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Abstract The ability to identify population structure, estimate rates of hybridization,
and genetic sources of gene flow is critical when attempting to conserve wild
populations. Recently diverged species with few pre- or post-zygotic isolating mech-
anisms are prone to exchange genetic material during secondary contact events,
potentially causing the breakup of important coadapted genes and resulting in
maladapted populations. Such events are especially exacerbated when domestic
versions come into contact with their wild congeners and exchange genetic variation
that had been under artificial selection. Being able to genetically identify individuals
to populations or species, and thus potential hybrids, is essential when attempting to
assess impacts from hybridization. Until recently, molecular methods often resulted
in insufficient marker coverage to confidently assign individuals to populations for
organisms comprised of closely related taxa. Advances in partial genome sequencing
methods (e.g., ddRAD-seq, sequence capture) and decreasing sequencing costs have
made it possible to readily access thousands of genetic markers across hundreds of
samples, providing a population genomics across the landscapes of wild systems.
Here, I review what landscape-level sampling coupled with thousands of nuclear
markers has uncovered for a group of recently radiated ducks of theMallard Complex
(genus Anas). Deploying the latest population genomics approaches, researchers
have been able to reconstruct complex evolutionary histories, assign individuals to
species with confidence, as well as identify genetic hybrids. These population
genomics studies have produced findings that are in contrast to what was thought to
be known for many of these species. Among results, studies consistently found that
the problem of hybridization for many of these species was due to feral mallard
populations. In fact, the result of these anthropogenic hybridization events is the
formation of hybrid swarms on Hawaii, North America, Eurasia, and New Zealand.
Wildlife biologists are now incorporating these population genomics-based results
into their management planning, demonstrating the need and importance of popula-
tion genomics in wildlife conservation.
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1 Introduction

1.1 Background

For conservation to work, it is essential to understand the biological unit for which
efforts are being undertaken; however, this is often easier said than done. Specifi-
cally, management of wild populations requires an understanding of how many
potentially evolutionarily independent groups exist as to devise specific conservation
plans for each group (Oyler-McCance et al. 2016; Peters et al. 2016; Allendorf 2017;
Ralls et al. 2018). Among issues faced for many organisms as habitats and environ-
ments continue to change is the increasing events of secondary contact with other
closely related sister species or even their domestic conspecifics (Randi 2008; Kidd
et al. 2009; Tufto 2017; Wang et al. 2017; Heikkinen et al. 2019). Thus, determining
the source of hybridization and potential outcomes of admixture are important
aspects in the field of conservation genetics (Crispo et al. 2011; Nadeau and
Kawakami 2019).

The exchange of genetic material between two populations, or gene flow, is an
important and sometimes necessary process in the speciation process (Dobzhansky
1940; Hoskin et al. 2005; Rundle and Nosil 2005; Schluter 2009) and can even result
in positive outcomes by increasing the adaptive potential of a population or species
(i.e., adaptive introgression; Hedrick 2013; Hamilton and Miller 2016; Nadeau and
Kawakami 2019; vonHoldt et al. 2018; Nadachowska-Brzyska et al. 2019; Qiao
et al. 2019; Owens and Samuk 2020) or even increasing overall biodiversity (i.e.,
hybrid speciation; Mallet 2007; Jacobsen and Omland 2011a; Schumer et al. 2014;
Lavretsky et al. 2015b; Lamichhaney et al. 2018). In addition, conservation efforts
for highly fragmented populations often require the direct movement of individuals
to artificially reinvigorate gene flow (Ralls et al. 2018). Typically, however, gene
flow is considered as a negative player in conservation as the most foreseen
consequence(s) are often the creation of perpetual hybrid zone(s) (Barton and Hewitt
1989) and inhibition of the speciation process (Mallet 2005, 2007), including a
reversal of speciation (Seehausen 2006; Webb et al. 2011; Kearns et al. 2018) and
outright extinction through introgressive hybridization (Rhymer 2006) (also see
Fig. 1 in Crispo et al. 2011). Though gene flow is becoming more relevant and
clearly an important player in the evolution of many organisms (Mallet 2007;
Nadeau and Kawakami 2019; vonHoldt et al. 2018), it is artificially induced
secondary contact events (a.k.a. anthropogenic gene flow; McFarlane and
Pemberton 2019) that are now of conservation concern for many organisms
(Lande 1998; Puigcerver et al. 2014; Lavretsky et al. 2015b; Skoglund et al. 2015;
Wayne and Shaffer 2016; Söderquist et al. 2017; Leitwein et al. 2018; McFarlane
and Pemberton 2019).

296 P. Lavretsky



Identifying genetically admixed individuals and their true parental populations
with confidence is essential when attempting to conserve populations facing high
frequencies of hybridization. Moreover, understanding the true biological outcome
of hybridization (see Crispo et al. 2011), including whether such events have
negative (i.e., extinction by introgressive hybridization; Rhymer 2006) or potentially
positive (i.e., adaptive introgression; vonHoldt et al. 2018; Qiao et al. 2019; Owens
and Samuk 2020) outcome(s), is paramount. However, determining shared genetic
variability due to admixture is often complicated for recent radiations, including
between wild and domestic congeners as much of the genome may be shared simply
due to ancestry (Orr et al. 2004; Seehausen 2004; Wu and Ting 2004; Nosil et al.
2009; Via 2009; Nosil and Schluter 2011). Being able to assign samples to their true
genetic population cluster(s) can help distinguish what genetic variability is due to
shared ancestry versus gene flow (Lavretsky et al. 2019b). In general, population
genomics has the potential to advance our understanding of even the most complex
interactions (DaCosta and Sorenson 2014; Andrews et al. 2016; McKinney et al.
2017; Nadeau and Kawakami 2019; McFarlane and Pemberton 2019).

In this chapter, I recount how the integration of genetic information from popu-
lation genomics studies has transformed our understanding of the evolutionary
histories and contemporary population structure of worldwide populations of closely
related ducks of the Mallard Complex. The Mallard Complex successfully radiated
around the world and is comprised of 14 species of mallard-like ducks (Fig. 1).
Across the continents and Islands that they successfully adapted to, these mallard-like
ducks are ecologically, culturally, and economically important. Their importance has
made it a priority to understand the genetic health and adaptive potential of respective
populations and species by local conservation private and public organizations.

Among the species, the mallard (Anas platyrhynchos) is one of the most ubiqui-
tous and well-known ducks in the world, and wildlife, in general. Its success is best
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Fig. 1 Picture representations of all mallard-like ducks and their respective distributions; note wild
mallards have a Holarctic distribution. Hawaiian Islands are within the inset
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explained by its adaptive nature and the fact that it was domesticated 4,000 years
ago, providing a long, intertwined history with humans. Being domesticated, many
forms of the mallard have been introduced around the world. Population genomics
has revealed that the expansion of these domestic mallards resulted in secondary
contact with their wild congeners and ultimately resulted in high levels of anthro-
pogenic gene flow and the formation of feral x wild hybrid swarms in many
instances. Finally, I discuss the potential that historical museum samples and ancient
DNA techniques provide in understanding how populations have changed, including
how hybridization has shaped the genetic diversity of contemporary populations. In
general, population genomics studies coupling landscape-level sampling have been
able to provide important insight into the evolution and population structure and
identify previously unknown levels of hybridization for a sweep of wild populations
of ducks. The Mallard Complex provides a unique system to study how radiations
occur and the importance of gene flow on these processes.

1.2 History of the Mallard Complex

Of the many avian orders, waterfowl (order Anseriformes) experience the highest
rates of hybridization (Johnsgard 1960; Livezey 1986; Lijtmaer et al. 2003), with
30–40% of species being capable of hybridizing (Grant and Grant 1992) and about
20% producing viable hybrids (Scherer and Hilsberg 1982). For example, the
Mallard Complex is comprised of 13–14 closely related species of mallard-like
ducks (Fig. 1) believed to have radiated out of Africa in the last million years
(Palmer 1976; Johnson and Sorenson 1999). With some hybridization events pro-
ducing 100% viable offspring (Avise et al. 1990), concerns over the possibility of
introgressive extinction for many of the endemic mallard-like ducks have been
raised over the years. Therefore, there has been a growing need to assess and
delimitate individuals to species when assessing conservation risks for many of
these species.

First proposed by Palmer (1976), the “out of Africa hypothesis” suggests an
African origin for the mallard clade, followed by a northward and eastward radiation
through Eurasia, with a stepwise progression through the South Pacific, and perhaps
a single colonization event into North America. Several phylogenies have been
reconstructed from either plumage characteristics (Livezey 1991), allozymes
(Browne et al. 1993) or mitochondrial molecular markers (Johnson and Sorenson
1999; McCracken et al. 2001; Kulikova et al. 2004, 2005). However, these have
been largely inconclusive, and it was not until Lavretsky et al. (2014b) who coupled
multiple nuclear introns, multiple samples per species, and the coalescence method
as implemented in the program �BEAST (Drummond and Rambaut 2007; Drum-
mond et al. 2012; Bouckaert et al. 2014) that provided more robust phylogenetic
relationships that largely confirmed the out of Africa evolutionary history for the
Mallard Complex.
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The onset for speciation of the Mallard Complex is estimated to be approximately
1 million years ago, with the most recent divergences estimated at 150,000 years ago
(Lavretsky et al. 2014a, b). Within this single radiation, you can find species
divergence proceeding in allopatry, parapatry, undergoing secondary contact, and
potentially evolving via hybrid speciation (Lavretsky et al. 2014a, b, 2015a, b; Peters
et al. 2016). With the exception of the dichromatic mallard, the remaining species are
all monochromatic, where males and females show a similar phenotype (Fig. 1).
With mallards being the only species with obvious sex-based plumage differences,
phylogenetic comparisons have led to several speculations into the evolution of
dimorphism in the mallard clade including that it was gained once (Johnson and
Sorenson 1999; McCracken et al. 2001; Kulikova et al. 2004, 2005) or lost several
times (Omland 1997). As a result of their relatively recent divergence, widespread
incomplete lineage sorting has resulted in the retention of much of the genome
among taxa, and likely contributing to the fact that viable hybrid offspring are
produced in sympatry (Avise et al. 1990; Rhymer 2006; Lavretsky et al. 2014b).

Currently, with the exception of the Holarctic mallard, the remaining species are
endemic to a single continent or island group (Haddon 1984; Rhymer et al. 1994;
Kulikova et al. 2004) (Fig. 1). Unfortunately, environmental degradation and both
human-facilitated (i.e., release programs) and natural expansion of the mallard’s
range have caused formerly allopatric species to come into secondary contact
leading to hybridization. For example, mallard introductions in the Hawaiian Islands
and New Zealand have resulted in nearly complete introgression of mallard alleles
into the endemic species (i.e., Hawaiian duck or koloa (A. wyvilliana; Fowler et al.
2009; Wells et al. 2019) and New Zealand grey duck (A. superciliosa superciliosa;
Rhymer et al. 1994)), respectively. Furthermore, the mallard has expanded its range
westward in both Eurasia and North America, and accumulating evidence demon-
strates that mallards are likely to outcompete and to hybridize with native species,
including spot-billed ducks (A. zonorhyncha; Kulikova et al. 2004) and American
black ducks (A. rubripes; Rhymer and Simberloff 1996), respectively. With a variety
of evolutionary histories and ability to successfully interbreed, the Mallard Complex
is an ideal example of an adaptive or rapid radiation in which secondary contact
events can have real implications into the adaptive potential of the invaded species.

Advancing our understanding of the evolutionary history and consequences of
interspecific gene flow was not possible with confidence until advancement in partial
genome sequencing attained sufficient marker coverage to be able to taxonomically
assign samples with confidence. Specifically, coupling landscape-level sampling
with double-digest restriction site-associated DNA sequencing (ddRAD-seq)
methods (Peterson et al. 2012; Catchen et al. 2017; McKinney et al. 2017) has
been truly transformative for gaining insight into the genetic histories of species
within the Mallard Complex (Fig. 2). Finally, with ducks being well represented in
museum collections, using ancient DNA methods on historical specimens have
recently permitted researchers to understand genetic change through time, helping
to understand timing, cause, and extent in changes of population structure and
contemporary gene flow (Lavretsky et al. 2020).
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1.3 Mitochondrial DNA and the Onset of Fear of Hybrid
Swarms

Avian researchers have generally focused on mtDNA. Maternally inherited and
having no recombination (Giles et al. 1980; Watanabe et al. 1985), mtDNA has a
more rapid sorting rate and shorter coalescent intervals relative to biparentally
inherited, recombining nuclear DNA. This makes it particularly useful for recently
diverged populations (Moore 1995; Zink and Barrowclough 2008). However, being
maternally inherited and potentially under strong selection, its appropriateness for
phylogenetics and phylogeography has been questioned (Hurst and Jiggins 2005;
Bazin et al. 2006; Edwards and Bensch 2009; Jacobsen and Omland 2011b).

Mitochondrial DNA has played a significant role in shaping our understanding of
the evolution of the Mallard Complex. In particular, mtDNA was important in
gaining insight into the relationship between New World (NW) and Old World
(OW) mallard populations (Johnson and Sorenson 1999; Kulikova et al. 2005).
Whereas Eurasian mallard populations are all characterized as possessing OW A
haplotypes, those in North America are paraphyletic with a substantial proportion
carrying OW A and NW B mtDNA haplotypes. Hypotheses to explain the
co-occurrence of OW A and NW B mtDNA haplotypes in North America
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Fig. 2 Population structure of the New World mallard clade that includes mallards (MALL),
American black duck (ABDU), Mexican duck (MEDU), West Gulf Coast mottled duck
(MODUWGC), and Florida mottled duck (MODUFL) and as determined using (a) 17 nuclear introns
(adapted from Lavretsky et al. 2014a) or (b) 15,687 biallelic ddRAD-seq nuclear SNPs (adapted
from Lavretsky et al. 2019a). Note the clear increased resolution of population structure using
thousands of ddRAD-seq loci. For American black ducks and mallards, genetic diagnosability was
achieved once a sufficient sample size of pure parental was sampled (see Fig. 4; also see Lavretsky
et al. (2019b)). These results demonstrate the importance of attaining sufficient statistical
diagnosability across genetic markers when dealing with systems as closely related as these
mallard-liked ducks
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were (a) secondary contact and widespread bi-directional gene flow between invad-
ing Eurasian mallards (Johnson and Sorenson 1999; McCracken et al. 2001;
Kulikova et al. 2004, 2005) and/or (b) incomplete lineage sorting from a dichromatic
ancestor that invaded the New World and diverged into several monochromatic
species (Omland 1997). Regardless, consensus from early work was that
bi-directional gene flow with endemic NW mallard-like ducks (Fig. 1) was a big
reason for why OW A and NW B mtDNA haplotypes were present in North
America. In fact, there was a growing concern for the possibility of genetic extinc-
tion via widespread introgressive hybridization across monochromatic species from
these results. Concern that endemic North American mallard-like ducks were likely
hybrid swarms continued until recent advances in various genomics methods per-
mitted for the access of the genome (i.e., thousands of nuclear loci), and making it
possible to assign individuals to populations with confidence. Coupling population
assignments with nuclear markers and mtDNA confirmed OWAmtDNA haplotypes
in wild populations of mallard-like ducks were in fact the result of gene flow with
domestic mallards. Note that all domestic mallards are known to carry OW A
mtDNA haplotypes as the origins of domestication for mallards are in Eurasia
(Kiple 2001; Huang et al. 2013). For example, comparing mitochondrial sequences
to local domestic mallard populations, OW A mtDNA haplotypes recovered in
Hawaii’s Hawaiian duck populations (Fowler et al. 2009; Lavretsky et al.
2019a, b) and Florida’s mottled ducks (A. fulvigula) (Bielefeld et al. 2016; Peters
et al. 2016) was the result of gene flow with local populations of park mallards.
Similarly, OW A mtDNA haplotypes found in North American wild mallards,
American black ducks, and West Gulf Coast mottled ducks were the result of gene
flow with domestic game-farm mallards, which have been released for sport hunting
in North America since the 1920s (Lavretsky et al. 2019a, b, 2020). Thus, the true
story was only revealed by applying landscape- and genomic-level sampling. While
gene flow is the culprit for why OW A mtDNA haplotypes are now widespread in
North American mallard-like ducks, it was not due to gene flow with wild mallards
coming from Eurasia, but rather domestic ones that were released in the respective
areas.

1.4 Hybridization Versus Gene Flow

Avian lineages are especially prone to hybridization, even between species with
relatively deep divergences (Grant and Grant 1997; Rheindt and Edwards 2011;
Ottenburghs et al. 2015; Ottenburghs 2019). The high rates of hybridization in birds
are attributable to their dispersal ability (Greenwood 1980), chromosomal stasis
(Ellegren 2010), and relatively low levels of reinforcement (Grant and Grant
1997). The rapid evolutionary history, as well as the extent of gene flow among
species within the Mallard Complex, makes this system ideal to study the interplay
among various evolutionary mechanisms at the earliest stages of species divergence.
Moreover, whereas many taxa within the Mallard Complex evolved in allopatry, the
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mallard has responded to anthropogenic influences (e.g., releases from game-farms
and altered landscapes) and can now be found in sympatry with most of the other
species. This secondary contact has resulted in widespread hybridization with the
American black duck (Avise et al. 1990), Mexican duck (A. diazi; Hubbard 1977;
Lavretsky et al. 2015a), mottled duck (McCracken et al. 2001; Williams et al.
2005a), Chinese spot-billed duck (A. zonorhyncha; Kulikova et al. 2004; Wang
et al. 2019), New Zealand (NZ) grey duck (A. superciliosa superciliosa; Rhymer
et al. 1994), Hawaiian duck (Griffin and Browne 1990; Lavretsky et al. 2015b), and
yellow-billed duck (A. undulata; Stephens et al. 2019). Because all hybridization
events involve mallards, this group provides natural replicates to understand how
true gene flow impacts the genomes of endemic species and overall consequences on
their adaptive and evolutionary trajectories.

From a conservation standpoint, determining the extent that hybridization events
translate into true gene flow is critical (Fig. 3). I define hybridization as an event in
which pure parental taxa interbreed and make a potentially viable F1 hybrid. If that
hybrid does not breed into either of the parental populations, then the biological
outcome of said mating event is simply lost breeding potential for both parental taxa.
Conversely, gene flow requires the F1 hybrid to breed back into one or both parental
populations, as to effectively move genes between the parental taxa (Fig. 3). While
both events may be of concern for conservation biologists, the inability for the
hybrid to breed and effectively move genes between parental taxa would be evidence
of hybrid breakdown, assortative mating, or other potential post-zygotic isolating
processes. Thus, determining the number and hybrid types (F1, F2-backcross, F3-
backcross, etc.) found on the landscape is critical when attempting to determine the
extent and potential genetic polluting from intraspecific hybridization events. For
example, if hybrids are relegated to the F1 generation with none or few backcrosses,
then one can conclude the ultimate consequence of hybridization is lost breeding

X =

X =

Mallard American Black 
Duck

F1 Hybrid
(A) Hybridiza�on = Lost Breeding Poten�al

(B) Hybridiza�on = Moves Genes Between Species (Gene Flow)

Fig. 3 Schematic and biologically relevant potential outcomes of hybridization: (a) hybridization
results in an F1 hybrid that does not breed into parental gene pools and, thus, is simply lost breeding
potential. (b) Hybridization results in an F1 hybrid that does breed into parental gene pools (denoted
by arrows), thus effectively moving genes between species
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potential without gene flow. Conversely, if a variety of backcrosses are identified in a
population, then the ultimate outcome of hybridization is gene flow. If this is the
case, then determining the number of generational backcrossed hybrids, the geo-
graphical locations of these hybrids, as well as whether these backcrosses tend to
breed with one of the parental populations are important next steps to best inform
proper conservation action(s).

Often, breeding experiments are necessary to establish expected genetic assign-
ments of various generational classes of hybrids; however, such experiments are
often not possible with wild populations (Lavretsky et al. 2016). I note that breeding
experiments are ideal to carefully understand the genetic admixture effect(s) on
morphology and ecology of a species (Grabenstein and Taylor 2018). There are a
variety of methods that allow to assign individuals to hybrid status (Nielsen et al.
2006; VÄHÄ and Primmer 2006; Corbett-Detig and Nielsen 2017; Wringe et al.
2017; Janzen et al. 2018). Recently, a method that permits the use of empirical
molecular data collected from wild individuals was designed to simulate breeding
experiments and based on the available dataset was created (Lavretsky et al. 2016).
In short, a parental gene pool is established with samples that are genetically vetted
as pure parental. A single random allele or SNP is chosen from each parental gene
pool and across all available markers to simulate F1 genotypes. Next, subsets of F1

hybrids are then backcrossed into each parental gene pool for a determined number
of times, and thus establishing gene pools for F2 through FX backcrossed genera-
tions. Assignment probabilities are estimated in programs like STRUCTURE
(Pritchard et al. 2000) or ADMIXTURE (Alexander et al. 2009; Alexander and
Lange 2011) for a combined dataset of the simulated and empirical genotypes
(Fig. 4). This can be done multiple times to establish expected average and range
of assignment probabilities for each hybrid generation. For example, simulation
outcomes for American black ducks and mallards resulted in six identifiable indices
that included individuals with (a) �95% black duck assignment as pure black duck,
(b) �98% mallard assignment as pure mallard, (c) 27–72% interspecific assignment
as F1 hybrids, (d) 10–27% as F2-black duck backcrosses, (e) 2–27% black duck
assignment as F2-mallard backcrosses, and (f) 5–10% mallard assignment as
F3-black duck backcrosses (Fig. 4a). In the end, such analyses allow researchers
to gain a more robust estimate of assignment probabilities of what a pure parental or
hybrid is expected given the available molecular data.

Simulated “breeding” experiments help determine the number of hybrid classes
and subsequently allow researchers to assign individuals to those classes. The
proportion of individuals falling into each hybrid class provides an estimate of the
relative rate of hybridization across the sampled landscape of the specie(s). For
example, using simulations to genetically vet North American mallards and Amer-
ican black ducks demonstrated the limitations of US Fish and Wildlife Service’s
phenotypic key being used to assign pure and hybrid status to samples (Lavretsky
et al. 2019b). Specifically, of those individuals phenotypically assigned as pure
American black duck or pure mallard, 20% should have been identified as hybrids
in each set. Similarly, only ~60% of all samples assigned as phenotypic American
black duck x mallard hybrids were correct, with the remaining samples actually

Population Genomics Provides Key Insights into Admixture, Speciation, and. . . 303



being either pure American black duck (~28% of samples) or pure mallard (12% of
samples) (Fig. 4). Thus, these results clearly demonstrated the ineffectiveness in
correctly identifying individuals and particularly hybrids with the current sweep of
phenotypic traits for American black ducks and mallards. Finally, overlaying empir-
ical and simulated data to determine the true number of each generational class
provided the means to determine the rate of hybridization across North America. As
expected, American black duck and mallard hybridization was highest in eastern
North America and with evidence for a variety of hybrid classes present on the
landscape. However, despite a century and a half of secondary contact between
American black ducks and mallards resulting in some of the highest rates of
hybridization (i.e., ~25%), Lavretsky et al. (2019b) concluded that American black
ducks are not the hybrid swarm once hypothesized and that gene flow into American
black duck was somehow limited (e.g., assortative mating). Once again, the ability to
genetically identify samples, and even between taxa that are very closely related like
American black ducks and mallards, can illuminate inconsistencies in current
methods and datasets, and even previous notions (e.g., American black ducks are a
hybrid swarm) that are used to guide and make important management decisions.
Moreover, these results demonstrate how advances in genomic methods provide the
capacity to genetically establish phenotypic traits that are truly informative (e.g., see
the genetically vetted key created for Florida mottled ducks; Bielefeld et al. 2016).
These and similar methods offer a powerful approach for examining concerns of
hybridization in conservation efforts and without the requirement of captive
breeding.
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Fig. 4 (a) The average and range of assignment probabilities from ADMIXTURE results at K ¼ 2
and 3 across 25 simulated replications of hybridization (F1) and 9 generations of backcrossing
(F2-F10) using genetically vetted American black ducks (ABDU) and mallards (MALL) – each K is
based on 250 independent ADMIXTURE analyses. (b) Empirical data for western (WEST),
Mississippi flyway (MISS), and Atlantic flyway (ATL) samples originally identified by USFWS
as Mallards, American black ducks, or putative hybrids. Within geographical region, samples in all
three phenotypic classes are aligned by interspecific assignment probability from high to low. Based
on expected assignment probabilities as determined from simulations, I recategorized samples by
assignment probabilities and found that ~80% of all phenotypically identified mallards and black
ducks, as well as only ~60% of phenotypically identified hybrids, are correct. Figure adapted from
Lavretsky et al. (2019b)
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The depletion of native populations makes it susceptible to genetic swamping
from even small numbers of introduced species (Childs et al. 1996; Rhymer 2006;
Russo et al. 2018). Although hybridization is prevalent in birds, and ducks especially
(Cade 1983; Rhymer 2006), species extinction due to complete genetic swamping,
while concerning (Rhymer and Simberloff 1996; Buerkle et al. 2003), has been
identified in few systems (Rhymer and Simberloff 1996; Salzburger et al. 2002;
Wells et al. 2019; Lavretsky et al. 2020). Examples of true hybrid swarms may be
rare because in general, the backcrossing of hybrids back into large parental
populations may prevent the persistence of large numbers of admixed individuals
(e.g., Lavretsky et al. 2016). For example, between American black ducks and
mallards where Lavretsky et al. (2019b) found that clear outlier regions between
the parental species decreased in genetic differentiation when comparing the geno-
mic landscape of several generations of backcrossed individuals (Fig. 5). Thus,
having a parental gene pool to which hybrids can continuously backcross into is
not only important for conservation but may be an important mechanism that
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Fig. 5 (a) Hypothesized mating between mallards (MALL) and American black ducks (ABDU)
and subsequent backcrosses into American black ducks with expected genomic contributions of
offspring. (b) Empirical ΦST estimates across markers along the Z-chromosome and chromosome
1 between genetically vetted samples that are consistent with expected offspring from each
respective hypothesized mating event. Genomes depicted to be largely ancestrally shared (denoted
as genus Anas), with species specificity identified at a few highly selected regions. Note the clear
decrease in outlier regions with each subsequent backcross that correspond with proportional
replacement of mallard alleles with American Black ducks until F3 (or second generation back-
crosses), which are genetically identical to a pure American black ducks. Figure adapted from
Lavretsky et al. (2019b)
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decreases the potential negative effects of gene flow, in general. As habitat continues
to be depleted, domestic forms increasing on the landscape, as well as overall global
change is bring many closely related taxa together, and thus understanding the
geographical extent of hybridization and whether these events result in true gene
flow is essential. Genomics methods that readily provide sufficient marker coverage
have made even the most difficult or complex relationships possible to tease apart
(Wayne and Shaffer 2016; Catchen et al. 2017; McKinney et al. 2017).

2 How Population Genomics Has Increased Our
Understanding of the Mallard Complex and Its
Implications for Conservation

2.1 The History of the New World Mallard Complex: How
the Phenotype Lies and What Genetics Has Revealed

Seven mallard-like ducks make North America home. Of these, the mallard, Amer-
ican black duck, Mexican duck, and two subspecies of mottled ducks are found on
mainland North America, while the Laysan and Hawaiian ducks are found on islands
making up the Hawaiian Archipelago (Fig. 1). All but the mallard are endemic to
either the Hawaiian Islands or mainland North America (Baldassarre 2014). Concern
over genetic swamping, the resulting hybrid swarm, and eventual genetic extinction
for all the endemic mallard-like ducks has spurred over four decades of research into
understanding rates of hybridization between mallards and each of the other North
American taxa (Rhymer and Simberloff 1996; Rhymer 2006). Cause for concern
was due to the high prevalence of what appeared to be individuals carrying pheno-
typic traits of the mallard (e.g., green iridescence in head, top and/or bottom
secondary white wing bars, curl feathers in the rump) and of the respective mono-
chromatic taxa in populations of Mexican ducks (Hubbard 1977), American black
ducks (Brodsky andWeatherhead 1984; Ankney et al. 1987; Avise et al. 1990; Kirby
et al. 2000), mottled ducks (Bielefeld et al. 2010, 2016), and Hawaiian ducks (Griffin
and Browne 1990; Livezey 1993; Engilis et al. 2002a). The presentation of these
mallard traits in significant proportions heightened concern over the possible genetic
extinction of these endemic monochromatic ducks. Any advances made in molecular
methods since the 1980s have been applied towards attempting to determine rates of
hybridization and gene flow. However, early attempts with allozymes (Browne et al.
1993), microsatellites (Williams et al. 2002, 2005a, b; Mank et al. 2004; Fowler et al.
2009), and Sanger sequencing of single and multiple loci (Avise et al. 1990; Johnson
and Sorenson 1999; McCracken et al. 2001; Kulikova et al. 2004, 2005; Lavretsky
et al. 2014a) resulted in largely inconclusive findings (see Fig. 3a as example). In
each case, the authors determined that too much of the genetic variation was shared
among the taxa to be able to confidently identify hybrids, let alone assign samples to
their respective taxon. Paraphyly and intermixed mtDNA haplotypes further
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suggested to researchers that these species likely were represented by highly
admixed individuals (Avise et al. 1990; McCracken et al. 2001; Lavretsky et al.
2014a, b; Peters et al. 2014). In general, additive effects from ancestry (i.e., incom-
plete lineage sorting) and extensive hybridization were used to explain the extent of
shared molecular diversity in this group of birds.

The lack of more definitive molecular work had important implication onto
taxonomic revisions and conservation efforts for many of the taxa within the Mallard
Complex. Until recently, many taxonomic and conservation decisions remained
informed through largely phenotypic work and the basic premise regarding the
general lack of non-paraphyletic genetic markers as putatively the result of wide-
spread admixture. For example, the taxonomy of Mexican duck has been defined by
phenotypic work done in the 1970s, which presumed that the clinal-like presence of
mallard-like traits in Mexican ducks was the result of extensive introgressive
hybridization (Hubbard 1977). As a result of these phenotypic-based conclusions
and a general lack of definitive molecular results, the Mexican duck has been
relegated to subspecies status. Similarly, conservation efforts for the endangered
Hawaiian duck largely surrounded the need to remove mallard-like traits from then
captive Hawaiian duck population prior to release. However, no matter the effort to
breed Hawaiian duck looking individuals together, a proportion of juvenile males
always displayed mallard-like phenotypic characters (Engilis and Pratt 1993; Engilis
et al. 2002a). Similarly, breeding experiments attempting to “breed out” mallard
characters by specifically mating individuals that were especially American black
duck-looking continuously resulted in broods with a proportion of males still
displaying mallard-like characters (Kirby et al. 2004). Once again, understanding
whether mallard-like characters displayed in many of these monochromatic species
was due to the fact that these represented hybrid swarms or simply a case of ancestry
remained unknown until advances in genomic methods permitted researchers to
genetically identify between pure and hybrid individuals.

The population genomics approaches required to properly answer questions about
hybridization in the Mallard Complex were optimized in the mid-2010s, and specif-
ically, it was advancements made in the reduced genomic representation methods
(e.g., RADs, ddRAD-seq, SeqCap) that opened the door to accessing sufficient sized
genomic datasets. First in 2015, Lavretsky et al. (2015a) applied a ddRAD-seq
method to sample 3,695 polymorphic loci – 3,523 loci (316,175 base pairs
(bp) assigned to autosomes and 172 loci (15,869 bp) assigned to the Z-sex
chromosome) – across 105 Mexican ducks from six Mexican states (N ¼ 92 indi-
viduals) and two US states (N ¼ 13 individuals), as well as 17 mallards sampled
across North America. The authors demonstrated that Mexican ducks and mallards
were genetically distinguishable and identified no samples in Mexico and only a
handful of samples from the USA as genetic hybrids. The latter finding was in stark
contrast to the notion that Mexican ducks were largely a Mexican duck x mallard
hybrid swarm as suggested with phenotypic data (Hubbard 1977). In fact, the
landscape perspective that Lavretsky et al. (2015a) achieved showed that Mexican
ducks biogeography naturally followed an isolation-by-distance pattern and was the
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result of sequential founder events from north to south (Fig. 6b-3). Moreover,
Lavretsky et al. (2015a) identified specific genetic regions on several autosomal
and Z-sex chromosome that were under divergent selection in mallards or Mexican
ducks. More recent work further demonstrated that Mexican ducks retained mallard
diversity due to ancestry (i.e., ILS) and not extensive gene flow, as well as provided
more definitive demarcation of several genetic markers on autosomal chromosomes
2 and 14 that were best explained by divergent selection in Mexican ducks specif-
ically (Figs. 7 and 8a; Lavretsky et al. 2019a). Finally, ongoing work linking
phenotype with genetics has surprisingly revealed that Mexican ducks display
mallard-like traits and shared mallard genetic diversity that follow a cline from
north to south but that this is explained by retained ancestry and not gene flow
from mallards (Brown et al., unpublished data). Specifically, having genetically
vetted samples, the researchers determine that juvenile or hatch-year genetically
pure male Mexican ducks displayed mallard-like characters and that the proportion
of hatch-year males that displayed such characters decreased southward. Thus, while
Hubbard (1977) correctly characterized the clinal variation in regard to mallard-like
plumage displayed by Mexican ducks across their range, these patterns were not
indicative of a hybrid swarm but rather due to retained ancestry. Specifically, the
evolution of the Mexican duck was likely the result of a mallard population that
isolated and adapted to the Chihuahuan Desert 200,000–500,000 years before
present and expanded southward through sequential founder events losing dichro-
matism in the process (Fig. 6b-3). In the end, coupling genomics methods with
landscape-level sampling proved to resolve the evolutionary history of the Mexican
duck, including establishing that Mexican ducks showed some of the lowest rates of
hybridization within the Mallard Complex. Moreover, Mexican ducks harbor geno-
mic regions under divergent selection and which are at species-level differences that
would suggest that taxonomic revisions for this duck may be warranted.

Applying similar methods to study the evolution and population structure of
mottled ducks (Peters et al. 2016; Ford et al. 2017) and American black ducks
(Lavretsky et al. 2019b, 2020) proved to be once again fruitful, with researchers
being able to establish that none of these monochromatic taxa are already or on their
way to becoming a hybrid swarm. Instead, data determined that these ducks are all
very closely related, with much of the genome shared due to ancestry from and not
gene flow with the mallard (Fig. 6b; Lavretsky et al. 2019a). More specific analyses
also revealed that while mottled ducks from Florida and the West Gulf Coast
diverged in allopatry from each other and the mallard (Peters et al. 2016), the
American black duck and mallard likely diverged under punctuated events of
secondary contact (Lavretsky et al. 2020) (Fig. 6b). Importantly, attaining sufficient
marker coverage and across hundreds of samples was required to finally determine
rates of hybridization and potential effects of gene flow. In short, the rates of
hybridization with mallards were highest for black ducks (i.e., ~25%; Lavretsky
et al. 2019b), followed by mottled ducks (i.e., 5–8%; Peters et al. 2016; Ford et al.
2017), and Mexican ducks (i.e., 2–5%; Lavretsky et al. 2015a); however, gene flow
into each of the monochromatic species remained low (Lavretsky et al. 2019a),
suggesting that post-zygotic isolating mechanisms likely evolved within this recent
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radiation. In fact, pairwise species comparisons across ~3,194 ddRAD-seq loci
demarcated several outlier regions on the Z-sex and other autosomal chromosomes
harboring genes under divergent selection in one or more of the taxa (Fig. 7;
Lavretsky et al. 2019a). Among these sites, a ~21 Mbp region on the Z-sex
chromosome was recovered to harbor genes under divergent selection in mallards
that may be playing an important role in the evolution of dichromatism in this group
(Figs. 7 and 8a). These results are consistent with a growing body of evidence
suggesting that sex chromosomes are often involved in early stages of species
divergence, including harboring genes linked to phenotypic variation in other taxa
(Minvielle et al. 2000; Sæther et al. 2007; Phadnis and Orr 2009; Pryke 2010;
Ellegren et al. 2012; Martin et al. 2013; Sutter et al. 2013; Ruegg et al. 2014;
Lavretsky et al. 2015a).
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2.2 The Curious Case of the Hawaiian Duck: Conservation
Implications When a Hybrid Species Meets Its Feral
Parent

With Laysan ducks now relegated to the Laysan and Midway Atoll Islands, the
endangered Hawaiian duck is the only remaining endemic duck on the main
Hawaiian Islands (Engilis et al. 2004; Pyle and Pyle 2017). Recent molecular
work provided strong evidence that Hawaiian ducks represent a homoploid hybrid
species (Fig. 6a). Specifically, Lavretsky et al. (2015b) determined that the Hawaiian
duck’s evolutionary history was the result of an ancestral hybridization event
between vagrant mallards and once prevalent Laysan ducks and dated the admixture
event to the Pleistocene-Holocene boundary; the authors analyzed molecular varia-
tion across 19 nuclear introns and used coalescent analyses to estimate the ancestral
gene flow event to ~3,000 years before present (95% HPD¼ 0–207,000 years before
present). More recent work by Wells et al. (2019) using thousands of ddRAD-seq
loci also found evidence that pure Hawaiian ducks shared near 50:50 coancestry with
Laysan ducks and mallards and the only one to show such patterns of all mallard-like
ducks (Lavretsky et al. 2014b, 2015b). Together, Hawaiian ducks are genetically
(Lavretsky et al. 2014b, 2015b), phenotypically, and ecologically (Engilis et al.
2002b; Uyehara et al. 2008) distinct from all other mallard-like ducks and thus
satisfy all primary criteria used in avian taxonomy for species designations (Gill
2014; Sangster 2014) and as a result likely represent a young hybrid species. In fact,
it was likely the combination of mallard and Laysan duck molecular variation,
including predator aversion that would only be innate in the mallard that permitted
the Hawaiian duck to endure past Polynesian settlement where other Island life (e.g.,
Laysan ducks) could not.

The Hawaiian duck remained largely in allopatry from both of its wild parental
taxa, until domestic mallards were first imported to the Hawaiian Islands for food
and hunting beginning in the 1800s (Engilis et al. 2004; Pyle and Pyle 2017). Later,
mallards were commercially farmed on O’ahu during the 1930s and 1940s, and
multiple feral populations became established on Kaua’i, O’ahu, Maui, and Hawai’i
(Engilis and Pratt 1993). As a result of these actions, genetic extinction through
ongoing hybridization with feral mallards has been primary concern for their con-
servation (USFWS 2012). Historically, Hawaiian ducks occurred on the main
Hawaiian Islands of Kaua’i, Ni’ihau, O’ahu, Maui, Moloka’i, and Hawai’i but
were extirpated from all islands except Kaua‘i and Ni’ihau by the 1960s (Engilis
et al. 2002a). Hawaiian ducks were captive-reared and reintroduced onto O’ahu and
Hawai’i until the late 1980s and onto Maui in 1989. However, feral populations of
domestic mallards were not dealt with prior to attempted reintroductions and may
have been the reason that biannual waterbird surveys suggested an increasing
number of Hawaiian duck-mallard hybrids through time (USFWS 2012). In fact,
earlier molecular work confirmed that hybridization between Hawaiian ducks and
local mallards was occurring on O’ahu (Browne et al. 1993; Fowler et al. 2009).
However, despite early molecular efforts to understand hybridization, much of the
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hybrid identification done by USFWS and state agency personnel was based on
phenotype. As with the case for other NewWorld mallard-like ducks (see above), we
now know that Hawaiian ducks, and primarily first year males, naturally display
mallard-like characters as by-product of their recent mallard ancestry (Lavretsky
et al. 2015b). Thus, whether the increasing number of hybrids across Hawaiian
Islands was real or simply due to overestimation resulting from nondiagnostic
phenotypic traits remained unknown until recently.

Wells et al. (2019) set to determine the extent of true hybridization rates between
Hawaiian ducks and mallards across Hawaiian Islands, potential mallard source (i.e.,
domestic vs. wild), whether hybridization rates have increased through time, and
whether the presence/absence of mallard-like traits in the phenotype of an individual
can be confidently applied to identify hybrids. Sampling included assaying 3,114
autosomal and 194 Z-linked ddRAD-seq loci across 425 Hawaiian ducks obtained
across 5 Hawaiian Islands, as well as 30 samples of each Laysan ducks and wild
North American mallards. Sampling effort of Hawaiian ducks was nearly a decade
apart, permitting the researchers to test for changing hybridization rates across time.
First, the authors confirmed that pure Hawaiian ducks persist on Kauaʻi in large
numbers and with relatively little evidence of mallard-Hawaiian duck hybridization
during the past decade (Fig. 9). This finding was incredibly informative for conser-
vation biologists attempting to determine whether pure Hawaiian ducks even existed
(USFWS 2012). Unfortunately, Wells et al. (2019) reported that all reintroduced
populations on Hawai’i, Maui, and O’ahu constituted hybrid swarms – i.e., not a
single sample among reintroduced populations was identified as a pure Hawaiian
duck (i.e., �95% Kaua’i Hawaiian duck ancestry; Fig. 9). The authors were able to
determine that the extensive hybridization was primarily with non-wild, local feral
mallards. Furthermore, the authors were able to genotype ducks collected from 1998
to 2015. First, a decreasing trend in the number of hybrids on Kauaʻi where removal
efforts of mallards and potential hybrids were underway was found. Conversely, all
sampled reintroduced population showed no change in overall admixture propor-
tions across samples or in the overall proportion of admixed individuals. Thus, the
authors could conclude that all sampled sites across Hawaiian Islands in which
reintroductions were attempted eventually failed due to extensive hybridization
with these feral mallards and untimely became true hybrid swarms as early as
1998. Finally, further molecular assessment of Hawaiian ducks that were culled
due to the presence of mallard-like traits on Kauaʻi revealed only a handful of these
to be true hybrids and the remaining as hatch-year males. Once again, mallard-like
traits displayed by Hawaiian ducks were found to be due to shared mallard ancestry
and not contemporary hybridization as with the other monochromatic mallard-like
taxa on mainland North America (see above).

Island populations and those that have recently declined are more susceptible to
genetic swamping by an introduced species (Childs et al. 1996; Rhymer 2006;
Grabenstein and Taylor 2018). The absence of large native populations of Hawaiian
duck on O’ahu, Maui, Moloka’i, and Hawai’i likely precipitated the formation of
hybrid swarms on these islands. Hawaiian duck reintroductions involved relatively
few individuals, and captive-reared Hawaiian ducks were introduced on islands with
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established populations of feral mallards (Engilis et al. 2002a). Together, the
evidence presented byWells et al. (2019) clearly demonstrated that all reintroduction
efforts were set up to fail by not dealing with the feral mallard problem prior to
attempting Hawaiian duck reintroductions. Given the lack of large, pure populations
of Hawaiian ducks into which hybrids can backcross, hybrid swarms will likely
persist on these islands. Thus, in the absence of additional genetic contributions from
Kaua’i Hawaiian ducks, time alone is unlikely to decrease hybrid individuals
comprising these hybrid swarms. Thus, these molecular results establish that future
conservation efforts to reestablish pure Hawaiian ducks outside Kauaʻi will need to
remove the identified hybrid swarms, as well as feral mallards. Hawaiian duck
reintroduction efforts represent an example of what happens to a small, isolated
founder population confronted with a large population of a nonreproductively
isolated congener. These results demonstrate the potential amalgamating effects of
gene flow during secondary contact, spatial variation in the extent and consequences
of hybridization, and the importance of considering such effects during conservation
planning.
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2.3 The Genetic and Conservation Consequences of Feral
Mallards

Along with changing habitat, the direct release of domesticated individuals into the
wild is a practice used worldwide to augment various wildlife populations (Laikre
and Ryman 1996; Lichatowich and Lichatowich 2001; Waples and Drake 2004;
Champagnon et al. 2012). Where these releases are common and intensive, concern
for wild populations has increased because breeding with released or feral conspe-
cifics can cause a loss of genetic variation leading to a loss of adaptation and overall
fitness within wild population (Frankham 2005; Araki et al. 2009; Crispo et al. 2011;
Grabenstein and Taylor 2018). In general, movement of these artificially selected,
maladaptive traits into wild populations can reduce the adaptability and capacity of
that population to survive in the wild (Araki et al. 2007; Evans and Evans 2007;
Haccou et al. 2013; Corbi et al. 2018). In fact, modeling effects of gene flow between
domestic and wild congeners, Tufto (2017) showed a slow, additive effect of
increasing maladaptation in wild populations through continued interaction with
their respective domestic counterpart and with negative outcomes taking time to be
observable. As anthropogenic gene flow impacts more species, it is increasingly
critical to monitor geographic regions where wild and domestic [feral] populations
interact to assess for any possible genetic effects. Doing so ensures the adaptive
qualities, and subsequent continued conservation of wild populations occurs.

Humans and mallards have been closely linked since their domestication in
central China shortly after 500 BC (Kiple 2001; Huang et al. 2013). Around the
world, domestic mallard stocking has been extensively practiced throughout history
and most intense at the turn of the twentieth century (Heusmann 1991; Champagnon
et al. 2012, 2013). While naturally found across the Holarctic, the intentional or
accidental release of mallards has increased their range to include the entire world
outside the Poles (Baldassarre 2014). Feral mallards now pose a genetic threat to
global populations of wild mallard and mallard-like taxa. In all cases of mallard
introductions, >25,000 domestic mallards were intentionally introduced, with the
most extreme cases as within North America and Eurasia; these releases are now in
the tens-of-millions (Heusmann 1974; Braithwaite and Miller 1975; Brooke and
Siegfried 1991; Heusmann 1991; Tamisier 1992; Engilis and Pratt 1993; Dean 2000;
Engilis et al. 2004; Guay and Tracey 2009; Bielefeld et al. 2010; Dyer and Williams
2010; Čížková et al. 2012; Pyle and Pyle 2017). For the Mallard Complex, second-
ary contact has always been considered to be occurring between wild populations
and specifically with wild mallards. However, applying thousands of molecular
markers and landscape-level sampling efforts has been transformative in correcting
this early dogma, and more definitively determining that introgressive hybridization
has not been with wild but rather domestic strains of the mallard. First, we learned
that Kaua‘i is home to the last remaining pure population of the endangered
Hawaiian duck (Wells et al. 2019) and that extensive introgressive hybridization
with local, feral mallards has resulted in the formation of hybrid swarms across the
Islands of Hawai’i, Maui, Moloka’i, and O’ahu (Figs. 6a and 9). Similarly alarming
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are the rates of widespread introgression between domestic and wild mallards in
Eurasia and North America, where stocking practices still annually augment wild
populations with nearly six million (Rueness et al. 2017) and two-hundred thousand
(USFWS 2013) game-farm mallards, respectively, for the last 100 years. The
substantial annual influx of these domesticated forms has significantly changed the
genetic composition of Eurasian (Champagnon et al. 2010; Söderquist et al. 2014;
Söderquist et al. 2017) and North American (Lavretsky et al. 2019b, 2020) mallards.
Similarly, there is strong evidence of widespread introgression between domestic
mallards and Pacific black ducks (Anas superciliosa) in Australia (Guay and Tracey
2009) and New Zealand (Hitchmough et al. 1990; Rhymer et al. 1994; Williams
2017). In fact, stocking practices of game-farm mallards in New Zealand have
resulted in a current population of five million feral mallard birds (Williams 1981;
Guay et al. 2015). A couple of recent studies assaying several molecular markers
across range-wide sampled yellow-billed ducks determined that while wild mallards
do not pose a genetic threat (Brown et al. 2019), yellow-billed ducks are now
genetically threatened by domestic mallards that have been released and with feral
populations recently establishing across Africa (Stephens et al. 2019). In general,
domestic mallards differ in fertility, overall morphology, and biology from their wild
counterparts (Desforges and Wood-Gush 1975a, b; Miller 1977; Paulke and Haase
1978; Cheng et al. 1979, 1982; Söderquist et al. 2013), with traits optimized for
domestic settings. Understanding how the movement of their genetics and associated
maladaptive traits may be decreasing the adaptability of wild populations will
continue to grow in importance and particularly when devising conservation plans.

2.4 Attaining a Historical Perspective to Reconstruct
Evolutionary Histories

Significant advances in ancient DNA (aDNA) extraction and sequence capture
techniques have made it possible to isolate thousands of genetic markers to full
genomes from historical and ancient samples, opening the possibility to attain a
genetic perspective over large time scales (Grover et al. 2012; Mitchell et al. 2014;
Orlando et al. 2015; Leonardi et al. 2017). These methods have been instrumental in
understanding evolutionary histories of variety of organisms, including humans
(Callaway 2016; Kuhlwilm et al. 2016), but are also now being used to understand
the genetic turnover of populations and species (Cooper et al. 1996; Loreille et al.
2001; Leonard et al. 2002; Willerslev and Cooper 2005; Grealy et al. 2017; Leonardi
et al. 2017; Rawlence et al. 2017; Lindqvist and Rajora 2019; Pont et al. 2019;
Fenderson et al. 2020). In fact, the ability to not only determine the genetic diversity
that was lost in a species but attaining full genomes for extinct species may make the
idea of de-extinction possible (Shapiro 2017). For conservation efforts, rather than
attempting to breed diversity back into an endangered species, we may be able to
one day simply add the lost genetic diversity back into the species. Regardless,
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increasingly efficient aDNA methods have made museum specimens even more
important not only to understand evolutionary histories but also understand how
populations have genetically changed through time. For example, by understanding
how populations responded to changing habitat in the past can undoubtedly help
refine conservation plans for those populations in the future (Fenderson et al. 2020).

The first use of aDNA methods in the Mallard Complex was by Cooper et al.
(1996), who were able to isolate a small piece of mitochondrial DNA from some
Anas subfossils on Hawai’i. Doing so, Cooper and colleagues determined that these
subfossils were indeed Laysan ducks, providing the first support that Laysan ducks
were once widespread across the Hawaiian Islands. Next, Mank et al. (2004) assayed
three microsatellite markers in historical mallards and American blacks and reported
an 18-fold reduction in differentiation (Gst) between the two sampled in 1998
(0.008) versus 1940 (0.146). The authors concluded that a century of hybridization
must have led to a loss of genetic distinctiveness. The numbers of usable samples
were low with these early methods as they required the creation of primers as to
amplify targeted DNA using PCR. Often, however, ancient and historical samples
are highly degraded, posing limitations for PCR-based methods (Keyser-Tracqui
and Ludes 2005). More recently, coupling sequence capture methods with high-
throughput sequencing has made the isolation and sequencing of aDNA more
accessible and reliable across any specimens with endogenous DNA (Briggs and
Heyn 2012; Knapp et al. 2012; Schubert et al. 2012; Lindqvist and Rajora 2019). For
example, Lavretsky et al. (2020) used these recently developed aDNA methods on
American black ducks and mallards from 1860 to 1915 to revisit the hypothesis that
American black ducks are closely related to mallards due to widespread hybridiza-
tion as suggested by Mank et al. (2004). To do so, a bait capture array was first
designed from 3,446 nuclear loci initially isolated from contemporary samples using
ddRAD-seq methods (Lavretsky et al. 2019b). Across the 69 historical samples and
another 39 contemporary 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) were isolated (Fig. 8b), resulting in a recovery rate of
64%; similar recovery rates using RAD-based bait arrays were reported in early
work (Souza et al. 2017). Additionally, the authors were able to off target sequence
641 base pairs of the mtDNA control region across samples. Mitochondrial DNA is
often obtained as bycatch in sequence capture datasets (Griffin et al. 2014; Gasc et al.
2016) due to its stability and abundance in samples (Picardi and Pesole 2012). In
contrast to the results presented by Mank et al. (2004), Lavretsky et al. (2020)
reported an overall increase in divergence, including the maintenance of all known
outlier positions across the genomes of these two ducks (Fig. 8b). Moreover, there
was no significant change in the sampled genome of historical and contemporary
American black ducks (Fig. 8b), providing additional evidence that genetically pure
American black ducks today are the same as those from 150 years ago (Fig. 6b-5).
These results are clearly contradicting the notion that today’s American black ducks
are simply a hybrid swarm. The authors suggest that earlier work by Mank et al.
(2004) suffered from the total number of markers analyzed (i.e., three
microsatellites). Given the evident genomic heterogeneity across their captured
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markers (Fig. 8b), using a few markers as done by Mank et al. (2004) is unlikely to
provide a complete picture and demonstrates the importance in maximizing genetic
data. Finally, in addition to important information for the conservation of the
American black ducks, the sequencing of historical mallards and comparing to
contemporary populations provided further evidence that today’s eastern mallards
are indeed genetically different from both historical and contemporary western
mallards. In the context of conservation, these results demonstrated opportunities
that aDNA methods coupled with museum specimens towards understanding par-
ticular evolutionary histories, as well as determining lost genetic variation of specific
populations or species.

Finally, ddRAD and related methods (e.g., RAD, GBS, etc.; Andrews et al. 2016)
are inherently biased by the possibility of allelic dropout due to mutations in
enzymatic cut-sites (Graham et al. 2015; Lowry et al. 2017; Catchen et al. 2017).
These biases are not present in sequence capture datasets as they do not require
enzymatic cut-sites to be present or intact to work. Lavretsky et al. (2020) were able
to provide highly similar results between ddRAD and sequence capture datasets
across a variety of estimates and analyses (e.g., Fig. 8), demonstrating that known
biases with restriction enzyme-based techniques (e.g., allelic dropout; Graham et al.
2015; Lowry et al. 2017; Catchen et al. 2017) may have little or no effect on
population-level statistics for species with very shallow divergence, such as between
mallards and black ducks.

3 Integrating Population Genomics Results into Wildlife
Management

Advances in molecular methods and high-throughput sequencing technology will
continue to advance the field of population genomics, making the use of these
methods possible for any organism. Though there is no doubt that lowering costs
associated with full genomes will one day make it possible to be applied towards
population genomics, partial genome sequencing methods like ddRAD-seq and
related methods (e.g., RAD, GBS, etc.; Andrews et al. 2016) provide a perfect
balance between data and cost. Today, a ddRAD-seq library can be attained for as
little as $25–40 per sample and an Illumina HiSeq X capable of sequencing up to
~200 samples on a single lane. Importantly, methods like ddRAD-seq require no
previous genetic information on the organism and are more forgiving when dealing
with degraded DNA as compared to other genomic methods (Graham et al. 2015).
Thus, the lowering cost and universal applicability of these partial genome sequenc-
ing methods make them ideal to study the population genetics of any wild population
(Oyler-McCance et al. 2016). Moreover, although still proportionally a small
amount of the genome (i.e., ddRAD datasets often represent<0.03% of the genome;
Lavretsky et al. 2015a, 2019a), the thousands of markers remain a powerful means to
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screen for loci putatively under selection (e.g., Figs. 7 and 8; Andrews et al. 2016;
Catchen et al. 2017).

Proper wildlife conservation requires an understanding of the population in
question (Oyler-McCance et al. 2016; Peters et al. 2016; Allendorf 2017; Ralls
et al. 2018). The fields of population and conservation genetics have illuminated
the potential pitfalls when management decisions are made without truly knowing
the genetic constitution of the population or species being managed. Understanding
fine-scale population structure and hybridization rates requires a population geno-
mics approach in which datasets are represented by samples spanning the taxon’s
geographic range, and a maximum number of loci. Informative and decisive research
into the evolution and population structure of the Mallard Complex, which harbors
some of the most complex scenarios as often the case for recent and/or rapid
radiations, was not possible until a landscape- and genomic-level sampling scheme
was achieved (Lavretsky et al. 2019a). For example, it was not until a genomic
perspective that provided sufficient marker coverage to genetically identify individ-
uals to species with confidence that the issue of feral mallards, and not wild mallards,
to the conservation of many of these mallard-like ducks was realized. Wildlife
biologists now incorporated this problematic feral population into decision-making
regarding future management efforts. Similarly, it was not until pure parental and
genetic hybrids could be genetically determined that understanding whether the
expression of particular mallard-like traits were due to ancestry or contemporary
gene flow. A recent study that genetically vetted phenotypic traits between mallards,
Florida mottled ducks, and their hybrids reported that a key character used to identify
hybrids was in fact found in 10% of genetically “pure” mottled ducks (i.e., white-
wing bar over and under secondaries; Bielefeld et al. 2016). By determining which
samples were genetic hybrids, Bielefeld et al. (2016) were able to identify those
phenotypic traits that were indeed diagnostic of hybrids. Doing so, the authors were
able to construct a genetically vetted phenotypic field key that increased the ability of
wildlife biologists to correctly identify hybrids from 60% to >90%. In general,
applying a landscape- and genomic-scale approach, research into Hawaiian ducks
(Wells et al. 2019), Mexican ducks (Lavretsky et al. 2015a), American black ducks
(Lavretsky et al. 2019b), and yellow-billed ducks (de Souza et al. 2019) provided the
same discrepancies in hybrid identification using nongenetically vetted phenotypic
traits versus the traits expressed by true genetic hybrids. These studies demonstrate
that many phenotypic traits once considered to be indicative of hybrids are simply
due to stochastic processes independently acting on ancestral mallard variation in
each of these species. Estimating rates of hybridization plays important roles in
taxonomic evaluation and conservation efforts. Thus, the capacity to determine true
genetic hybrids is critical and can either validate current practices or identify which
species cohort requires reevaluation in regard to hybrid identification.

With lowering costs and increasing efficiency in wet lab and sequencing methods,
as well as developing user-friendly bioinformatics pipelines, the future for the
field of conservation genetics is bright. Integrating knowledge gained from molec-
ular work continues to be a powerful tool for conservation (Andrews et al. 2016;
Oyler-McCance et al. 2016; McKinney et al. 2017). Given that population genomics
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of non-model, wild systems is achievable for any organism, attaining a molecular
understanding regarding the evolutionary and population genetics of even the most
complex systems can now be realized.

4 Future Perspectives

Landscape-level and genome-wide population genomic datasets continue to expand
our understanding regarding the dynamics of wild populations, including potential
issues of hybridization. Among the opportunities afforded by the growing field of
population genomics is being able to assign genetic purity to samples with confi-
dence, which has been instrumental in advancing our understanding of evolutionary
and contemporary population dynamics of specific taxa. Here, I also demonstrate
how identifying hybrids and establishing hybridization rates can be key in
establishing whether the expression of shared non-molecular traits (phenotypic
and/or biological) across species is truly due to introgressive hybridization or simply
ancestry (i.e., ILS).

Although much of this chapter focuses on how advances in population genomics
has opened the possibilities for conservation, these same datasets can be applied to
advance our understanding of the speciation process in wild systems (Lavretsky et al.
2015a, 2019a; Nadeau and Kawakami 2019), how the domestication process
impacts genomic variation (Cornejo et al. 2018; Wu et al. 2018), as well as how
species may adapt to today’s ever-changing climates (Fenderson et al. 2020).
Among these efforts, aDNA methods are especially promising as they open histor-
ical and ancient samples for analysis, providing a means to understand how species
have responded to changing climates in the past. Similarly, genomic data from
landscape-level sampling of contemporary samples coupled with Gradient Forest
analyses (Ellis et al. 2012) can now be used to assign the genetic niche space of a
species given its standing genetic variability. Importantly, such models now make it
possible to model forward expected responses to specific climatic shifts given
available genetic variation of a population (Fitzpatrick and Keller 2015; Bay et al.
2018). In short, populations with lacking variation will show contracting ranges as
survival in a changing landscape will require substantial increases in standing
molecular variation to adapt. These models will allow researchers to build specific
genetic niche maps for their favorite organism and be able to determine where
habitat may be most critical under different climatic models. Such analyses are
sure to be promising when attempting to predict species range responses to climate
change and using this information to better inform where habitat work may be most
warranted.
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As full genome [re-]sequencing becomes increasingly approachable, partial
genome sequencing can still offer important information to guide sampling efforts
for genomic analyses. In general, if starting out with little knowledge regarding some
species of interest, researchers can use partial genome sequencing on many samples
to understand true population structure, hybridization rates, and hybrid identifica-
tion. Having genetically vetted samples will then help inform sampling efforts for
full genome sequencing by ensuring that representative pure parental and various
hybrid classes are in fact used, thus decreasing the chance of mistakenly sequencing
samples with incorrectly presumed origins (Lavretsky et al. 2019b; Leitwein et al.
2019). Among the opportunities afforded with full genomes is the possibility to
better understand potential interactions between selection and gene flow and, in
particular, the consequence of domestic variant introgression into wild populations.
Having full genome sequences for pure parental and various classes of hybrids,
researchers can identify haplotype block organization, number of recombination
events, and types of parental variation in hybrids (Tang et al. 2006; Corbett-Detig
and Nielsen 2017; Schaefer et al. 2017; Janzen et al. 2018; Leitwein et al. 2019).
First, one would expect any genetic variation linked to putatively maladaptive traits
to decrease in size due to recombination and lost over some number of generational
backcrosses (Leitwein et al. 2019). Conversely, introgressed neutral variation is
expected to simply show increasing fragmentation due to recombination events
that arise with each generation of backcrossing (Janzen et al. 2018). Thus, these
methods show promise to identify maladaptive versus neutral molecular variants that
are moved between species during gene flow events, as well as establish the true
number of generations since the initial hybridization event. Such information is
invaluable when attempting to understand how hybridization may actually be
impacting the adaptive potential, including survival and fecundity of a species.

5 Conclusions

Population genomics has opened possibilities to better refine the conservation of
many organisms that was once impossible. Continued advances in wet lab and
statistical analyses will undoubtedly further unlock the potential of genomics for
conservation. In addition to groundbreaking and important research, translating
these findings to not only the biologists themselves (Garner et al. 2016; Funk et al.
2019) but also the general public is almost as critically important as the data itself
(Holderegger et al. 2019). Thus, efforts to transfer findings from genetic data to those
directly implementing on the ground conservation work, as well as making the
general public understand the benefits of wild lands and wildlife, are just as
important endeavors.
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