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ABSTRACT

Introgressive hybridization, the interbreeding and gene flow between different species, has become increasingly common in the
Anthropocene, where human-induced ecological changes and the introduction of captively reared individuals are increasing
secondary contact among closely related species, leading to gene flow between wild and domesticated lineages. As a result,
domesticated-wild hybridization may potentially affect individual fitness, leading to maladaptive effects such as shifts in be-
havior or life-history decisions (e.g., migration patterns), which could influence population demographics. In North America,
the release of captive-reared game-farm mallards (Anas platyrhynchos) for hunting has led to extensive hybridization with wild
mallards, altering the genetic structure in the Atlantic and Mississippi flyways. We aimed to investigate differences in spring
migratory behavior among 296 GPS-tagged mallards captured during winter in Tennessee and Arkansas with varying levels
of hybridization. Despite relatively low levels of genetic introgression of game-farm genes, mallards with higher percentages of
game-farm ancestry exhibited later departure and arrival times, shorter migration distances, and a tendency to establish resi-
dency at lower latitudes. Specifically, for every 10% increase in game-farm genetics, mallards departed 17.7% later, arrived 22.1%
later, settled 3.3% farther south, and traveled 7.1% shorter distances during migration. These findings suggest that genetic intro-
gression from game-farm mallards influences migratory behavior, potentially reducing fitness, and contributing to population

declines in wild mallards. Our study presents a need for understanding how domestic hybridization effects fitness and behavioral
change of other species.
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1 | Introduction

Introgressive hybridization—the crossbreeding and transfer
of genes between individuals of different species—is a wide-
spread phenomenon (Avise 1994; Rhymer and Simberloff 1996;
Mallet 2005). Hybridization can result in various outcomes:
maintaining species boundaries (Lemmon et al. 2007; Roe and
Sperling 2007), creating hybrid zones (Harrison 1993), or ge-
netic swamping (process of rare taxa being replaced by hybrids)
of one or both interacting taxa (Allendorf et al. 2005; Roberts
et al. 2010). The likelihood of these outcomes are generally dic-
tated by levels of genetic differentiation and hybrid viability
(Todesco et al. 2016). For example, a hybrid zone is expected if
hybrids are viable but less fit in either parental species’ primary
niche space, while genetic swamping of one parental species can
occur if hybrids are equally or more fit than the parental taxa
(Todesco et al. 2016; Thompson et al. 2021). Genetic swamping
can also occur due to human-induced manipulation both indi-
rectly as a result of ecological transformation and/or directly by
consistent input of domestic-bred individuals into a wild popu-
lation (Vernesi et al. 2003; Crispo et al. 2011).

Hybridization can have significant biological consequences, in-
cluding effects on species’ behavior. Inheritance of genetic in-
formation can cause behavioral changes in foraging strategies
(De Santis et al. 2021), mating behavior (Feiner et al. 2024),
migration (Helbig 1991; Bolnick, Caldera, and Matthews 2008),
and resource selection (Cushman et al. 2024). In avian popula-
tions, hybridization events have been observed to influence song
characteristics, leading to alterations in mate attraction, and
territorial defense behaviors (Grant and Grant 1992). Similarly,
hybridization in some fish species can affect migratory behav-
iors, leading to shifts in spawning grounds (Bolnick, Caldera,
and Matthews 2008). Furthermore, genetic introgression can
disrupt established patterns of social behavior, impacting group
dynamics, and cooperative strategies within species (Rhymer
and Simberloff 1996; Maag et al. 2024). Such alterations in be-
havior can have profound impacts on the fitness and survival of
individuals, as well as the long-term evolutionary trajectories of
populations.

In the Anthropocene, human-induced ecological changes and
introduction of captively reared individuals are increasing the
frequency of secondary contact among closely related species
(Hendry, Gotanda, and Svensson 2017; Millette et al. 2020),
resulting in extensive gene flow (Pelletier and Coltman 2018).
While the introduction of captive-reared individuals can en-
hance genetic diversity in threatened populations, especially
for rare species, it also introduces risks of hybridization that
may disrupt the genetic structure and adaptive potential of wild
populations (Robert 2009). Among such interactions, human-
mediated introgressive hybridization between wild and do-
mesticated lineages is increasingly common (Delibes-Mateos
et al. 2008; Champagnon et al. 2012; Blanco-Aguiar, Ferrero,
and Davila 2022). Domesticated X wild hybrid zones are often
facilitated by the escape or purposeful release of captive-reared
species for recreational purposes (Randi 2008; Barbanera
et al. 2010). The consequences of anthropogenic hybridiza-
tion to wild populations can be detrimental, including loss of
genetic integrity and fitness outcomes, but they are often over-
looked in management and policy decisions (Laikre et al. 2010).

Consequently, there is a growing need to verify and monitor
such interactions to provide informed conservation plans re-
garding potential adaptive consequences for wild populations
and their evolutionary trajectories (Keller and Waller 2002;
Crespel et al. 2021; Blanco-Aguiar, Ferrero, and Davila 2022).

The capacity to reliably establish a wild individual's ancestry
allows for the identification of ecological, behavioral, and/or
morphological characters that are being impacted by prevalent
gene flow (Rhymer and Simberloff 1996; Allendorf et al. 2001).
Waterfowl (Order Anseriformes; ducks, geese, and swans) ex-
hibit some of the highest hybridization rates among all wild bird
populations (Grant and Grant 1992; McCarthy 2006). Mallards
(Anas platyrhynchos) are the most numerous and widespread
waterfowl species (Kulikova et al. 2005; Baldassarre 2014). The
annual release of captive-reared mallards has been a widespread
practice for over a century in North America—predominantly in
the Atlantic Flyway—primarily for recreational hunting oppor-
tunities (Heusmann 1974; Osborne, Swift, and Baldassarre 2010;
Lavretsky et al. 2020; Champagnon et al. 2023). The game-farm
mallard breed was assumed to be sedentary like most other do-
mesticated breeds, and therefore were released en masse with
the expectation that they would not interact or breed with
wild mallard populations (Stanton, Soutiere, and Lancia 1992;
Lavretsky et al. 2020). However, extensive genetic surveillance
has proven this assumption inaccurate. Game-farm mallards
survive long enough with sufficient mobility that their presence
has resulted in extensive hybridization, fundamentally altering
our understanding of the genetic structuring of mallard across
North America (Lavretsky et al. 2019, 2020, 2023; Lavretsky,
Janzen, and McCracken 2019).

It is hypothesized that an influx of maladaptive traits from
game-farm mallard releases may contribute to observed popula-
tion declines of wild mallards in the Atlantic Flyway and Great
Lakes region of the Mississippi Flyway (Lavretsky et al. 2023;
Schummer et al. 2023). However, it remains unclear what level
of game-farm genetic introgression into wild settings produces
maladaptive traits (Tufto 2017), and which traits mechanisti-
cally reduce fitness outcomes (Lavretsky et al. 2023). For ex-
ample, bill and wing morphology of game-farm mallards are
shorter with more widely spaced lamellae than wild counter-
parts (Champagnon et al. 2010), which may reduce foraging
efficiency and long-distance flight capacity, respectively; in-
trogression of such traits may be maladaptive in wild settings,
particularly during time periods or life stages when greater
mobility is beneficial, such as during migration (Gurd 2007;
Soderquist et al. 2014). Conversely, game-farm mallards and
game-farm X wild hybrids may be uniquely adapted to anthro-
pogenic landscapes and show affinity for urbanized spaces,
where hybridization could lead to improved fitness outcomes
(Lavretsky et al. 2023).

The objective of our research was to investigate mechanistic
differences in spring migratory behavior among mallards with
varying levels of wild ancestry in the Mississippi Flyway. Our
approach involved the use of new-generation genomic sequenc-
ing combined with GPS-GSM telemetry to assess how genetic
origin affected spring migration behaviors such as destinations,
duration, distance, frequency of migratory flights, and proclivity
for urban environments (Osborne, Swift, and Baldassarre 2010;
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Soderquist, Gunnarsson, and Elmberg 2013). We predicted
that mallards with higher levels of game-farm ancestry would
depart for and arrive to the breeding grounds later, halt migra-
tion farther south, use stopovers more frequently and for longer
durations, have shorter migration distances but longer overall
migration durations, and show greater selectivity toward urban
environments. These predictions are based on previous studies
suggesting that domesticated mallards, particularly those with
game-farm ancestry, tend to exhibit traits, such as shorter wings
and greater sedentism, which may influence their migration
patterns, stopover behavior, and settling in urban landscapes
(Stanton, Soutiere, and Lancia 1992; Champagnon et al. 2010;
Lavretsky et al. 2023). Cumulatively, effects manifesting in the
spring would be more likely to impact the breeding season and
ultimately contribute to fitness than effects measured during
fall migration and winter (Anteau and Afton 2004; Stafford
et al. 2014).

2 | Methods
2.1 | Mallard Capture and Auxiliary Marking

We captured adult and juvenile male and female mallards
using a combination of swim-in traps, confusion traps, and
rocket-nets at four locations in Arkansas and eight locations in
Tennessee from November through February 2019-2023 (Sharp
and Smith 1986; Dieter, Murano, and Galster 2009; Figure 1).
We banded all mallards with a United States Geological Survey
(USGS) federal aluminum tarsal band. We determined age and
sex of mallards based on cloacal inversion, wing plumage, and
bill color (Carney 1992). Hereafter, we refer to age-classes as ju-
veniles or adults. We extracted ~0.01 mL of blood from the bra-
chial artery or caudal tibial vein and stored blood at —80°C until
ready for DNA extraction (Teitelbaum et al. 2023).

We attached 15- or 20-g solar rechargeable and remotely pro-
grammable, OrniTrack Global Positioning System-Global

System for Mobile transmitters (GPS-GSM; Ornitela, UAB
Svitrigailos, Vilnius, Lithuania) to mallards weighing >1000g
(i.e., £2.5% of total body mass) to ensure deployment package
remained below recommended body weight limits (3%-5%; Fair
et al. 2010). We attached transmitters via dorsally mounted body
harnesses made of automotive moisture-wicking elastic ribbon
(McDuie et al. 2019). Completed harnesses had two body loops
which were knotted and sealed with cyanoacrylic glue above the
keel and across the abdomen of the bird (McDuie et al. 2019).
Total package of GPS-GSM transmitter and harnesses at time
of deployment weighed approximately 17-22g. All capture
and handling procedures of ducks were in accordance with
Institutional Animal Care and Use Committee protocols for
Tennessee Technological University #19-20-002, and University
of Arkansas Monticello #05172021, and authorized under
Federal Banding Permits #05796 and #23825, respectively.

2.2 | Molecular Methods

DNA was extracted from whole blood, following manufactur-
er's protocols for the Qiagen DNA Easy Blood and Tissue Kit
(Qiagen, Valencia, CA, USA). DNA integrity was based on the
presence of a high-molecular weight band as determined with
gel electrophoresis using a 1% agarose gel (Graham et al. 2015).

Double digest restriction-site associated DNA (ddRAD-seq)
fragment libraries were prepared following protocols in
DaCosta and Sorenson (2014, also see Lavretsky et al. 2015)
using SbfI and EcoRI restriction enzymes with a modified
bead-based size-selection protocol (Hernandez et al. 2021).
Libraries were pooled in equimolar concentrations and sent
for 150 base pair (bp), single-end sequencing on an Illumina
HiSeq X (Novogenetics LTD). Previously published rawddRAD
sequences for the same samples representing mallards, game-
farm mallards, and Khaki Campbell (domestic breed) used
in mtDNA analyses also served as nuclear references, and
were included in following bioinformatics steps (Lavretsky,
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FIGURE1 | Trap site locations of mallards (Anas platyrhynchos) in Arkansas and Tennessee during 2019-2023.
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Janzen, and McCracken 2019; Lavretsky et al. 2020). All new
Illumina raw reads are deposited in the National Center for
Biotechnology Information's Sequence Read Archive (http://
www.ncbi.nlm.nih.gov/sra; BioProject TBD, accession num-
bers TBD).

Bioinformatics included de-multiplexing raw-Illumina reads
using the ddRADparser.py script of the BU ddRAD-seq pipe-
line (DaCosta and Sorenson 2014) based on perfect barcode/
index matches. Custom in-house Python scripts (Python
scripts available at https://github.com/jonmohl/PopGen; see
Lavretsky et al. 2020) were then used to automate sequence
filtering, alignment, and genotyping using a combination of
TRIMMOMATIC (Bolger, Lohse, and Usadel 2014), BURROWS
WHEELER ALIGNER V. 07.15 (bwa; Li and Durbin 2011),
and SAMTOOLS v. 1.7 (Bolger, Lohse, and Usadel 2014). All
sequences were aligned to a recently published and chromo-
somally assembled wild North American mallard genome
(Lavretsky et al. 2023). VCF files were further filtered for any
base-pair missing >10% of samples that also included a min-
imum base-pair depth of 5% (i.e., 10X per genotype) and qual-
ity per base PHRED scores of > 30 using VCFTOOLS v. 0.1.15
(Danecek et al. 2011).

2.3 | Telemetry Data Processing

We interpreted the spatial scale of migration events and stop-
overs by first estimating a probability-density function of cu-
mulative log-transformed step-lengths and then identifying
natural breaks in the smoothed distribution of step-lengths
(Beatty et al. 2014). We interpreted step-lengths <0.25km as
movement within wetland complexes, step-lengths 0.25-50km
as local-regional movements, and step-lengths >50km as mi-
gration events (Dittmer et al. 2024; Highway et al. 2024; Masto
et al. 2024). These distances were similar to previous research
examining stopover and staging areas of dabbling ducks
(Sullivan et al. 2018; Teitelbaum et al. 2023).

We considered spring migration to have begun when indi-
viduals exceeded a pre-specified latitude that depended on
their wintering origin (i.e., Tennessee or Arkansas; Beatty
et al. 2013; Clements et al. 2022). Specifically, departure lat-
itudes were defined as the northern-most GPS location for
mallards within each capture state (Arkansas and Tennessee)
during January, a time when ducks were no longer migrat-
ing farther south (Schummer et al. 2010; Masto et al. 2022).
We excluded migration initiations that occurred before 1
February and after 31 May. Migration initiation thresholds
were 35.904°N and 36.982°N for Arkansas and Tennessee,
respectively. Individuals finished spring migration when
they (1) exceeded 43°N and (2) established residency by re-
maining within a 50 km diameter circular buffer for >10days
(Krementz, Asante, and Naylor 2011; Masto et al. 2024). We
selected the earliest location within an established residency
to demarcate the end of spring migration and the beginning of
breeding activities (e.g., wetland prospecting).

To quantify spring migration behavior, we calculated total mi-
gration distance (km), migration duration (days), number of
stopovers (n), and stopover duration (h) for each individual. We

calculated total migration distance as the sum of step-lengths
between migration start and residency establishment. Likewise,
migration duration was the time between migration start and
residency establishment. We considered a stopover to be any
geographical area between migration initiation and residency
establishment when a bird stayed within a 50km circular buffer
for >24h (Hupp et al. 2011). We quantified stopover duration
as the total elapsed time between the first and last GPS location
within the 50km circular buffer for each stopover. We imputed
zeros for stopover duration when an individual never stopped
before establishing residency.

To assess how genetic ancestry affected mallard proclivity to set-
tle near urbanized areas, we used Natural Earth version 4.0.0,
which is a publicly available land cover database, from which
we extracted urban areas (visible built-up zones and general-
ized urban boundaries derived from recognized global data-
sets) for the United States and Canada using the rnaturalearth
package in R version 4.3.3 (R Core Team 2024; Massicotte and
South 2023). We then calculated the distance to urban area using
the Euclidean distance tool in ArcGIS 10.8 (Environmental
System Research Institute Inc., Redlands, CA, USA) keeping
the raster layer at a 30 m resolution. For each individual we then
extracted distance from the arrival location (i.e., the earliest GPS
location associated with residency establishment) to the closest
urban area.

2.4 | Population Structure and Individual
Ancestry

We used a dataset of independent bi-allelic autosomal ddRAD-
seq single nucleotide polymorphisms (SNPs), with singletons
removed across analyses of population structure. We completed
all analyses without a priori information on population or spe-
cies identity. We used VCFTOOLS V. 0.1.15 (Danecek et al. 2011)
to extract bi-allelic SNPs, and then PLINK v. 1.9 (Purcell
et al. 2007) to filter for singletons (i.e., minimum allele fre-
quency [MAF]>0.0015), any SNP missing >10% of data across
samples, and linkage disequilibrium (LD). A significant linkage
disequilibrium correlation factor (r?)> 0.5 resulted in randomly
excluding 1 of 2 ddRAD-seq SNPs.

Population structure was visualized implementing a Principal
Components Analysis (PCA) in PLINK v. 1.9 (Purcell
et al. 2007) and calculating co-ancestry matrix coefficients
with the fineRADstructure program (Malinsky et al. 2018).
The co-ancestry matrix is based on the distribution of identical
or nearest neighbor haplotypes among samples with recent co-
ancestry emphasized by rare SNPs (Kimura and Ohta 1973),
and thus, an increase in these SNPs corresponds with re-
latedness. The fineRADstructure program was run with a
burn-in of 100,000 iterations, followed by 100,000 Markov
chain Monte Carlo (MCMC) iterations, and tree building
using default parameters. The co-ancestry matrix was visual-
ized using R scripts fineradstructureplot.r and finestructure-
library.r (http://cichlid.gurdon.cam.ac.uk/fineRADstructure.
html). Additionally, individual assignment probabilities (Q
values) were estimated with the program ADMIXTURE vw.
1.3 (Alexander, Novembre, and Lange 2009; Alexander and
Lange 2011; Shringarpure et al. 2016), including standard

40f 12

Ecology and Evolution, 2025

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pauienob ae sejoife YO ‘85N JO SaInJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SWLBI W00 A8 | 1M AeIq 1[pU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[6202/10/20] Uo AriqiTauliuo AB[IM ‘osed [@Sexel JO AiseAIuN Aq 9020L"€899/200T OT/10p/Lu00" A3 1M Ake.q 1 |puluo//:Sdny Wwoly pepeoiumoq ‘T ‘GZ0Z ‘85..SH02


http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
https://github.com/jonmohl/PopGen
http://cichlid.gurdon.cam.ac.uk/fineRADstructure.html
http://cichlid.gurdon.cam.ac.uk/fineRADstructure.html

errors based on 100 bootstrap replicates for each evaluated K
population model. Each ADMIXTURE analysis was ran with
a 10-fold cross-validation, and with a quasi-Newton algorithm
employed to accelerate convergence (Zhou, Alexander, and
Lange 2011). 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. We evaluated a K population model of three when
evaluating the entire dataset, and K population model of two
when excluding Khaki Campbell. The latter was done to eval-
uate for potential individual assignment changes when includ-
ing two domestic lineages versus one. Standard errors were
based on 100 bootstrap replicates per ADMIXTURE analy-
sis. In general, we expected hybrids to have multi-population
co-ancestry and Q value assignments. For ADMIXTURE, Q
scores and respective standard errors were evaluated whether
they overlapped >98% population assignment that we consid-
ered to represent a genetically pure parental, whereas those
individuals assigned to multiple genetic clusters determined
to be as hybrids.

2.5 | Statistical Analyses

We fitted Bayesian logistic regression models in the brms
package in R to evaluate the relative influence of game-farm
introgression (percentage of game-farm ancestry; percent
hybridization relative to pure wildtype) on migratory perfor-
mance and urban selection (Biirkner 2017). Specifically, we fit
eight univariate models each with separate response variables
including (1) departure and (2) arrival dates, (3) arrival date lat-
itude, (4) number of stopovers used, (5) length of time at a stop-
over, (6) distance to urban areas, (7) total migration distance,
and (8) migration duration. We treated all response variables
as a Gaussian distribution, with the exception of number of
stopovers (modeled with a Poisson distribution) and stopover
duration (modeled with a negative binomial distribution). Our
models included a unique identification number for each in-
dividual and migration year as a random effect to account for
variation among individuals and to accommodate any correla-
tions, thereby preventing pseudoreplication (Hurlbert 1984;
Kéry and Schaub 2012). The only predictor variable in all
models was the percentage of game-farm ancestry for each in-
dividual. We standardized our predictor variable (percentage
of game-farm ancestry) by subtracting the mean and divid-
ing by two standard deviations prior to modeling to improve
model fit and interpretation (Gelman 2008). We computed four
MCMC chains for 10,000 iterations, discarding the first 4000
iterations as a burn-in (Gelman and Rubin 1992), and set the
adapt_delta to 0.99 to ensure stable sampling (Biirkner 2017).
All estimated parameters had R < 1.1 indicating that all chains
converged (Gelman 2004). We calculated 90% credible inter-
vals (CrI) that provided a metric of uncertainty. We interpreted
support for biologically meaningful effect if Crls surrounding
percentage of game-farm ancestry did not overlap zero. When
the Crl was centered around zero (with an equal distribution
on both sides of zero), the effect estimate was close to zero, and
the probability of direction was less than 89%, we considered
the predictor variable to have strong support for no effect. We
considered CrlIs that did not overlap zero with a probability
of direction (pd)>89% as showing moderate support for an

effect (Makowski et al. 2019; Makowski, Ben-Shachar, and
Liidecke 2019).

3 | Results

3.1 | Population Structure and Individual
Ancestry

DNA was extracted from whole blood drawn from 321 to 197
mallards from Tennessee to Arkansas, respectively. A total of
111,560 base-pairs (bp) were recovered across chromosomes
that met our sequencing coverage and missing data criteria for
the 663 genotyped samples. An average sequencing depth of 131
sequences and range of 13-218 sequences per locus were recov-
ered across samples.

Population structure analyses of all 663 samples were based
on 36,250 (N=37,235) independent bi-allelic ddRAD-seq
SNPs. Plotting the first two components of the PCA explained
31% of the variation and provided three clear genetic groups
distinguishing between wild mallards, game-farm mallards,
and Khaki Campbell (Figure 2). The same three genetic clus-
ters were also recovered in our co-ancestry matrix (Figure 2),
and ADMIXTURE estimated assignment probabilities under
a K of three population model (Figure 2). In addition, all ref-
erence samples falling into their respective genetic groups
across analyses; wild Tennessee and Arkansas mallards were
either assigned to the wild mallard genetic cluster or an ad-
mixture between wild and game-farm mallards. To ensure
that ADMIXTURE estimated individual assignment prob-
abilities were not biased, we excluded Khaki Campbell for
a dataset of 648 samples and 37,203 independent bi-allelic
ddRAD-seq SNPs, and analyzed it under a K population model
of two. Doing so yielded near identical Q values as compared
to the analysis of the entire dataset under a K population
model of three. Importantly, when aligning samples based on
their location on the co-ancestry matrix, we found two clus-
ters of 54 wild mallards from Tennessee and Arkansas that
fell outside other wild mallards in the co-ancestry dendro-
gram, have slightly elevated mixed co-ancestry between wild
and game-farm mallards, and with Q value standard devia-
tions that do not overlap >98% wild mallard genetic ances-
try. Conversely, we found that all wild mallards, including
our reference wild mallards, fell within a single co-ancestry
matrix, with respective Q value standard deviations that over-
lapped, indicating > 98% wild mallard genetic ancestry. Thus,
we characterized those 54 samples as wild X game-farm mal-
lard hybrids, with the remaining Tennessee and Arkansas
mallards as genetically wild. We consider all of the putative
hybrids as late-generational backcrosses given the lowest wild
mallard ancestry assignment was 77% among the 54 sam-
ples. Regardless, our characterization resulted in a slightly
higher hybrid prevalence among Tennessee (n =38 ~12%) than
Arkansas (n =16 ~8%) samples.

3.2 | Migration Behaviors and Chronology

‘We monitored 296 mallards that initiated spring migration, with
95 in Arkansas (25 females and 70 males), and 201 in Tennessee
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FIGURE 2 | Nuclear population structure analyses based on 36,250

our study samples, as well as reference Khaki Campbell, wild and game-
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independent bi-allelic nuclear SNPs assayed across 663 samples comprising
farm mallards. Population structure was assessed based on a fineRADstruc-

ture co-ancestry matrix, and ADMIXTURE assignment probabilities obtained for all samples at a K of 3 or just known game-farm and wild mallards
at a K of 2. Note that standard errors obtained from 100 bootstrap replicates are overlaid on the ADMIXTURE analysis of known game-farm and

wild mallards at a K of 2.

(92 females and 109 males). We obtained 2 years of spring migra-
tion data from 41 of those individuals. Hence, we modeled 337
(n=110 and 227 for Arkansas and Tennessee, respectively) mi-
gratory tracks for which all individuals were genetically-vetted.

Generally, mallards with a higher percentage of game-farm an-
cestry departed later (8=1.62, 90% CI: —0.05-3.29, pd=94.52%;
Figure 3A), established residency later (8=2.02, 90% CI: 0.28-3.74,

pd =97.19%; Figure 3B), established residency at lower latitudes
(B=-0.33,90% CI: —0.73-0.07, pd =91.33%; Figure 3C), and trav-
eled less total migration distance (§=-70.77, 90% CI: —122.86 to
—18.45, pd =98.67%; Figure 3D). Specifically, for every 10% in-
crease in game-farm genetics, mallards had a 17.7% later departure
date, 22.1% later arrival date, established residency in breeding
locales 3.3% farther south, and a 7.1% decrease in total distance
traveled during migration. We did not find statistical association
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FIGURE 3 | (A) Estimated spring migration departure dates, (B) arrival dates, (C) arrival latitudes (degrees), and (D) total spring migration dis-
tance (km) as a function of percentage game-farm mallard for 337 migration tracks made by 296 mallards (Anas platyrhynchos) captured in Arkansas

and Tennessee during 2019-2023. Light blue shading represents the 90% credible intervals.

between the amount of game-farm ancestry with the number of
stopovers, duration at stopovers, duration of migration, and estab-
lishment of residency closer to urban areas (Table 1).

4 | Discussion

Recent genetic analyses have revealed a geographic trend in
the prevalence of feral game-farm and game-farm X wild mal-
lard hybrids, with prevalence decreasing from east to west, and
closely aligning with areas of game-farm mallard releases en
masse (Lavretsky et al. 2023). Concordant with previous studies,
genetic ancestry assignments recovered our samples to cluster
with or between wild and game-farm mallards, with none show-
ing any association with our alternative domestic lineage, Khaki
Campbells (Figure 2). Generally, the proportions of individuals
with game-farm ancestry that we recovered were higher than
those reported for lower Mississippi Alluvial Valley (M AV; Davis
et al. 2022) but lower than those from the Great Lakes Region
(Schummer et al. 2023). Together, ours and the aforementioned

studies suggest genetic sub-structuring of migratory mallard
populations in the Mississippi Flyway and highlight a critical
need for further investigation into the factors influencing possi-
ble metapopulation dynamics.

Mallards with higher percentages of game-farm ancestry exhib-
ited altered migratory behaviors, including delayed departure
and residency establishment, reduced migration distances, and
settlement at lower latitudes (Figure 3). Changes in migration
timing and locality can impact reproductive performance and
eventually influence population dynamics (Aebischer et al. 1996;
Gunnarsson et al. 2006; Bauer et al. 2008). For example, late
arrivals to breeding grounds can result in lower reproductive
success due to a shortened breeding season (Lozano, Perreault,
and Lemon 1996; Bell et al. 2024), reduced forage (Sergio and
Newton 2003; Lok et al. 2017), increased temperatures (Skagen
and Adams 2012; Alves et al. 2013), and decreased renesting
propensity (Prop, Black, and Shimmings 2003; Newton 2008).
Furthermore, habitat mismatches or rearing young during peri-
ods of higher predation risk may occur when avian species arrive
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TABLE1 | Parameter estimate (percentage game-farm mallard) movement behavior model for 337 migration tracks from 296 mallards captured

in Arkansas and Tennessee during 2019 and 2023.

Model B SE Crl pd

Arrival date 2.02 1.05 0.28-3.74 97.19
Arrival latitude -0.33 0.24 —0.73-0.07 91.33
Departure date 1.62 1.01 —0.05-3.29 94.52
Distance to urban 90.29 8.15 —77.71-104.39 78.46
Migration duration 0.42 1.34 -1.76-2.64 62.22
Migration total =70.77 31.62 —122.86 to —18.45 98.67
Migration duration 0.42 1.34 -1.76-2.64 62.22
Number of stopovers —0.01 0.07 —0.12-0.10 56.84
Stopover duration 7.50 13.43 —14.48-29.75 71.01

Note: Model refers to the response variable in each model. Shown are regression coefficients (§3), standard error (SE), 90% credible intervals (Crl) and probability of

direction (pd).

later to their breeding grounds (Lank et al. 2003; DeGregorio
et al. 2016). Although wild mallards typically select optimal
breeding times, hybrids appear to settle in areas of lower lati-
tudes at later arrival dates. We posit that hybrids are unable to
migrate to northern latitudes either due to physical limitations
or because they experience reduced survival rates in those re-
gions (Arnold and Martin 2010). Consequently, we hypothesize
that interbreeding between wild and game-farm mallards is
potentially reducing North American mallards’ realized niche
space. As with hybrid bills being transformed to being shorter
and wider (Halligan 2024) and with lowered lamellar density
(Champagnon et al. 2010) that has resulted in reduced feeding
efficiency (Halligan 2024), artificial selection may have also
changed wing, muscle, or other physiological features that re-
duce their capacity to migrate (Champagnon et al. 2023). Future
research would benefit from whole-genome analyses in which
association studies can be performed to determine the genetic
underpinnings of these traits, shedding light into how much of
the variation observed among these admixed populations is due
to genetic ancestry versus environmental changes.

Stopovers are essential for refueling and rest during migra-
tion (Seewagen, Guglielmo, and Morbey 2013; Linscott and
Senner 2021). The frequency and duration of stopovers were
similar between wild and hybrid mallards, but wild mallards
migrated farther, suggesting greater efficiency. Given the re-
duced foraging efficiency of game-farm X wild mallard hybrids
(Halligan 2024; Champagnon et al. 2010; Soderquist et al. 2017,
Champagnon et al. 2023), hybrids may halt their migra-
tion due to an inability to accumulate the necessary body re-
serves to complete migration (Newton 2006; Ramenofsky and
Wingfield 2006).

Although game-farm X wild mallard hybrids are often associ-
ated with urban environments (Lavretsky et al. 2023), we found
no evidence of game-farm hybrids ending their migration closer
to urban environments compared to wild mallards. Spatial bar-
riers, specifically at breeding sites, contribute most to total re-
productive isolation (Matsubayashi and Katakura 2009; Lackey
and Boughman 2017). The breakdown of habitat isolation during

breeding periods can lead to extensive hybridization (Taylor
et al. 2006; Takimoto 2009; Elmer 2019; Ravinet et al. 2021).
For instance, male farm-raised red fox (Vulpes vulpes) dispersed
away from urban areas and were the primary agents of gene
flow to pure populations, whereas females remained near urban
areas (Sacks, Brazeal, and Lewis 2016). This overlap may suggest
a mechanism for game-farm mallards to pair bond with wild
types, facilitated by strong spatial overlap, further promoting
hybridization. We acknowledge that the general lack of highly
backcrossed or simply feral mallards may impact our ability to
fully evaluate the cost of hybridization, as maladaptive traits
of game farm mallards may have already been selected against
in the lineages of late-generation hybrids that were sampled in
this study. Thus, future work will require increased sampling
across the spectrum of hybrids that are known to occur in North
America to understand the full effect of maladaptive traits in-
troduced to wild mallard through game-farm mallard introgres-
sion (Lavretsky et al. 2023).

The introgression of game-farm ancestry into wild mallard
populations presents significant conservation challenges, par-
ticularly in the context of the Anthropocene. Human activi-
ties, including the continued release of hundreds of thousands
of game-farm mallards annually since the early 1900s, have
led to increased hybridization, impacting the genetic integrity
and adaptive potential of wild mallard populations (Lavretsky
et al. 2023). Despite lower levels of hybridization at our study
sites compared to those in the Atlantic Flyway (Lavretsky 2021)
or Great Lakes (Luukkonen 2024), we still detected differences
in migratory behavior. In areas with greater number of hybrid or
increased game farm X wild mallard hybridization proportions,
hybrids are known to select urban landscapes (Osborne, Swift,
and Baldassarre 2010). However, this study demonstrates strong
overlap in breeding areas between wild and game-farm hybrid
mallards from wintering areas with relative low frequency of
hybridization. The use of traditional breeding areas by game-
farm X wild mallard hybrids in addition to prior evidence of
urban affinity, suggests greater plasticity in breeding habitats
and habits of game-farm X wild mallard hybrids. Hence, more
comprehensive studies focusing on the selection of breeding
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areas should be conducted to understand the dispersal patterns
of game-farm mallard hybrids and mechanisms for introgres-
sion. Furthermore, our data supports the need to limit the stock-
ing of animals from agricultural lineages to minimize impacts
on wild species behavior.

Author Contributions

Nicholas W. Bakner: conceptualization (equal), data curation
(equal), formal analysis (lead), methodology (equal), validation
(lead), visualization (lead), writing — original draft (lead), writing -
review and editing (equal). Nicholas M. Masto: conceptualization
(equal), data curation (equal), formal analysis (equal), investigation
(equal), writing - review and editing (equal). Philip Lavretsky: con-
ceptualization (equal), data curation (equal), investigation (equal),
methodology (equal), supervision (equal), visualization (equal),
writing - review and editing (equal). Cory J. Highway: conceptu-
alization (equal), data curation (equal), investigation (equal), visu-
alization (equal), writing - review and editing (equal). Allison C.
Keever: conceptualization (equal), formal analysis (supporting), in-
vestigation (equal), writing - review and editing (equal). Abigail G.
Blake-Bradshaw: conceptualization (equal), data curation (equal),
investigation (equal), writing - review and editing (equal). Ryan J.
Askren: conceptualization (supporting), data curation (equal), in-
vestigation (equal), writing - review and editing (equal). Heath M.
Hagy: conceptualization (equal), funding acquisition (equal), writ-
ing - review and editing (equal). Jamie C. Feddersen: conceptu-
alization (equal), funding acquisition (equal), writing — review and
editing (equal). Douglas C. Osborne: conceptualization (equal),
funding acquisition (equal), project administration (equal), writing
- review and editing (equal). Bradley S. Cohen: conceptualization
(equal), funding acquisition (equal), investigation (equal), project ad-
ministration (equal), writing — review and editing (equal).

Acknowledgments

R. Bealer, T. Bradshaw, L. Bull, K. Hall, T. Drake, C. von Haugg, K.
Cody, E. Dittmer, S. Phelps, D. Oden, and B. Weber assisted in capture
of mallards and deployment of GPS transmitters. Any use of trade, prod-
uct, or firm names are for descriptive purposes only and do not imply
endorsement by the U.S. Government. Views expressed in this article
are the authors’ own and do not necessarily represent views of the U.S.
Fish and Wildlife Service.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
GitHub at https://github.com/nwb74172/Genetics-Mallard-Migration.
git. Data and code additionally provided as Appendix S1.

References

Aebischer, A., N. Perrin, M. Krieg, J. Studer, and D. R. Meyer. 1996. “The
Role of Territory Choice, Mate Choice and Arrival Date on Breeding
Success in the Savi's Warbler Locustella luscinioides.” Journal of Avian
Biology 27: 143-152.

Alexander, D. H., and K. Lange. 2011. “Enhancements to the
ADMIXTURE Algorithm for Individual Ancestry Estimation.” BMC
Bioinformatics 12: 246.

Alexander, D. H., J. Novembre, and K. Lange. 2009. “Fast Model-Based
Estimation of Ancestry in Unrelated Individuals.” Genome Research 19:
1655-1664.

Allendorf, F. W., R. F. Leary, N. P. Hitt, K. L. Knudsen, M. C. Boyer,
and P. Spruell. 2005. “Cutthroat Trout Hybridization and the U.S.
Endangered Species Act: One Species, Two Policies.” Conservation
Biology 19: 1326-1328.

Allendorf, F. W., R. F. Leary, P. Spruell, and J. K. Wenburg. 2001. “The
Problems With Hybrids: Setting Conservation Guidelines.” Trends in
Ecology and Evolution 16: 613-622.

Alves, J. A., T. G. Gunnarsson, D. B. Hayhow, et al. 2013. “Costs,
Benefits, and Fitness Consequences of Different Migratory Strategies.”
Ecology 94:11-17.

Anteau, M. J.,and A. D. Afton. 2004. “Nutrient Reserves of Lesser Scaup
(Aythya affinis) During Spring Migration in the Mississippi Flyway: A
Test of the Spring Condition Hypothesis.” Auk 121: 917-929.

Arnold, M. L., and N. H. Martin. 2010. “Hybrid Fitness Across Time and
Habitats.” Trends in Ecology and Evolution 25: 530-536.

Avise, J. C. 1994. “Speciation and Hybridization.” In Molecular Markers,
Natural History and Evolution, 252-305. New York, NY: Springer.

Baldassarre, G. A. 2014. Ducks, Geese, and Swans of North America. Vol.
1. Baltimore, MD: Johns Hopkins University Press.

Barbanera, F., O. R. Pergams, M. Guerrini, G. Forcina, P. Panayides,
and F. Dini. 2010. “Genetic Consequences of Intensive Management in
Game Birds.” Biological Conservation 143: 1259-1268.

Bauer, S., M. Van Dinther, K.-A. Hogda, M. Klaassen, and J. Madsen.
2008. “The Consequences of Climate-Driven Stop-Over Sites Changes
on Migration Schedules and Fitness of Arctic Geese.” Journal of Animal
Ecology 77: 654-660.

Beatty, W. S., D. C. Kesler, E. B. Webb, A. H. Raedeke, L. W. Naylor,
and D. D. Humburg. 2013. “Quantitative and Qualitative Approaches
to Identifying Migration Chronology in a Continental Migrant.” PLoS
One 8: €75673.

Beatty, W. S., E. B. Webb, D. C. Kesler, A. H. Raedeke, L. W. Naylor, and
D. D. Humburg. 2014. “Landscape Effects on Mallard Habitat Selection
at Multiple Spatial Scales During the Non-breeding Period.” Landscape
Ecology 29: 989-1000.

Bell, F., J. Ouwehand, C. Both, et al. 2024. “Individuals Departing Non-
breeding Areas Early Achieve Earlier Breeding and Higher Breeding
Success.” Scientific Reports 14: 4075.

Blanco-Aguiar, J. A., E. Ferrero, and J. A. Dévila. 2022. “Molecular DNA
Studies in the Red- Legged Partridge: From Population Genetics and
Phylogeography to the Risk of Anthropogenic Hybridization.” In The
Future of the Red-Legged Partridge: Science, Hunting and Conservation,
117-137. Cham: Springer.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. “Trimmomatic: A Flexible
Trimmer for Illumina Sequence Data.” Bioinformatics 30: 2114-2120.

Bolnick, D. I., E. J. Caldera, and B. Matthews. 2008. “Evidence for
Asymmetric Migration Load in a Pair of Ecologically Divergent
Stickleback Populations.” Biological Journal of the Linnean Society 94:
273-287.

Biirkner, P.-C. 2017. “Brms: An R Package for Bayesian Multilevel
Models Using Stan.” Journal of Statistical Software 80: 1-28.

Carney, S. M. 1992. Species, Age and Sex Identification of Ducks Using
Wing Plumage. Washington, DC: U.S. Fish and Wildlife Service, U.S.
Department of the Interior.

Champagnon, J., J. Elmberg, M. Guillemain, M. Gauthier-Clerc, and
J.-D. Lebreton. 2012. “Conspecifics Can Be Aliens Too: A Review of
Effects of Restocking Practices in Vertebrates.” Journal for Nature
Conservation 20: 231-241.

Champagnon, J., J. Elmberg, M. Guillemain, P. Lavretsky, R. G. Clark,
and P. Soderquist. 2023. “Silent Domestication of Wildlife in the
Anthropocene: The Mallard as a Case Study.” Biological Conservation
288:110354.

9o0f12

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pauienob ae sejoife YO ‘85N JO SaInJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SWLBI W00 A8 | 1M AeIq 1[pU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[6202/10/20] Uo AriqiTauliuo AB[IM ‘osed [@Sexel JO AiseAIuN Aq 9020L"€899/200T OT/10p/Lu00" A3 1M Ake.q 1 |puluo//:Sdny Wwoly pepeoiumoq ‘T ‘GZ0Z ‘85..SH02


https://github.com/nwb74172/Genetics-Mallard-Migration.git
https://github.com/nwb74172/Genetics-Mallard-Migration.git

Champagnon, J., M. Guillemain, J. Elmberg, K. Folkesson, and M.
Gauthier-Clerc. 2010. “Changes in Mallard Anas platyrhynchos Bill
Morphology After 30 Years of Supplemental Stocking.” Bird Study 57:
344-351.

Clements, S. J., J. P. Loghry, B. M. Ballard, and M. D. Weegman. 2022.
“Carry-Over Effects of Weather and Decision-Making on Nest Success
of a Migratory Shorebird.” Ecology and Evolution 12: e9581.

Crespel, A., K. Schneider, T. Miller, et al. 2021. “Genomic Basis
of Fishing-Associated Selection Varies With Population Density.”
Proceedings of the National Academy of Sciences of the United States of
America 118: €2020833118.

Crispo, E., J. Moore, J. A. Lee-Yaw, S. M. Gray, and B. C. Haller.
2011. “Broken Barriers: Human-Induced Changes to Gene Flow and
Introgression in Animals: An Examination of the Ways in Which
Humans Increase Genetic Exchange Among Populations and Species
and the Consequences for Biodiversity.” BioEssays 33: 508-518.

Cushman, S. A., K. Kilshaw, Z. Kaszta, R. D. Campbell, M. Gaywood,
and D. W. Macdonald. 2024. “Explaining Inter-Individual Differences in
Habitat Relationships Among Wildcat Hybrids in Scotland.” Ecological
Modelling 491: 110656.

DaCosta, J. M., and M. D. Sorenson. 2014. “Amplification Biases and
Consistent Recovery of Loci in a Double-Digest RAD-Seq Protocol.”
PLoS One 9: €106713.

Danecek, P., A. Auton, G. Abecasis, et al. 2011. “The Variant Call
Format and VCFtools.” Bioinformatics 27: 2156-2158.

Davis, J. B, D. C. Outlaw, K. M. Ringelman, R. M. Kaminski, and P.
Lavretsky. 2022. “Low Levels of Hybridization Between Domestic and
Wild Mallards Wintering in the Lower Mississippi Flyway.” Ornithology
139: ukac034.

De Santis, V., S. Quadroni, R. J. Britton, et al. 2021. “Biological and
Trophic Consequences of Genetic Introgression Between Endemic and
Invasive Barbus Fishes.” Biological Invasions 23: 3351-3368.

DeGregorio, B. A., P.J. Weatherhead, M. P. Ward, and J. H. Sperry. 2016.
“Do Seasonal Patterns of Rat Snake (Pantherophis obsoletus) and Black
Racer (Coluber constrictor) Activity Predict Avian Nest Predation?”
Ecology and Evolution 6: 2034-2043.

Delibes-Mateos, M., E. Ramirez, P. Ferreras, and R. Villafuerte. 2008.
“Translocations as a Risk for the Conservation of European Wild Rabbit
Oryctolagus cuniculus Lineages.” Oryx 42: 259-264.

Dieter, C. D., R.J. Murano, and D. Galster. 2009. “Capture and Mortality
Rates of Ducks in Selected Trap Types.” Journal of Wildlife Management
73:1223-1228.

Dittmer, E. M., R. J. Askren, H. M. Hagy, J. Hitchcock, and D. C.
Osborne. 2024. “Not all Sanctuaries Are Created Equal: Variation in
Protected Area Selection by Wintering Mallards.” Journal of Wildlife
Management 88: €22535.

Elmer, K. R. 2019. “Barrier Loci and Evolution.” In eLS, 1-7. New York,
NY: American Cancer Society. https://doi.org/10.1002/9780470015902.
a0028138.

Fair, J., E. Paul, and J. Jones. 2010. Guidelines to the Use of Wild Birds in
Research, 3rd Edition. Washington, DC: Ornithological Council.

Feiner, N., W. Yang, I. Bunikis, G. M. While, and T. Uller. 2024.
“Adaptive Introgression Reveals the Genetic Basis of a Sexually Selected
Syndrome in Wall Lizards.” Science Advances 10: eadk9315.

Gelman, A. 2004. “Exploratory Data Analysis for Complex Models.”
Journal of Computational and Graphical Statistics 13: 755-779.

Gelman, A. 2008. “Scaling Regression Inputs by Dividing by Two
Standard Deviations.” Statistics in Medicine 27: 2865-2873.

Gelman, A.,and D. B. Rubin. 1992. “Inference From Iterative Simulation
Using Multiple Sequences.” Statistical Science 7: 457-472.

Gelman, A. 2004. “Parameterization and Bayesian Modeling.” Journal
of the American Statistical Association 99: 537-545.

Graham, C. F., T. C. Glenn, A. G. McArthur, et al. 2015. “Impacts of
Degraded DNA on Restriction Enzyme Associated DNA Sequencing
(RADSeq).” Molecular Ecology Resources 15: 1304-1315.

Grant, P. R., and B. R. Grant. 1992. “Hybridization of Bird Species.”
Science 256: 193-197.

Gunnarsson, T. G., J. A. Gill, P. W. Atkinson, et al. 2006. “Population-
Scale Drivers of Individual Arrival Times in Migratory Birds.” Journal
of Animal Ecology 75: 1119-1127.

Gurd, D. B. 2007. “Predicting Resource Partitioning and Community
Organization of Filter-Feeding Dabbling Ducks From Functional
Morphology.” American Naturalist 169: 334-343.

Halligan, S., M. Schummer, A. Fournier, et al. 2024. Morphological
Differences Between Wild and Game-Farm Mallards in North America.
Champaign, IL: University of Illinois Urbana-Champaign. https://doi.
org/10.13012/B2IDB-3363781_V1.

Harrison, R. G. 1993. Hybrid Zones and the Evolutionary Process. New
York, NY: Oxford University Press.

Helbig, A. J. 1991. “Inheritance of Migratory Direction in a Bird
Species: A Cross-Breeding Experiment With SE-and SW-Migrating
Blackcaps (Sylvia atricapilla).” Behavioral Ecology and Sociobiology
28:9-12.

Hendry, A. P., K. M. Gotanda, and E. I. Svensson. 2017. “Human
Influences on Evolution, and the Ecological and Societal Consequences.”
Philosophical Transactions of the Royal Society B: Biological Sciences
372:20160028.

Hernadndez, F., J. I. Brown, M. Kaminski, M. G. Harvey, and P.
Lavretsky. 2021. “Genomic Evidence for Rare Hybridization and Large
Demographic Changes in the Evolutionary Histories of Four North
American Dove Species.” Animals 11: 2677.

Heusmann, H. 1974. “Mallard-Black Duck Relationships in the
Northeast.” Wildlife Society Bulletin 2: 171-177.

Highway, C.J., A. G. Blake-Bradshaw, N. M. Masto, et al. 2024. “Hunting
Constrains Wintering Mallard Response to Habitat and Environmental
Conditions.” Wildlife Biology 2024: €01198.

Hupp, J. W., N. Yamaguchi, P. L. Flint, et al. 2011. “Variation in Spring
Migration Routes and Breeding Distribution of Northern Pintails Anas
acuta That Winter in Japan.” Journal of Avian Biology 42: 289-300.

Hurlbert, S. H. 1984. “Pseudoreplication and the Design of Ecological
Field Experiments.” Ecological Monographs 54: 187-211.

Keller, L. F., and D. M. Waller. 2002. “Inbreeding Effects in Wild
Populations.” Trends in Ecology and Evolution 17: 230-241.

Kéry, M., and M. Schaub. 2012. Bayesian Population Analysis Using
WinBUGS - A Hierarchical Perspective. Switzerland: Academic Press,
Swiss Ornithological Institute.

Kimura, M., and T. Ohta. 1973. “The Age of a Neutral Mutant Persisting
in a Finite Population.” Statistics and Computing Genetics 75: 199-212.

Krementz, D. G., K. Asante, and L. W. Naylor. 2011. “Spring Migration
of Mallards From Arkansas as Determined by Satellite Telemetry.”
Journal of Fish and Wildlife Management 2: 156-168.

Kulikova,I.V.,S. V. Drovetski, D. D. Gibson, et al. 2005. “Phylogeography
of the Mallard (Anas platyrhynchos): Hybridization, Dispersal, and
Lineage Sorting Contribute to Complex Geographic Structure.” Auk
122:949-965.

Lackey, A. C. R., and J. W. Boughman. 2017. “Evolution of Reproductive
Isolation in Stickleback Fish.” Evolution 71: 357-372.

Laikre, L., M. K. Schwartz, R. S. Waples, and N. Ryman. 2010.
“Compromising Genetic Diversity in the Wild: Unmonitored

10 of 12

Ecology and Evolution, 2025

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pauienob ae sejoife YO ‘85N JO SaInJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SWLBI W00 A8 | 1M AeIq 1[pU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[6202/10/20] Uo AriqiTauliuo AB[IM ‘osed [@Sexel JO AiseAIuN Aq 9020L"€899/200T OT/10p/Lu00" A3 1M Ake.q 1 |puluo//:Sdny Wwoly pepeoiumoq ‘T ‘GZ0Z ‘85..SH02


https://doi.org/10.1002/9780470015902.a0028138
https://doi.org/10.1002/9780470015902.a0028138
https://doi.org/10.13012/B2IDB-3363781_V1
https://doi.org/10.13012/B2IDB-3363781_V1

Large-Scale Release of Plants and Animals.” Trends in Ecology and
Evolution 25: 520-529.

Lank, D. B., R. W. Butler, J. Ireland, and R. C. Ydenberg. 2003. “Effects
of Predation Danger on Migration Strategies of Sandpipers.” Oikos 103:
303-319.

Lavretsky, P. 2021. “Population Genomics Provides Key Insights Into
Admixture, Speciation, and Evolution of Closely Related Ducks of the
Mallard Complex.” In Population Genomics: Wildlife, 295-330. Berlin:
Springer Nature.

Lavretsky, P., J. M. Dacosta, B. E. Hernandez-Bafios, A. Engilis Jr., M.
D. Sorenson, and J. L. Peters. 2015. “Speciation Genomics and a Role for
the Z Chromosome in the Early Stages of Divergence Between Mexican
Ducks and Mallards.” Molecular Ecology 24: 5364-5378.

Lavretsky, P., J. M. DaCosta, M. D. Sorenson, K. G. McCracken, and J.
L. Peters. 2019. “ddRAD-Seq Data Reveal Significant Genome-Wide
Population Structure and Divergent Genomic Regions That Distinguish
the Mallard and Close Relatives in North America.” Molecular Ecology
28:2594-26009.

Lavretsky, P., T. Janzen, and K. G. McCracken. 2019. “Identifying
Hybrids & the Genomics of Hybridization: Mallards & American Black
Ducks of Eastern North America.” Ecology and Evolution 9: 3470-3490.

Lavretsky, P., N. R. McInerney, J. E. Mohl, et al. 2020. “Assessing
Changes in Genomic Divergence Following a Century of Human-
Mediated Secondary Contact Among Wild and Captive-Bred Ducks.”
Molecular Ecology 29: 578-595.

Lavretsky, P., J. E. Mohl, P. Soderquist, R. H. Kraus, M. L. Schummer,
and J. I. Brown. 2023. “The Meaning of Wild: Genetic and Adaptive
Consequences From Large-Scale Releases of Domestic Mallards.”
Communications Biology 6: 819.

Lemmon, E. M., A. R. Lemmon, J. T. Collins, J. A. Lee-Yaw, and D. C.
Cannatella. 2007. “Phylogeny-Based Delimitation of Species Boundaries
and Contact Zones in the Trilling Chorus Frogs (Pseudacris).” Molecular
Phylogenetics and Evolution 44: 1068-1082.

Li, H., and R. Durbin. 2011. “Inference of Human Population History
From Individual Whole- Genome Sequences.” Nature 475: 493-496.

Linscott, J. A., and N. R. Senner. 2021. “Beyond Refueling: Investigating
the Diversity of Functions of Migratory Stopover Events.” Ornithological
Applications 123: duaa074.

Lok, T., L. Veldhoen, O. Overdijk, J. M. Tinbergen, and T. Piersma. 2017.
“An Age-Dependent Fitness Cost of Migration? Old Trans-Saharan
Migrating Spoonbills Breed Later Than Those Staying in Europe, and
Late Breeders Have Lower Recruitment.” Journal of Animal Ecology 86:
998-1009.

Lozano, G. A., S. Perreault, and R. E. Lemon. 1996. “Age, Arrival Date
and Reproductive Success of Male American Redstarts Setophaga ruti-
cilla.” Journal of Avian Biology 27: 164-170.

Luukkonen, B. Z. 2024. “Movement and Population Dynamics of Great
Lakes Mallards.” Dissertation, East Lansing: Michigan State University,
USA.

Maag, D. W., Y. Z. Francioli, T. A. Castoe, G. W. Schuett, and R. W. Clark.
2024. “The Spatial Ecology of Mojave Rattlesnakes (Crotalus scutulatus),
prairie Rattlesnakes (Crotalus viridis), and Their Hybrids in Southwestern
New Mexico.” Biological Journal of the Linnean Society 141: blae037.

Makowski, D., M. S. Ben-Shachar, S. A. Chen, and D. Liidecke.
2019. “Indices of Effect Existence and Significance in the Bayesian
Framework.” Frontiers in Psychology 10: 2767.

Makowski, D., M. S. Ben-Shachar, and D. Liidecke. 2019. “bayestestR:
Describing Effects and Their Uncertainty, Existence and Significance
Within the Bayesian Framework.” Journal of Open Source Software
4:1541.

Malinsky, M., E. Trucchi, D. J. Lawson, and D. Falush. 2018.
“RADpainter and fineRADstructure: Population Inference From
RADseq Data.” Molecular Biology and Evolution 35: 1284-1290.

Mallet, J. 2005. “Hybridization as an Invasion of the Genome.” Trends in
Ecology and Evolution 20: 229-237.

Massicotte, P., and A. South. 2023. “rnaturalearth: World Map Data
From Natural Earth.” https://cran.r-project.org/web/packages/rnatu
ralearth/index.html.

Masto, N. M., A. G. Blake-Bradshaw, C. J. Highway, et al. 2024. “Human
Access Constrains Optimal Foraging and Habitat Availability in an
Avian Generalist.” Ecological Applications 34: €2952.

Masto, N. M., O.J. Robinson, M. G. Brasher, et al. 2022. “Citizen Science
Reveals Waterfowl Responses to Extreme Winter Weather.” Global
Change Biology 28: 5469-5479.

Matsubayashi, K. W., and H. Katakura. 2009. “Contribution of
Multiple Isolating Barriers to Reproductive Isolation Between a Pair of
Phytophagous Ladybird Beetles.” Evolution 63: 2563-2580.

McCarthy, E. M. 2006. Handbook of Avian Hybrids of the World. New
York, NY: Oxford University Press.

McDuie, F., M. L. Casazza, D. Keiter, et al. 2019. “Moving at the Speed
of Flight: Dabbling Duck-Movement Rates and the Relationship With
Electronic Tracking Interval.” Wildlife Research 46: 533-543.

Millette, K. L., V. Fugere, C. Debyser, A. Greiner, F. J. Chain, and A.
Gonzalez. 2020. “No Consistent Effects of Humans on Animal Genetic
Diversity Worldwide.” Ecology Letters 23: 55-67.

Newton, I. 2006. “Can Conditions Experienced During Migration Limit
the Population Levels of Birds?” Journal of Ornithology 147: 146-166.

Newton, I. 2008. The Migration Ecology of Birds. London: Academic
Press.

Osborne, C. E., B. L. Swift, and G. A. Baldassarre. 2010. “Fate of
Captive-Reared and Released Mallards on Eastern Long Island, New
York.” Human-Wildlife Interactions 4: 266-274.

Pelletier, F., and D. W. Coltman. 2018. “Will Human Influences on
Evolutionary Dynamics in the Wild Pervade the Anthropocene?” BMC
Biology 16: 7.

Prop, J., J. M. Black, and P. Shimmings. 2003. “Travel Schedules to the
High Arctic: Barnacle Geese Trade-Off the Timing of Migration With
Accumulation of Fat Deposits.” Oikos 103: 403-414.

Purcell, S., B. Neale, K. Todd-Brown, et al. 2007. “PLINK: A Tool Set for
Whole- Genome Association and Population-Based Linkage Analyses.”
American Journal of Human Genetics 81: 559-575.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing.

Ramenofsky, M., and J. C. Wingfield. 2006. “Behavioral and
Physiological Conflicts in Migrants: The Transition Between Migration
and Breeding.” Journal of Ornithology 147: 135-145.

Randi, E. 2008. “Detecting Hybridization Between Wild Species and
Their Domesticated Relatives.” Molecular Ecology 17: 285-293.

Ravinet, M., M. Kume, A. Ishikawa, and J. Kitano. 2021. “Patterns of
Genomic Divergence and Introgression Between Japanese Stickleback
Species With Overlapping Breeding Habitats.” Journal of Evolutionary
Biology 34:114-127.

Rhymer, J. M., and D. Simberloff. 1996. “Extinction by Hybridization
and Introgression.” Annual Review of Ecology and Systematics 27:
83-109.

Robert, A. 2009. “Captive Breeding Genetics and Reintroduction
Success.” Biological Conservation 142: 2915-2922.

11 of 12

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pauienob ae sejoife YO ‘85N JO SaInJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SWLBI W00 A8 | 1M AeIq 1[pU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[6202/10/20] Uo AriqiTauliuo AB[IM ‘osed [@Sexel JO AiseAIuN Aq 9020L"€899/200T OT/10p/Lu00" A3 1M Ake.q 1 |puluo//:Sdny Wwoly pepeoiumoq ‘T ‘GZ0Z ‘85..SH02


https://cran.r-project.org/web/packages/rnaturalearth/index.html
https://cran.r-project.org/web/packages/rnaturalearth/index.html

Roberts, D. G., C. A. Gray, R. J. West, and D. J. Ayre. 2010. “Marine
Genetic Swamping: Hybrids Replace an Obligately Estuarine Fish.”
Molecular Ecology 19: 508-520.

Roe, A. D., and F. A. Sperling. 2007. “Population Structure and Species
Boundary Delimitation of Cryptic Dioryctria Moths: An Integrative
Approach.” Molecular Ecology 16: 3617-3633.

Sacks, B. N., J. L. Brazeal, and J. C. Lewis. 2016. “Landscape Genetics
of the Nonnative Red Fox of California.” Ecology and Evolution 6:
4775-4791.

Schummer, M. L., R. M. Kaminski, A. H. Raedeke, and D. A. Graber.
2010. “Weather-Related Indices of Autumn- Winter Dabbling Duck
Abundance in Middle North America.” Journal of Wildlife Management
74:94-101.

Schummer, M. L., J. Simpson, B. Shirkey, S. R. Kucia, P. Lavretsky,
and D. C. Tozer. 2023. “Population Genetics and Geographic Origins
of Mallards Harvested in Northwestern Ohio.” PLoS One 18: €0282874.

Seewagen, C. L., C. G. Guglielmo, and Y. E. Morbey. 2013. “Stopover
Refueling Rate Underlies Protandry and Seasonal Variation in
Migration Timing of Songbirds.” Behavioral Ecology 24: 634-642.

Sergio, F., and I. Newton. 2003. “Occupancy as a Measure of Territory
Quality.” Journal of Animal Ecology 72: 857-865.

Sharp, D. E., and R. I. Smith. 1986. Rocket-Projected Net Trap Use in
Wildlife Management and Research. 1979-1985 Laurel, Maryland,
USA.

Shringarpure, S. S., C. D. Bustamante, K. Lange, and D. H. Alexander.
2016. “Efficient Analysis of Large Datasets and Sex Bias With
ADMIXTURE.” BMC Bioinformatics 17: 218.

Skagen, S. K., and A. A. Y. Adams. 2012. “Weather Effects on Avian
Breeding Performance and Implications of Climate Change.” Ecological
Applications 22: 1131-1145.

Soderquist, P., J. Elmberg, G. Gunnarsson, et al. 2017. “Admixture
Between Released and Wild Game Birds: A Changing Genetic
Landscape in European Mallards (Anas platyrhynchos).” European
Journal of Wildlife Research 63: 1-13.

Soderquist, P., G. Gunnarsson, and J. Elmberg. 2013. “Longevity and
Migration Distance Differ Between Wild and Hand-Reared Mallards
Anas platyrhynchos in Northern Europe.” European Journal of Wildlife
Research 59:159-166.

Soderquist, P., J. Norrstrém, J. Elmberg, M. Guillemain, and G.
Gunnarsson. 2014. “Wild Mallards Have More “Goose-Like” Bills Than
Their Ancestors: A Case of Anthropogenic Influence?” PLoS One 9:
el15143.

Stafford, J. D., A. K. Janke, M. J. Anteau, et al. 2014. “Spring Migration
of Waterfowl in the Northern Hemisphere: A Conservation Perspective.”
Wildfowl 4: 70-85.

Stanton, J. D., E. C. Soutiere, and R. A. Lancia. 1992. “Survival and
Reproduction of Game-Farm Female Mallards at Remington Farms,
Maryland.” Wildlife Society Bulletin 20: 182-188.

Sullivan, J. D., J. Y. Takekawa, K. A. Spragens, et al. 2018. “Waterfowl
Spring Migratory Behavior and Avian Influenza Transmission Risk
in the Changing Landscape of the East Asian-Australasian Flyway.”
Frontiers in Ecology and Evolution 6: 206. https://doi.org/10.3389/fevo.
2018.00206.

Takimoto, G. 2009. “Early Warning Signals of Demographic Regime
Shifts in Invading Populations.” Population Ecology 51: 419-426.

Taylor, E. B., J. W. Boughman, M. Groenenboom, M. Sniatynski, D.
Schluter, and J. L. Gow. 2006. “Speciation in Reverse: Morphological
and Genetic Evidence of the Collapse of a Three-Spined Stickleback
(Gasterosteus aculeatus) Species Pair.” Molecular Ecology 15: 343-355.

Teitelbaum, C. S., N. M. Masto, J. D. Sullivan, et al. 2023. “North
American Wintering Mallards Infected With Highly Pathogenic Avian

Influenza Show Few Signs of Altered Local or Migratory Movements.”
Scientific Reports 13: 14473.

Thompson, K. A., M. Urquhart-Cronish, K. D. Whitney, L. H. Rieseberg,
and D. Schluter. 2021. “Patterns, Predictors, and Consequences of
Dominance in Hybrids.” American Naturalist 197: E72-ES88.

Todesco, M., M. A. Pascual, G. L. Owens, et al. 2016. “Hybridization and
Extinction.” Evolutionary Applications 9: 892-908.

Tufto, J. 2017. “Domestication and Fitness in the Wild: A Multivariate
View.” Evolution 71: 2262-2270.

Vernesi, C., B. Crestanello, E. Pecchioli, et al. 2003. “The Genetic
Impact of Demographic Decline and Reintroduction in the Wild Boar
(Sus scrofa): A Microsatellite Analysis.” Molecular Ecology 12: 585-595.

Zhou, H., D. Alexander, and K. Lange. 2011. “A Quasi-Newton
Acceleration for High-Dimensional Optimization Algorithms.”
Statistics and Computing 21: 261-273.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

Ecology and Evolution, 2025

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pauienob ae sejoife YO ‘85N JO SaInJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SWLBI W00 A8 | 1M AeIq 1[pU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[6202/10/20] Uo AriqiTauliuo AB[IM ‘osed [@Sexel JO AiseAIuN Aq 9020L"€899/200T OT/10p/Lu00" A3 1M Ake.q 1 |puluo//:Sdny Wwoly pepeoiumoq ‘T ‘GZ0Z ‘85..SH02


https://doi.org/10.3389/fevo.2018.00206
https://doi.org/10.3389/fevo.2018.00206

	Mallard Hybridization With Domesticated Lineages Alters Spring Migration Behavior and Timing
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Mallard Capture and Auxiliary Marking
	2.2   |   Molecular Methods
	2.3   |   Telemetry Data Processing
	2.4   |   Population Structure and Individual Ancestry
	2.5   |   Statistical Analyses

	3   |   Results
	3.1   |   Population Structure and Individual Ancestry
	3.2   |   Migration Behaviors and Chronology

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


