzen, et al., 2019). If gene flow between game-farm
and wild mallards underlies the non-Western cluster in eastern
North America, we expect (A) all game-farm mallards will possess
OW A mitochondrial haplotypes and population assignment to the
non-Western nuclear mallard cluster, (B) recovered OW A mito-
chondrial haplotypes within contemporary mallards will be shared
with those found in game-farm mallards, and (C) both OW A mito-
chondrial haplotypes and non-Western nuclear mallard variation
will be absent in historical mallards from before large-scale game-
farm releases (i.e., pre-1920).

(a) ddRAD-seq Sample Distribution

@ Texas Feral Khaki Campbell Mallard (N = 13)
@ Kentucky Game-Farm Mallard (N = 18)

@® New Jersey Game-Farm Mallard (N = 31)

© Western Wild Mallard (N = 35)

@ Mississippi Flyway Wild Mallard (N = 38)

O Atlantic Flyway Wild Mallard (N = 31)

Next, we revisit the hypothesis that the black duck has be-
come, or is in danger of becoming, a hybrid swarm (Mank et al.,
2004). Using a bait-capture array based on ddRAD sequences, we
targeted thousands of loci in century-old museum specimens, plus
contemporary mallards and American black ducks. We evaluate
four possible scenarios in which secondary contact over the last
century results in (A) a temporal decrease in genomic differences
except at regions under strong selection, (B) a decrease in differ-
entiation across the genome, (C) a history of divergence-with-gene
flow (Feder, Egan, & Nosil, 2012) or (D) recurring cases of sec-
ondary contact. If contemporary gene flow (i.e., in the last 100-
200 years) is the proximate cause for the shared genetic variation
between mallards and black ducks, then either scenario A or B
should be supported. Under scenario A, we also expect to see
similar or higher estimates of differentiation at non-neutral, out-
lier loci in historical and contemporary data sets, consistent with
species reinforcement. Conversely, an overall decrease in genetic
differentiation across the genomes of black ducks and mallards
between the historical and modern time periods would support
genomic swamping (scenario B). Gene flow between mallards and
black ducks that is continuous (i.e., divergence-with-gene flow) or
intermittent (i.e., recurring secondary contact) through evolution-
ary time would support scenario C or D, respectively. In addition
to comparing the genomic landscapes of historical versus contem-
porary mallards and black ducks, we more formally tested evo-
lutionary hypotheses by independently analysing historical and

(b) Sequence Capture Sample Distribution

O Historical American Black Duck (N = 21)

O Historical Mallard (N =7)

@ Historical American Black Duck x Mallard Hybrid (N = 2)
@ Contemporary American Black Duck (N = 20)

@ Contemporary Mallard (N = 19)

FIGURE 1 Sample size and distributions of (a) ddRAD-seq and (b) sequence capture data sets. For reference, North America is portioned
into three geographical regions for waterfowl: areas west of the Mississippi River (a.k.a “Western”; white), the Mississippi Flyway (light
orange) and the Atlantic Flyway (light purple). Note that only the ddRAD-seq mallard samples are partitioned geographically, whereas the
sequence capture samples are partitioned by species (American black duck vs. mallard) and time (Historical vs. Contemporary). See Table S1

for additional sample information
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(a) ADMIXTURE assignment probabilities for known domestic lineages and wild samples of the mallard estimated (b) at the

optimum K population of 3. Wild mallard samples are geographically categorized as “Western,” or from the Mississippi Flyway (MISS), or
from the Atlantic Flyway (ATL). Above ADMIXTURE results are photographs representative of the male plumage for the domestic and wild
mallard lineages. (c) PCA results for the same set of samples, with plots comparing PC1 versus PC2 and PC1 versus PC3 scores. Darkened
circles in the PCA plot denote the six wild Atlantic flyway mallards for which sequence capture data were also obtained and analysed (Figure
5b). (d) R? correlation between ADMIXTURE assignment probability and PC2 scores across samples. Note that the two-tailed t test finds that

PCA and ADMIXTURE assignment per sample are statistically similar

contemporary data sets against various evolutionary models (e.g.,
split-migration, isolation-with-migration) using the program dadi
(Gutenkunst, Hernandez, Williamson, & Bustamante, 2009, 2010).
If contemporary (i.e., from secondary contact in last 100-200
years) gene flow between black ducks and mallards has not been
the amalgamating force it was once thought to be, or gene flow has
occurred over evolutionary time (scenarios C or D), then we ex-
pect the optimum model and respective estimated parameters to

be the same when analysing historical or contemporary data sets.

2 | MATERIALS AND METHODS

2.1 | Domestic mallard sampling, DNA extraction,
ddRAD-seq library preparation and mitochondrial
DNA sequencing

Tissue or blood for a total of 62 mallards of known domestic origins
was obtained from three states and included (a) game-farm mal-
lards from New lJersey that are actively being released for hunting

(N = 31), (b) game-farm mallards from Kentucky raised for dog training

and actively released (N = 18) and (c) other feral mallards from Texas
(N = 13) that represent “other mallards” that can potentially inter-
breed with wild populations (Figure 1; Table S1). We phenotypically
identified the feral mallards from Texas to be Khaki Campbell mallards
(Figure 2a), which are domesticated mallards that are often associ-
ated with and identified as park ducks (i.e., farm ducks that people re-
lease into “natural” environments where they are able to interact with
wild populations, henceforward referred to as park mallards). These
birds were found living alongside wild mallards and Mexican ducks
(Anas platyrhynchos diazi) during the breeding season and thus are a
source of possible hybridization in a park setting. Blood was obtained
during banding operations from live birds for both Texas feral Khaki
Campbell's and game-farm mallards from Kentucky, while tissue was
opportunistically sampled from hunters who shot game-farm mal-
lards released at a New Jersey hunting preserve.

DNA extraction was done using a DNeasy Blood & Tissue kit,
following the manufacturer's protocols (Qiagen). ddRAD-seq library
preparation for multiplexing followed steps outlined in Lavretsky
et al. (2015) (also see DaCosta & Sorenson, 2014). The samples
were pooled in equimolar concentrations, and 150 base pair, sin-

gle-end sequencing was completed on an lllumina HiSeq 4000 at
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the University of Oregon's Genomics & Cell Characterization Core
Facility. Raw Illlumina reads have been deposited in NCBI's Sequence
Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra; SRA data
PRJNA591912). We included sequenced mallard samples from
Lavretsky, Janzen, et al. (2019) that were genetically characterized
as either “Pure Western Mallard,” “Pure Non-Western Mallard” or
hybrids of the two (N = 104; NCBI's SRA data PRINA516035: see
Table S1 for BioSample Accession Numbers). These latter samples
were from birds harvested by hunters in the wild. Samples spanned
Western (west of the Mississippi River), Mississippi Flyway and
Atlantic Flyway mallards (Figure 1; Table S1).

Processing of raw lllumina reads followed the computational
pipeline described by DaCosta and Sorenson (2014; Python scripts
http://github.com/BU-RAD-seq/ddRAD-seq-Pipe-
line) and following the steps outlined in Lavretsky, Janzen, et al.
(2019). Final output files (e.g., FASTA, ADMIXTURE, rFINERADsTRUC-

TURE) were generated with custom python scripts (Lavretsky et al.,

available at

2016), in which alleles were scored as missing if they had less than
5x coverage. Loci with <10% missing genotypes were retained for
downstream analyses. Chromosomal positions across loci were at-
tained by aligning a reference sequence across ddRAD markers to
a wild mallard genome (Hou et al., unpublished; SRA BioProject
PRIJNA554956 & BioSample SAMN12287667). Only ddRAD loci
that had a single hit to an autosomal chromosome Z sex chromosome
were retained for population structure analyses (thus, we excluded Z
sex chromosome-linked markers).

Finally, primers L78 and H774 were used to PCR amplify and
sequence 653 bp of the mtDNA control region (Sorenson, Ast,
Dimcheff, Yuri, & Mindell, 1999; Sorenson & Fleischer, 1996) follow-
ing dideoxy sequencing methods described in Lavretsky, McCracken,
etal.(2014). The PCR products were sequenced on a 3130XL Genetic
Analyzer at the University of Texas at El Paso, Border Biomedical
Research Center's Genomic Analysis Core Facility. Sequences were
aligned and edited using Sequencher v. 4.8 (Gene Codes, Inc). All
sequences have been submitted to GenBank (Accession numbers
MN734444-MN734576).

2.2 | Historical DNA sampling, DNA extraction and
library preparation

A total of 40 contemporary (N = 20 black ducks; N = 20 mallards;
sample years range from 2009 to 2010) and 43 historical (N = 25
black ducks from 1842 to 1910; N = 15 mallards from 1856 to 1915;
and N = 3 putative mallard x black duck hybrids from 1840 to 1910)
individuals were sampled (Figure 1; Table S1). Our sampling scheme
included regions in which mallards and black ducks are currently
sympatric (the Mississippi and Atlantic Flyways), as well as mallards
from west of the Mississippi River that are beyond the range of black
ducks (Figure S1 and Table S1). All contemporary and historical mal-
lards sampled for sequence capture were from the wild.

For contemporary samples (Table S1), either breast or wing mus-

cle was used for DNA extraction using a DNeasy Blood & Tissue

kit and following the manufacturer's protocols (Qiagen). Extractions
were quantified using a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific Inc.) to ensure a minimum concentration
of 0.02 pg/ul. Following extraction, modern DNA samples were
sheared with the QSonica R800 Sonicator for 1 hr consisting of 15 s
on/off at 25% amplitude to sufficiently fragment the DNA to a size
range of 300-600 bp.

For historical samples, toe pad tissue was carefully sampled
at the National Museum of Natural History (USNM; Table S1).
Considering the limited amount of endogenous nuclear DNA and
its potentially degraded condition in historical samples, aDNA ex-
tractions were performed in a dedicated ancient laboratory at the
National Zoo's Center for Conservation Genomics. We further re-
duced the chance of cross-contamination by conducting extractions
and library preparation on separate days for historical mallards,
black ducks and putative hybrids. All tools, buffers and surfaces
were first sanitized using standard ancient DNA procedures (e.g.,
the use of UV irradiation and bleach to destroy contaminating DNA
and kill bacteria and fungi) (Keyser-Tracqui & Ludes, 2005; Knapp,
Clarke, Horsburgh, & Matisoo-Smith, 2012). DNA isolation followed
McDonough, Parker, Rotzel Mclnerney, Campana, and Maldonado
(2018) using silica columns with vacuum extraction, yet with the
initial sample incubation in a Tris/EDTA/NaCl buffer and rotated at
55°C overnight. For library preparation of historical and contempo-
rary samples, we used a Kapa Biosystems Library Preparation kit
(Hlumina, Inc) with custom dual indexed adapters (Faircloth & Glenn,
2012), following protocols by McDonough et al. (2018). We visual-
ized the samples on a 2% agarose gel to determine the success of

each library.

2.3 | Sequence capture methods and
data processing

A commercially synthesized capture array (MYbaits, Arbor
Biosciences) comprised of high fidelity RNA baits was designed
to target 3,446 ddRAD-seq autosomal and Z sex chromosome loci
previously isolated within a variety of mallard-like ducks, includ-
ing black ducks and mallards (Lavretsky et al., 2015; Lavretsky,
Janzen, et al., 2019; Peters et al., 2016). Given that ddRAD-seq
methods provide a pseudorandom sample of loci across genomes,
using consensus sequences from several Anas species for bait
development provided a pseudorandom sampling of loci in our
sequence capture data set. We had no a priori knowledge regard-
ing polymorphism of the loci captured in black ducks or mallards,
but expected that a subset of markers would be polymorphic. The
chromosome position of each sequence capture was known be-
cause the ddRAD-seq loci used to build the capture array were
previously assigned chromosomal positions by blasting to a chro-
mosome-aligned mallard genome (Hou et al., unpublished; SRA
BioProject PRJNA554956 & BioSample SAMN12287667). This
made it possible to align and quantify differentiation across chro-

mosomes, and compare results with previously aligned mallard
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and black duck genomes (Lavretsky, Janzen, et al., 2019). We also
tested for the presence of mitochondrial DNA (mtDNA) by-catch
in our data sets. mtDNA is often well represented in historical
samples (Picardi & Pesole, 2012) and is captured even though not
targeted with nuclear baits (Gasc, Peyretaillade, & Peyret, 2016;
Griffin et al., 2014). To further limit contamination, sequence cap-
ture was performed independently on modern and historical sam-
ples and separated by species.

DNA-RNA hybridization via RNA baits was used to enrich librar-
ies consisting of 2200 ng of starting genomic DNA for markers of
interest following the manufacturer's instructions. The concentra-
tion of purified library products was estimated with quantitative
PCR using an lllumina library quantification kit (KAPA Biosystems).
Two equimolar concentration pooled solutions of contempo-
rary or historical samples were prepared for lllumina sequencing.
Multiplexed libraries were 150 base pair paired-end sequenced on
an lllumina HiSeq 4000 at University of Oregon's Genomics & Cell
Characterization Core Facility. Raw Illumina reads have been depos-
ited in NCBI's Sequence Read Archive (SRA; http://www.ncbi.nlm.
nih.gov/sra; SRA data PRJINA591912).

All libraries were dual-barcoded with unique barcodes ligated
to both ends of each sequence and demultiplexed based on per-
fect barcode matches only, limiting any potential for barcode
sequence jumping. Across samples, Geneious version 10 (http://
www.geneious.com; Kearse et al., 2012) was used to merge pair-
end files, filter for quality (PHRED score 230) per base and total
sequence (average PHRED score 230), and remove PCR dupli-
cates. Samples were then checked for per base sequence quality,
per sequence GC content, sequence duplication levels, over-
represented sequences and adapter content in FastQC version
0.11.5 (Andrews, 2010). Trimmomatic (Bolger, Lohse, & Usadel,
2014) was used to trim or discard poor quality sequences. The
Burrows WHEELER ALIGNER V. 07.15 (bwa; Li & Durbin, 2009) pro-
gram was used to index and align per sample sequences to our
reference—comprised of initial ddRAD sequences used to build
the capture array and a consensus mtDNA sequence of mallards
and black ducks (Lavretsky, Herndndez Bafos, & Peters, 2014,
Lavretsky, McCracken, et al., 2014)—using optimized parameters
as described in Schubert et al (2012; -T 25 -1 1024). Due to known
postmortem degradation effects on DNA, we used MapDamage
v 2.0 (Jonsson, Ginolhac, Schubert, Johnson, & Orlando, 2013) to
rescale the base scores of historical samples based on patterns
of DNA fragmentation and cytosine deamination. Rescaled se-
quences were used for samples that were flagged by MapDamage
as having high levels of damage. Samples were then sorted and
indexed in Samtools v. 1.6 (Li et al., 2009) and combined using
the “mpileup” function with the following parameters “-c -A -Q
30 -q 30,” which set a base pair and overall sequence PHRED
score of 230 to ensure that high-quality sequences only are re-
tained. All steps through mpileup were automated using a custom
in-house script (Python scripts available at https://github.com/
jonmohl/PopGen). Next, VCF files for each marker, as well as

concatenated autosomal and Z sex chromosome markers, were
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converted to FASTA file formats using the program PGDsPIDER v.
2.1.1.2 (Lischer & Excoffier, 2011) with base pair retention based
on sequence coverage of a minimum allele depth of 5x (10x per
genotype) and quality PHRED scores of 230. FASTA files were
further filtered for samples having <50% sequence coverage and
base positions having <80% of sample representation (Python
scripts available at https://github.com/jonmohl/PopGen).

2.4 | Population structure and molecular
diversity of domestic versus wild mallards

We visualized population structure using biallelic SNPs without
a priori assignment of individuals to populations or species. In-
house scripts were used to extract biallelic SNPs from a FASTA file
with all autosomal loci concatenated using a minimum allele fre-
quency (MAF) of 0.02, which retained all biallelic SNPs except for
singletons (i.e., SNPs observed in only one individual). Maximum-
likelihood estimates of population assignments for each individ-
ual were obtained with ADMIXTURE v.1.3 (Alexander & Lange,
2011; Alexander, Novembre, & Lange, 2009). Autosomal biallelic
SNPs were formatted for analyses using plink v. 0.67 (Purcell et
al., 2007), following steps outlined by Alexander, Novembre, and
Lange (2012). We ran 100 iterations at each population of K (from
K of 1-5). 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 estimations increased by <0.0001. The op-
timum K was based on the lowest average of CV errors across the
100 analyses per K. We used the r program PopHEeLPER (Francis,
2016) to convert ADMIXTURE outputs into CLUMPP input files at
each K. We determined the robustness of individual assignments to
populations at each K employing the Greedy algorithm and 1,000
random permutations in the program crumep v.1.1 (Jakobsson &
Rosenberg, 2007). In addition to ADMIXTURE, we tested for re-
lationships and admixture among samples with the program rin-
ERADsTrucTURE (Malinsky, Trucchi, Lawson, & Falush, 2018) that
includes RADpainter v 0.1 and finestructure (Lawson, Hellenthal,
Myers, & Falush, 2012). FINERADsTRUCTURE derives a coancestry
matrix by calculating the number of SNPs between samples, com-
paring these to all individuals, or potential “donors,” and deriving
the most recent coalescent events among samples. We employed
a burn-in period of 100,000, followed by 100,000 Markov chain
Monte Carlo iterations; tree building used default parameters.
We visualized the results using the r scripts fineradstructureplot.r
and finestructurelibrary.r (available at http://cichlid.gurdon.cam.
ac.uk/fineRADstructure.html). We also visualized population
structure using principal components analysis (PCA) in the r pack-
age ADeGeNET (Jombart, 2008), using the “dudi.pca” function on the
same set of biallelic SNPs.

Next, composite pairwise estimates of relative divergence
(®41) and nucleotide diversity (z) for ddRAD-seq loci were calcu-
lated across the domestic types and geographical locations for

wild mallards in the r package PopGenoMe (Pfeifer, Wittelsbiirger,
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Ramos-Onsins, & Lercher, 2014) using concatenated data sets, and
with indel positions treated as missing.

2.5 | Sequence capture-based genetic diversity and
population structure of contemporary versus
historical samples

For historical and contemporary data sets, we calculated pairwise
locus-by-locus and composite (concatenated data sets for autoso-
mal and Z sex chromosome-linked markers) estimates of relative
divergence (@), as well as nucleotide diversity (z) across sequence-
captured markers in the r package PorGenoMme (Pfeifer et al., 2014).
Inter- and intraspecific Manhattan plots comprising ®¢; estimates
across chromosomes permitted the visualization and comparison of
previously described putative outlier regions (Lavretsky, Janzen, et
al., 2019) between historical and contemporary populations.

For all analyses of population structure, we used all biallelic
SNPs with singletons excluded by filtering out SNPs with minor-al-
lele frequencies <0.02. First, we tested for and visualized population
structure using PCA with the “dudi.pca” function in the r package
ADpeGeNeT (Jombart, 2008), without a priori information on popula-
tion or species identity. We further visualized population structure
with FINERADsTRUCTURE (Malinsky et al., 2018), following the steps
described above. Because Z-linked loci have potential issues of het-
erogamety (i.e., males are ZZ and females are ZW) and sexes are
unknown for 11 samples (Table S1), both PCA and FINERADSTRUCTURE
analyses were restricted to autosomal markers.

To gauge the success of mtDNA by-catch and ensure no nuclear
copy was captured, we compared all contemporary individuals to
their respective published sequences based on Sanger sequencing
(Lavretsky, Hernandez Banos, et al., 2014; Lavretsky, McCracken, et
al., 2014). We then calculated pairwise @¢; and diversity estimates
in the r package PorGenome (Pfeifer et al., 2014) and created a hap-
lotype network using the median-joining algorithm as inferred in the
program NETwork v. 4.5.1.0 (Bandelt, Forster, & Rohl, 1999). We in-
cluded mtDNA sequences for the 63 domesticated mallard samples
in the haplotype network. The New World mallard clade is character-
ized by two divergent mtDNA haplogroups: Old World (OW) A and
New World (NW) B (Ankney, Dennis, Wishard, & Seeb, 1986; Avise
et al., 1990; Lavretsky, Hernandez Banos, et al., 2014). Given that
domesticated lineages of the mallard are thought to be derived from
Eurasian mallards and that the OW mtDNA A haplogroup originated
in Eurasia (Avise et al., 1990; Johnson & Sorenson, 1999; Kulikova et
al., 2005; Lavretsky, McCracken, et al., 2014), we expected all do-
mesticated mallard samples to carry OW mtDNA A haplotypes.

2.6 | Testing among evolutionary scenarios between
mallards and black ducks

Having the same sequence capture data for historical and contem-

porary mallards and black ducks allowed us to formally test each

data set against evolutionary scenarios using the program dadi
(Gutenkunst, Hernandez, Williamson, & Bustamante, 2009, 2010).
dadi implements an efficient diffusion-based approach to test the
empirical data against specified evolutionary models (e.g., isolation-
with-migration) with the best-fit model determined using a log
likelihood-based multinomial approach. Using dadi, a frequency
spectrum was derived across all sequence-captured autosomal sites,
with only minor alleles considered, and variants observed in all sam-
ples ignored (“masked”). Data sets were projected down to a total
of 14 and 20 alleles per species for the historical and contemporary
data sets, respectively. We tested the empirical data against three
evolutionary models: isolation-with-migration, split-migration and
split-no migration (Gutenkunst et al., 2009, 2010). The best-fit model
was based on the log likelihood using a multinomial approach, where
model parameters were optimized prior to calculating the likeli-
hood, which is the product of Poisson likelihoods for each parameter
given an expected value from the model frequency spectrum. The
optimum model was reanalysed 20 times to obtain an average and
ranges across runs. Demographic parameters, including population
sizes (n; = [(N/N, o) * Np, ), migration rates (M, _; = 2N, . m;_;) and

divergence times (t = T/2N . N, = reference effective population

i

size; N, = Ancestral effective populations size; t = time in genera-
tions), are estimated by the different evolutionary models.

To convert the parameter estimates from dadi to biologically
informative values, we estimated generation time (G) and mutation
rates (u, per locus). Generation time (G) was calculated as G = a + (s/
(1 -s)), where a is the age of maturity and s is the expected adult sur-
vival rate (Saether et al., 2005). The age of maturity for mallard-like
ducks generally is one year (i.e., = 1), and the average adult sur-
vival rate is 0.54 (range: 0.34-0.74) and 0.54 (range: 0.4-0.70) for
mallards and black ducks, respectively (Nichols, Obrecht, & Hines,
1987). Using an overall survival rate average of 0.54 for the two
species, we estimated the generation time to be 4.0 years. Next, to
attain a mutation rate for nuclear genes, we multiplied a 1.2 x 1077
substitutions/site/year mutation rate—previously calculated for nu-
clear genes in other ducks (Peters, Zhuravlev, Fefelov, Humphries, &
Omland, 2008)—by generation time to attain a 4.83 x 107 substitu-
tions/site/generation (s/s/g) mutation rate. A final mutation rate was
calculated as the product of the above mutation rate and the total

number of base pairs.

3 | RESULTS
3.1 | Datafiltering

After quality filtering, we recovered 2,274 ddRAD-seq autosomal
loci (290,622 base pairs; 6,964 biallelic single nucleotide polymor-
phisms [SNPs]) that met our coverage and missing data criteria.

For our sequence capture data set, four historical black ducks,
eight historical mallards, one historical hybrid and one contempo-
rary mallard did not meet our criteria. Thus, a total of 69 sam-
ples (21 historical black ducks from 1842 to 1910; seven historical
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Mallards from 1872 to 1915; and two historical putative mal-
lard x black duck hybrids from 1840 to 1910; 20 contemporary
black ducks; and 19 contemporary mallards) were retained for all
downstream analyses (Figure 1; Table S1). For the 69 samples, a
total of 2,202 markers (140,477 base pairs (bp) across the Z sex (99
markers; 6,122 bp) and 28 autosomal (2,103 markers; 134,355 bp)
chromosomes (Figure S1) passed quality filtering. Given an orig-
inal bait-capture array of 3,446 ddRAD-seq loci, we were able
to achieve a recovery rate of 64%, which is similar to reported
recovery rates using RAD-based bait arrays (Souza et al., 2017).
Additionally, we succeeded with off-target recovery of 641 base
pairs of the mtDNA control region for 69 samples, with >90% of
sites represented by >10x coverage.

3.2 | ddRAD-seq results between domestic game-
farm and wild mallards

Pairwise comparisons of composite @ estimates for ddRAD-seq
loci across the three domestic mallard types found feral mallards
from Texas to be most different (composite & estimate ~ 0.27),
and game-farm mallards from Kentucky and New Jersey to be
most similar (composite @ estimates = 0.022; Figure S2a). This
suggests that the Kentucky and New Jersey samples are likely
of the same domestic lineage. Comparing these domestic line-
ages to wild mallards, we found that game-farm mallards have
lower levels of relative differentiation (range of composite @,
estimates = 0.053-0.11) than Texas feral mallards (range of com-
posite @¢; estimates = 0.22-0.24). With wild mallards grouped
by geographical region, we recovered twofold higher estimates
of relative differentiation between game-farm mallards and both
Western and Mississippi Flyway mallards (&¢; estimates rang-
ing from 0.083-0.11) than game-farm and Atlantic Flyway mal-
lards (&¢; estimates ranging from 0.053-0.065) (Figure S2a). We
found overall lower levels of nucleotide diversity in domestic
versus wild mallards (Figure S2a) although wild mallards had only
slightly higher nucleotide diversity than game-farm mallards from
Kentucky or New Jersey.

Similarity between wild mallards and game-farm mallards
from Kentucky and New Jersey was further supported across
ADMIXTURE (Figure 2a), PCA (Figure 2c) and rINERADsTRuC-
TURE analyses (Figure S3). First, at the optimum population K of
3 (Figure 2b), ADMIXTURE grouped all feral mallards from Texas
into a single population that differed from game-farm mallards
from Kentucky and New Jersey (the game-farm mallard cluster),
which comprised a single population. We recovered the previously
described two-population structure in wild mallards (i.e., Western
vs. non-Western; Lavretsky, Janzen, et al., 2019) and determined
that the non-Western mallard nuclear signature in wild mallards
is due to the genetic contribution from game-farm mallards
(Figure 2a). Geographically separating wild mallards, we report
that none of the Western, 24% (9 of 38) of Mississippi Flyway,
and 71% (22 of 31) of Atlantic Flyway wild mallards sampled here
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had substantial assignment probabilities (>10%) to the game-farm
mallard cluster. PCA and ADMIXTURE results corresponded well
with PC1 (explaining 6.23% of the variation), clearly differentiat-
ing Texas's feral mallards from all other samples, while PC2 (ex-
plaining 5.24% of the variation) differentiated wild mallards from
game-farm mallards (Figure 2c). In general, we find a strong cor-
relation between PC2 scores and ADMIXTURE-based individual
assignment probabilities to game-farm mallards (Figure 2d). Those
samples with substantial assignment to game-farm mallards in
ADMIXTURE analyses made up the distribution of samples con-
necting the primary cluster of wild mallards and game-farm mal-
lards in our PCA (Figure 2c), supporting the interpretation of these
as intermediates (i.e., hybrids) between the two. PC3 (explaining
0.98% of variation) showed some support for separating Kentucky
and New Jersey game-farm mallards.

Finally, the FINERADsTrRucTURE dendrogram recovered two major
lineages that corresponded well with domesticated and wild ver-
sions of the mallard (Figure S3), with the exception of seven wild
mallards from the Atlantic Flyway that clustered in the domes-
tic lineage. Investigating coancestry assignments recovered the
same three primary clusters of samples as in ADMIXTURE results
(Figure 2a), which include feral mallards from Texas, game-farm
mallards from Kentucky and New Jersey, and wild mallards. Feral
mallards from Texas showed the highest estimates of coancestry,
which likely reflects a combination of significant genetic drift due
to the domestication process, and sibling relationships—all of the
feral mallards were sampled from the same wetland and were
often seen grouped together. For wild mallards, we recovered low
levels of coancestry with feral mallards from Texas, but found sev-
eral individuals from the Mississippi Flyway and Atlantic Flyway
that had relatively higher coancestry with game-farm mallards. All
samples with wild mallard plus game-farm mallard coancestry, and
the seven that clustered with game-farm samples, had mixed as-
signment probabilities in ADMIXTURE analyses and were found as
intermediates in our PCA (Figure 2), consistent with these being

feral x wild mallard hybrids.

3.3 | Interspecific sequence capture results

Based on our sequence capture data sets, composite ®¢; esti-
mates between contemporary (composite @¢; A 10somaL = 0-012;
composite ¢, ey cromosome = 0-034; Per oy = 0.39) and his-
torical (composite ®@¢r Ayr0somaL = 0-000065; composite @gr 5 oy
chroMosome = 0-018; @gp o = 0.0020) mallard and black duck
data sets showed a 182-, 1.8- and 199-fold increase in overall differ-
entiation at autosomal, Z-linked, and mtDNA markers, respectively
(Figure S2b). &4 estimates from sequence capture techniques were
identical to those calculated with ddRAD-seq loci for contemporary
mallards and black ducks (Lavretsky, Janzen, et al., 2019). Plotting
¢ estimates per sequence capture locus and across chromosomes
between historical and contemporary black ducks and mallards de-

marcated several regions of high differentiation, all of which were
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linked loci are also provided for each respective comparison

within regions previously identified as putatively under divergent
selection between the two species (top panel in Figure 3; Lavretsky,
DaCosta, Sorenson, McCracken, & Peters, 2019; Lavretsky, Janzen,
etal., 2019).

3.4 | Intraspecific sequence capture results

With the exception of mtDNA, estimated intraspecific compos-
ite @, estimates were low between historical and contemporary
mallards (composite Dot autosomal = 0-0097; composite D¢, ey
chroMosome = 0-013; &g o a = 0.24) and black ducks (composite
Ds1 putosomal = 0-0076; composite D¢y 5 ey cromosome = 0-014; Pgr
mtona = 0.10) (Figure S2b). Intraspecific Manhattan @ plots of auto-
somal and Z-linked markers demarcated no marker with a @4 > 0.20
in black ducks (highest & = 0.18; middle plot in Figure 3), but twelve
loci in mallards (highest @1 = 0.34; bottom plot in Figure 3). Finally,
historical mallards (7,,1osomar = 0-018; 77 ¢ex cromosome = 0-0085;
7ona = 0.0068) and black ducks (my rosomar = 0-016; 7, oy
chromosome = 0-011; 7 ona = 0.0096) had approximately twofold
higher calculated nucleotide diversity across markers than contem-
porary mallards (7, ,rosomar = 0-0074; 77 sex cromosome = 0-0048;
7iona = 0.011) and black ducks (7 rosomar = 0-0078; 7, oy
chroMosome = 0-0049) (Figure S2b). Once again, # values calculated

from sequence capture techniques were similar to those calculated

with ddRAD-seq loci for contemporary mallards and black ducks
(Lavretsky, DaCosta, et al., 2019; Lavretsky, Janzen, et al., 2019; also
see Figure 3a). Similar estimates were achieved across estimated
parameters whether contemporary sets were analysed together or
separated into the three regional bins (Figure S2b). In addition to
having lower nucleotide diversity and moderately higher relative
differentiation as compared to historical samples, contemporary
samples showed substantial intraspecific differentiation in mtDNA,
particularly when comparing Atlantic Flyway mallards to all other
groups (Figure S2b).

3.5 | Population structure from sequence capture of
mitochondrial and nuclear DNA

Mitochondrial haplotype tree reconstruction (Figure 4a) identified
the well-known Old World (OW) A and New World (NW) B hap-
logroups (Avise et al., 1990; Johnson & Sorenson, 1999; Kulikova
et al., 2005; Kulikova, Zhuravlev, & McCracken, 2004; Lavretsky,
McCracken, et al., 2014; McCracken, Johnson, & Sheldon, 2001). All
historical mallards and 91% (19/21) of historical black ducks grouped
within the NW B mtDNA haplogroup (Figure 4b). All contemporary
black ducks grouped inthe NW B mtDNA haplogroup, but nearly 50%
of contemporary mallards grouped in the OW A mtDNA haplogroup.
More specifically, 57% of western region and 86% of Atlantic Flyway
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(a) A haplotype network based on sequence capture of 641 base pairs of the mitochondrial control region for historical

and contemporary mallards and American black ducks, as well as two historical putative American black duck x mallard hybrids. Aligned
domestic mallard (i.e., feral park and game-farm mallards) Sanger sequenced mtDNA are also included. Size of circles is proportional to
number of samples carrying that haplotype, and branch lengths indicate the number of mutations separating haplotypes. Note that the
number of mutations for those branches representing >1 mutation is denoted with dashes. (b) Proportion of domestic mallards, historical
mallards, historical American black ducks, contemporary mallards, contemporary American black ducks—within contemporary samples, we
compared mallards and black ducks that were recovered in the Mississippi (MISS) or Atlantic (ATL) Flyways, as well as mallards from west of
the Mississippi River (WEST)—with either OW A or NW B Haplotypes. See Figure 1 for specifics on geographical designations

mallards had OW A mtDNA haplotypes, whereas all Mississippi
Flyway mallards had NW B mtDNA haplotypes. Lavretsky, Janzen, et
al. (2019) reported OW A haplotypes in 38%, 40% and 74% of west-
ern region, Mississippi flyway and Atlantic flyway mallards, respec-
tively. Thus, the proportions reported here based on fewer samples
should be taken with caution, especially the absence of OW A haplo-
types in Mississippi flyway. Finally, all domestic mallards carried OW
A haplotypes, including a single haplotype found in all feral mallards
from Texas, and six haplotypes found across game-farm mallards
from Kentucky and New Jersey (Figure 4b). Importantly, four major
OW A haplotypes included game-farm mallards from Kentucky and
New Jersey, as well as all of the contemporary mallards that carried
OW A haplotypes (Figure 4a).

A total of 1,920 biallelic autosomal SNPs were used in PCA and
FINERADsTrucTURE (Figure 5) analyses. The first two principal compo-
nents (PC1 [7.1%] and PC2 [3.9%]) largely separated contemporary
Atlantic Flyway mallards from all the other samples, with subtle dif-
ferences in the clustering of remaining mallard and black duck sam-
ples (Figure 5b). FINERADsTRuUCTURE analyses confirmed that historical
and contemporary black ducks share a relatively high degree of coan-
cestry within the plot. Specifically, the individual coancestry matrix

(above diagonal in Figure 5a) recovered equal coancestry across all

but contemporary mallards from the Atlantic Flyway. All Atlantic
Flyway mallards showed high individual coancestry among each
other. The inability to distinguish between individuals of mallards and
black ducks demonstrates the significant proportion of the genome
that the two species have always shared. It required sampling many
individuals to achieve significant statistical differentiation between
them (Lavretsky, Janzen, et al., 2019). Nevertheless, some resolution
was attained in the averaged coancestry matrix (below diagonal in
Figure 5a), as displayed in the dendrogram, in which three major lin-
eages were recovered: (a) historical and contemporary black ducks,
(b) historical and contemporary Western and Mississippi Flyway
mallards and (c) Atlantic Flyway mallards. Finally, whereas the PCA
showed one historical mallard x black duck hybrid grouping with
mallards and the other with black ducks, FINERADsTRuUCTURE identi-
fied those samples as having highest averaged coancestry with black
ducks (Figure 5a). Note that the two historical mallards with sub-
stantially higher estimates of individual and averaged coancestry are
likely siblings, as they were collected together at the same location
(North Dakota) and date in the summer (9 July 1915). Conversely, the
high coancestry estimates across Atlantic Flyway mallards are un-
likely to be explained by sibling status, as those birds were sampled

on different dates in the fall and from six different states (Table S1).
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FIGURE 5 (a) INeERADsTrucTURE individual (above diagonal) and average (below diagonal) coancestry coefficient matrix estimated

using 1,920 sequence capture biallelic autosomal SNPs. The level of recent coancestry is colour-coded from low (yellow) to high (blue),

and posterior support across dendrogram branches is provided. Additionally, PCA between contemporary and historical mallards, black
ducks and putative hybrids based on the same 1,920 biallelic sequence capture SNP data set, analysed either with (b) all samples or (c) no
contemporary mallards from the Atlantic Flyway. Sample assignments are denoted in squares and circles for FINERADsTrRucTURE and PCA
analyses, respectively. Samples were only geographically distinguished in the FINERADsTRUCTURE analysis; however, note that all five samples
at the tail end of the all sample PCA (b) are from the Atlantic flyway (also see Figure 2c)

sequence capture data sets (Figure 6a; Figure S4). Based on the op-
3.6 | Testing among evolutionary scenarios between  timum model, we estimated and used an averaged mutation rate of
mallards and black ducks (4.8 x 1077 s st g™ x 134,355 base pairs =) 6.49 x 10* s s g to
transform dadi results. The average and ranges for estimated effec-
Based on log likelihoods, the best-fit model in dadi was over- tive population size, time since divergence and migration rate were

whelmingly “Split-Migration” for both historical and contemporary statistically the same between the two data sets (Figure éb). Although
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(b) Estimated parameter average & range

(a) Data set, model & log likelihood scores

(a) IM = -7,118.74 ,
Historical Samples (@) (b) Split-Mig. = -3,174.47 E
(c) Split-No_Mig. = —10,537.90 '

(a) IM = —10,597.59
ContemporarySamples (@) (b) Split-Mig. = -3,723.50
(c) Split-No_Mig. = —10,573.18

Effective Population
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FIGURE 6 Log likelihoods for the comparison of empirical sequence data captured from historical or contemporary mallards and black
ducks against the isolation-with-migration (IM), secondary contact (Split-Mig.) and divergence with no gene flow (Split-No_Mig) evolutionary
models in the dadi program. Based on the optimum model of secondary contact, we provide the average and range across 20 replicates for
each estimated parameter, including effective population size (N.), time since divergence (years before present) and migration rate (m). Note
Student's t test p-values calculated between historical and contemporary data sets are nonsignificant across estimated parameters

there was a slight increase in effective population size estimated for
1.051 million, range = 0.21-1.63
0.43-2.00
million) and mallards (historical average = 1.19 million, range = 0.28-

black ducks (historical average =
million; contemporary average = 1.57 million, range =
1.64 million; contemporary average = 1.37 million, range = 0.27-
2.026 million) between data sets, estimates across the respective 20
replicates were not statistically different. An estimated time since
divergence between mallards and black ducks was approximately
600,000 years before present (ybp) whether derived from historical
(avg. ybp = 574,829, range = 134,078-2,310,814 ybp) or contempo-
rary (avg. ybp = 632,305, range = 166,166-2,076,004 ybp) data sets.
Our estimated divergence times between black ducks and wild mal-
lards are on average greater than previously suggested (180,000 ybp
(95% CI = 100,000-400,000 ybp); Lavretsky, Herndndez Bafios, et
al., 2014), which may be due to the much smaller set of used loci
(17 nuclear introns) and samples (25 per species) analysed previ-
ously. Finally, we recovered a relatively low migration rate of ap-
proximately two to three migrants per generation whether analysing
historical (1.87 migrants per generation, range = 0.04-8.44 migrants
per generation) or contemporary (2.82 migrants per generation,
range = 0.21-9.72 migrants per generation) data sets.

4 | DISCUSSION
4.1 | The establishment of a feral North American
mallard

Historically, the Atlantic Flyway has seen a high rate of game-farm
mallard releases (see Introduction), sparking speculation about gene
flow with wild populations. Here, we provide strong genetic evi-
dence across population structure analyses (Figure 2; Figure S3) that
the non-Western mallard genetic signature found in North American
mallards (Lavretsky, Janzen, et al., 2019) is the result of a century of
extensive gene flow from game-farm mallards into wild mallard pop-
ulations. Given that sampled game-farm mallards from Kentucky and
New Jersey were assigned to a single genetic clusterin ADMIXTURE

analyses (Figure 2a), cluster together in our PCA (Figure 2c), show

high coancestry in FINERADsTrucTURE (Figure S3) and share all major
mtDNA haplotypes (Figure 4a), we conclude that these likely rep-
resent a single domestic lineage of game-farm mallard. Moreover,
100% of samples from Kentucky and New Jersey carry OW A hap-
lotypes (Figure 4b), strongly suggesting that the domestic stock of
mallards used by game-farm breeders in North America are origi-
nally of Eurasian descent.

There are two well-developed hypotheses to explain the pres-
ence of both OW A and NW B haplotypes in New World mal-
lard-like ducks. First, the “mallard invasion hypothesis” posits the
speciation of a monochromatic ancestor and the evolution of the
NW B haplotype in North America, with subsequent bidirectional
hybridization with Eurasian mallards that carry the OW A haplotype
only (Avise et al., 1990; Johnson & Sorenson, 1999; Kulikova et al.,
2005; McCracken et al., 2001). The “mallard ancestor hypothesis”
posits the colonization of North America by Eurasian mallards, fol-
lowed by vicariant events separating mallard populations, losses of
dichromatism in four separate groups and the evolution of the NW
B haplotype in the New World (Heusmann, 1974; Omland, 1997).
Although we cannot definitively reject either hypothesis, we pres-
ent compelling evidence that the presence of the predominant OW
A mtDNA haplotypes in North America is instead largely the re-
sult of a century of game-farm stocking practices. First, whereas
all feral mallards from Texas were fixed for a single OW A mtDNA
haplotype, the remaining six OW A haplotypes were recovered
among game-farm individuals from Kentucky and New Jersey. Most
importantly, all OW A haplotypes found in our contemporary mal-
lard samples were not unique, but were shared with game-farm
mallards (Figure 4). No historical mallard or black duck sample was
found within the set of seven OW A haplotypes recovered in do-
mestic mallard samples. We note that the OW A haplotypes carried
by two historical black ducks were still distinct from the primary
mtDNA haplogroup currently carried by domestic and wild North
American mallards (Figure 4a). Thus, we conclude that game-farm
OW A haplotype mitochondrial introgression in contemporary pop-
ulations can explain much of the data that has long inspired debate
about the origins of OW A and NW B mtDNA haplotypes in North
America.
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Our results suggest that the continuous input of game-farm
mallards has resulted in the genetic swamping of eastern North
American mallards and the establishment of a large feral and
feral x wild mallard population. Indeed, ADMIXTURE and FIN-
ERADsTRUCTURE results from ddRAD-seq identified several con-
temporary samples from eastern North America that represent
game-farm mallards outside of the shooting preserve from which
they were released (Figure 2a; Figure S3). Moreover, the six con-
temporary mallards from the Atlantic Flyway that had high coan-
cestry in FINERADsTRUCTURE results, and clustered away from all
other contemporary and historical samples in our PCA (Figure 5),
were recovered as feral x wild mallards in the larger ddRAD-seq
data set (Figure 2c). Given that all of our wild samples were from
birds shot by hunters in natural settings, not on hunting preserves,
these findings demonstrate that game-farm mallards are fully
capable of dispersing, surviving , and breeding outside the area
where they were released. We find little evidence that park ducks
represented here by feral Khaki Campbell mallards from Texas
are as problematic to the genetic integrity of wild mallard popu-
lations as are released game-farm mallards. Given recent findings
that ~90% of the 2010 mallards sampled in the Atlantic Flyway
(Lavretsky, Janzen, et al., 2019) had substantial (>10% in assign-
ment probabilities) genetic input from game-farm mallards (also
see Figure 2), it is likely that the eastern mallard is on the cusp of
becoming, or currently already represents, a true hybrid swarm.
Future work will benefit from continued sampling, including de-
termining whether the proportions of feral and feral x wild mallard
hybrids are increasing, decreasing or are stable. Moreover, molec-
ular assessment of breeding or “local” mallards will be important
to establish the breeding distribution of these feral and feral x wild
mallard hybrids. We hypothesize that feral and feral x wild mallard
hybrids likely breed closer to human-disturbed habitats as com-
pared to wild mallards.

The causes of population decline in black ducks and the eastern
North American mallard population (the latter observable only over
the past 20 years) are debated (Heusmann, 2017; USFWS, 2013).
We predict that the significant input of maladaptive genes from
game-farm mallards over the last century is one important cause. In
fact, simulating outcomes of breeding between domestic and wild
counterparts predicts an additive consequence of gene flow that
requires time and continuous genetic input before negative effects
are observable (Tufto, 2017). Not only do game-farm mallards differ
ecologically (e.g., early nest initiation, lower survival) and physiolog-
ically (e.g., smaller body size, bill shape and size, structure of beak
lamellae) from wild mallards (S6derquist, Gunnarsson, & Elmberg,
2013; Soéderquist, Norrstrom, Elmberg, Guillemain, & Gunnarsson,
2014), but we show they are also ten-times genetically more distinct
from wild mallards than black ducks are (Figure S2a). To what extent
current rates of gene flow and the movement of putatively maladap-
tive traits from domestic populations affect adaptability and future
conservation of wild populations remains unknown, and requires

careful monitoring.

4.2 | Historical DNA reveals little genetic change
between black ducks and wild mallards

We revisit the hypothesis that extensive gene flow between black
ducks and mallards has resulted in—or is progressing towards—the
genetic extinction of the black duck. Our results conflict with those
of Mank et al. (2004), as we report an overall 200-fold increase in
relative divergence estimates across mtDNA and autosomal loci,
and a twofold increase in Z sex chromosome loci, between histori-
cal and contemporary comparisons of the species (Figure S2b). We
note that given the evident genomic heterogeneity across our mark-
ers (Figure 3), it is unlikely that the few markers used in previous at-
tempts (i.e., 3 microsatellites; Mank et al., 2004) could capture the
complete picture. These results demonstrate the value of increased
marker coverage, especially when attempting to resolve complex
relationships as is often the case for very closely related taxa.

We conclude that mallards and black ducks have always been
closely related, as evidenced by the absence of species-specific
markers (see top panel in Figure 3), similar diversity estimates
(Figure S2b) and high coancestry (Figure 5a). Furthermore, @,
estimates across all putative outlier regions previously identified
on the Z sex chromosome and autosomal chromosomes 1-5 and
21 (Lavretsky, Janzen, et al., 2019) had nearly identical or slightly
higher values in contemporary compared to historical samples
(see top panel in Figure 3). Though these findings are consistent
with a divergence-with-gene flow evolutionary scenario (Feder
et al., 2012), dadi did not find the isolation-with-migration (IM)
model to be the optimum. Instead, support for the same optimum
model of secondary contact (i.e., split-migration evolutionary
model) was overwhelmingly supported whether analysing histor-
ical or contemporary data sets in dadi, including statistically simi-
lar estimates across parameters (Figure 6; Figure S4). Our results
support a divergence time of ~600,000 ybp followed by second-
ary contact with moderate levels of gene flow (2-3 effective mi-
grants per generation). We cannot rule out prolonged period(s) of
isolation punctuated by gene flow events between mallards and
black ducks across evolutionary time (recurring secondary con-
tact; Figure 1d), but we can reject contemporary gene flow from
wild mallards having a significant impact on the black duck's ge-
nome (outlined scenarios A & B in the introduction), and a strict
evolutionary history of divergence-with-gene flow (scenarios C in
the introduction). Thus, despite the high estimates of hybridiza-
tion between wild mallards and black ducks (i.e., ~25%; Lavretsky,
Janzen, et al., 2019) as compared to mallards and mottled ducks
(i.e., ~5%-6%; Ford, Selman, & Taylor, 2017; Peters et al., 2016)
or Mexican ducks (i.e., ~2%; Lavretsky et al., 2015), together, our
results suggest that black ducks and mallards have likely evolved
mechanisms to limit actual gene flow (e.g., assortative mating, hy-
brid breakdown). Finally, given the optimum model of secondary
contact (Figure 3; also see in Lavretsky, Janzen, et al., 2019), ge-
netic regions demarcated as under divergent selection are likely

the result of postdivergence selection within mallards and/or
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black ducks (Cruickshank & Hahn, 2014). These analyses particu-
larly highlight the potential for coupling biological collections with
increasingly efficient ancient DNA methods to access the genet-
ics of historical populations and provide unique opportunities to
conduct genomic inventories through time (Besnard et al., 2015;
Kress, 2014).

4.3 | Impact of differential gene flow on genomic
diversity and differentiation estimates

Our study suggests that mallards and black ducks diverged
~600,000 years ago and speciated largely in allopatry punctuated by
secondary contact events. This natural process likely proceeded una-
bated until the early 1920s when the release of game-farm mallards
along the eastern seaboard resulted in landscape-level gene flow with
wild populations (Figure 7; Lavretsky, Janzen, et al., 2019). A large pro-
portion of black ducks carry OW A haplotypes and game-farm mal-
lard x black duck hybrids have been identified (Lavretsky, Janzen, et al.,
2019), yet historical and contemporary black ducks remain genetically
similar in nuclear variation (Figure S2b). In black ducks, we observed
much less variability in differentiation estimated across the nuclear ge-
nome than in historical and contemporary mallard comparisons (mid-
dle vs. bottom panel in Figure 3). These results suggest that overall
nuclear introgression from game-farm mallards is less extensive and/or
that selection is more effective in black ducks than in wild mallards. A
higher rate of introgressive hybridization from game-farm mallards, ex-

perienced by wild mallards versus black ducks, could explain the nearly

Today {
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ﬁ
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American Black Duck
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FIGURE 7 Schematic of the putative
evolutionary history of American

black ducks and mallards, and their
interaction with game-farm mallards in
North America. Note that Lavretsky,
DaCosta, et al. (2019) provided evidence
that suggested a wild mallard was likely
the ancestor to all monochromatic
mallard-like species (e.g., American
black ducks) in North America, and we
estimated a divergence time between
American black ducks and wild mallards
of ~600,000 years before present.
Widths of arrows represent intensity and
directionality of gene flow

~600,000 YBP
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200-fold greater overall differentiation in mallards than in black ducks
(Figure 3), as well as the differences in estimated nucleotide diversity
(Figure S2b) and effective population sizes (Figure 6b) observed in in-
terspecific historical and contemporary comparisons.

Although effective population size and genetic diversity are typ-
ically associated, previous studies have shown that these two diver-
sity estimates can become uncoupled due to differential gene flow
and/or demographic processes (e.g., bottlenecking) acting through
time (Gasca-Pineda, Cassaigne, Alonso, & Eguiarte, 2013; Lonsinger,
Adams, & Waits, 2018; Miller & Waits, 2003). Given that our study
deals with gene flow between wild and domestic lineages, we posit
that gene flow from an inbred domestic lineage (e.g., game-farm mal-
lards) can move “novel” variation into a population and thus create
a signature of increased or similar effective population size as es-
timated here by dadi. However, a drop in overall genetic diversity
may be expected if those genes being moved have higher rates of
homozygosity, as is often the result of artificial selection in domestic
lineages. A combination of recent population declines and differen-
tial gene flow from an inbred domestic lineage into wild mallards and
black ducks may explain why our estimated genetic diversity and ef-
fective population size estimates are uncoupled.

Similarly, we hypothesize that differential gene flow of loci across
the genome from game-farm mallards into wild mallards may also
explain the increased genomic differentiation observed across time
between wild mallards and black ducks (Figure 3; Supplementary
Materials Figure S2B). Strict assortative mating is unlikely to explain
the observed 200-fold change at nuclear and mtDNA considering the

recency of extensive contact between wild mallards, black ducks, and

Wild Mallard Feral x Wild Mallard

Hybrid aSwarm

Game-Farm omestic

Mallard

Secondary Contact

Wild Mallard

North American Wild
Mallard Ancestor
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game-farm or feral mallards. Several lines of evidence are consistent
with the above hypothesis. First, increased mtDNA differentiation is
largely explained by the prevalence of OW A haplotypes, which we
establish are of game-farm origin (Figure 4). Next, the nuclear land-
scapes (Figure 3) show higher variation in, and a larger number of
highly diverged markers between, historical and contemporary pop-
ulations of mallards (N = 12 with @, > 0.20) than black ducks (N = 0
with @ > 0.20). Finally, the same near 200-fold change observed in
nuclear and mtDNA is not seen for the Z sex chromosome, or known
outlier regions on autosomal chromosomes between wild mallards and
black ducks (top panel in Figure 3). Together, these results are con-
sistent with a case of differential introgression, including a scenario
of reduced gene flow of domesticated mallard variation at selectively
non-neutral genomic locations in wild populations. The latter result
not only suggests that postzygotic selection, including Haldane's rule
(Haldane, 1922, 1948), may be playing an important role between
black ducks and mallards (wild or game-farm) (Kirby, Sargeant, &

Shutler, 2004), but also between game-farm and wild mallards.

5 | CONCLUSIONS

We demonstrate that secondary contact has fundamentally changed
the genomes of North America's mallard populations. The continued
release of captive-bred mallards could not only decrease the natural
adaptiveness of North American mallards, and to some degree black
ducks, but could replace them through anthropogenic introgressive
hybridization; at which time, seeing a pure bird in the wild becomes a
pleasant surprise. Given that the release of domestic stock conspecif-
ics into the wild is a practice used worldwide to augment various wild-
life populations (Champagnon, Elmberg, Guillemain, Gauthier-Clerc,
& Lebreton, 2012; Laikre & Ryman, 1996), monitoring populations to
ensure that such interactions do not result in decreased adaptiveness
and overall fitness of wild populations is critical (Frankham, 2005;
Laikre et al., 2010). The contact between domestic and wild congeners
of ducks in eastern North America provides a unique system in which
to closely study and monitor the effects of such interactions.

In terms of methodology, we demonstrate the utility of coupling
ddRAD markers and sequence capture techniques to obtain genomic
markers from century-old duck specimens (Souza et al., 2017), which
permitted us to more conclusively examine the potential consequences
of secondary contact between closely related species. Furthermore,
we report that estimates of overall genetic differentiation, diversity, as
well as recovered structure between contemporary mallards and black
ducks based on sequence capture techniques were nearly identical
to results from previously published ddRAD-seq markers (Lavretsky,
Janzen, et al., 2019). ddRAD and related methods (e.g., RAD, GBS, etc;
Andrews, Good, Miller, Luikart, & Hohenlohe, 2016) are inherently bi-
ased by the possibility of allelic dropout due to mutations in enzymatic
cut-sites (Catchen et al., 2017; Graham et al., 2015; Lowry et al., 2016).
These biases are not present in sequence capture data sets as they do
not require enzymatic cut-sites to be present or intact to work. Given

our highly similar results between the two data sets, and particularly

for species-level comparisons (i.e., no geographical partitioning), we
conclude that known biases with restriction enzyme-based techniques
(e.g., allelic dropout; Catchen et al., 2017; Graham et al., 2015; Lowry et
al., 2016) may have little or no effect on population-level statistics for

species with very shallow divergence, such as mallards and black ducks.
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