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A B S T R A C T   

Insight into complex evolutionary histories continues to build through broad comparative phylogenomic and 
population genomic studies. In particular, there is a need to understand the extent and scale that gene flow 
contributes to standing genomic diversity and the role introgression has played in evolutionary processes such as 
hybrid speciation. Here, we investigate the evolutionary history of the Mergini tribe (sea ducks) by coupling 
multi-species comparisons with phylogenomic analyses of thousands of nuclear ddRAD-seq loci, including Z-sex 
chromosome and autosomal linked loci, and the mitogenome assayed across all extant sea duck species in North 
America. All sea duck species are strongly structured across all sampled marker types (pair-wise species ΦST >

0.2), with clear genetic assignments of individuals to their respective species, and phylogenetic relationships 
recapitulate known relationships. Despite strong species integrity, we identify at least 18 putative hybrids; with 
all but one being late generational backcrosses. Most interesting, we provide the first evidence that an ancestral 
gene flow event between long-tailed ducks (Clangula hyemalis) and true Eiders (Somateria spp.) not only moved 
genetic material into the former species, but likely generated a novel species — the Steller’s eider (Polysticta 
stelleri) — via hybrid speciation. Despite generally low contemporary levels of gene flow, we conclude that 
hybridization has and continues to be an important process that shifts novel genetic variation between species 
within the tribe Mergini. Finally, we outline methods that permit researchers to contrast genomic patterns of 
contemporary versus ancestral gene flow when attempting to reconstruct potentially complex evolutionary 
histories.   

1. Introduction 

Broad comparative phylogenomic and population genomic studies 
continue to shed light on the intricacies of speciation (Campbell et al., 
2018; Cutter and Payseur, 2013; Ellegren, 2014; Lavretsky et al., 2019; 
Ottenburghs et al., 2017a), including ancient and contemporary rates of 
gene flow and their impact on the evolution of species. Once considered 
a relatively minor player in the speciation process, gene flow is a 
particularly important evolutionary process across lineages (e.g., plants 
(Rentsch and Leebens-Mack, 2012; Rieseberg et al., 2003), fish (Keller 
et al., 2012; Seehausen, 2006; Taylor et al., 2006; Vonlanthen et al., 
2012), insects (Consortium, 2012; Fontaine et al., 2015; Kunte et al., 
2011), birds (Brelsford et al., 2011; Grant and Grant, 2020; Hermansen 
et al., 2011; Kleindorfer et al., 2014; Lavretsky et al., 2015b; Lavretsky 
et al., 2020; Vallender et al., 2007), and mammals (Amaral et al., 2014; 
Miller et al., 2012; Rutledge et al., 2015)), including humans (Green 

et al., 2010; Meyer et al., 2012). Even infrequent bouts of gene flow can 
leave lasting imprints on the genome, ultimately having consequences 
ranging from species barrier reinforcement (Dobzhansky, 1940; Hoskin 
et al., 2005; Rundle and Nosil, 2005; Schluter, 2009) to complete species 
breakdown in which one (i.e., speciation reversal; Kearns et al., 2018; 
Seehausen, 2006; Webb et al., 2011) or both (i.e., hybrid swarm; Wells 
et al., 2019) interacting species are lost. Other potential consequences of 
interspecific interactions include the potential for adaptive introgression 
(Hedrick, 2013) and the creation of hybrid zones (Barton and Hewitt, 
1989). More recently, burgeoning molecular evidence of hybrid speci-
ation in which a population of hybrids co-exist with their parental 
species and through time speciate into a novel taxon has been seen to 
increase biodiversity (Jacobsen and Omland, 2011; Mallet, 2007; 
Mavarez and Linares, 2008; Schumer et al., 2014). Consequently, broad 
species comparisons have been central to reconstructing evolutionary 
histories (Lavretsky et al., 2014; Malinsky et al., 2018a). 
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The high rates of hybridization and gene flow among avian species 
complexes (Grant and Grant, 1997b; Ottenburghs, 2019; Ottenburghs 
et al., 2015; Rheindt and Edwards, 2011) have been attributed to their 
dispersal ability (Greenwood, 1980), chromosomal stasis (Ellegren, 
2010), and relatively low levels of reinforcement (Grant and Grant, 
1997b). In addition to postzygotic isolation, which takes several million 
years to evolve between vertebrate species (Fitzpatrick, 2004; Price and 
Bouvier, 2002), general genomic conservancy and synteny may make it 
much longer for bird species (Lijtmaer et al., 2003a). Rather, prezygotic 
isolation is considered the more important mode of reproductive isola-
tion between bird species (Grant and Grant, 1997a; Price, 2008; Ran-
dler, 2006). In fact, although belonging to one of the oldest avian orders 
(Jarvis et al., 2014; Livezey, 1997), species within Order Anseriformes 
(i.e., ducks, geese, and swans) show the highest rates of hybridization 
(Johnsgard, 1960; Lijtmaer et al., 2003b; Livezey, 1986), with 30–40% 
of species capable of hybridizing (Grant and Grant, 1992) and about 
20% producing viable hybrids (Ottenburghs, 2019; Ottenburghs et al., 
2015; Scherer and Hilsberg, 1982). Gene flow has therefore clearly 
played a role in the evolution of many waterfowl species, likely facili-
tated by a variety of life-history traits (e.g., mixed flock migration, nest 
and brood parasitism, extra-pair copulation) that naturally increase 
chances of interspecific interactions (Hartman et al., 2012; Ottenburghs, 
2019; Ottenburghs et al., 2017b; Randler, 2005, 2006). 

Here, we reconstruct evolutionary relationships to explore the extent 
to which gene flow has impacted the genomes and evolutionary trajec-
tories within sea ducks, tribe Mergini. Mergini is comprised of 15 
described species representing four lineages (Baldassarre, 2014; Kear, 
2005). In general, sea ducks are best characterized as being a K-selected 
species with the following life-history traits: they are relatively long- 
lived (i.e., maximum longevity 9.1–23 yrs; Mallory, 2015) with 
delayed maturation (i.e., 2–3 + yrs; Eadie and Savard, 2015), have 
relatively small clutch sizes (i.e., avg. 3.5–9.5 eggs/nest; Mallory, 2015), 
and demonstrate seasonal or long-term monogamy (Eadie and Savard, 
2015). Moreover, like other waterfowl, sea ducks generally exhibit 
strong female breeding site fidelity and male-biased dispersal (Anderson 
et al., 1992). These life-history traits may explain the apparent mito- 
nuclear discord, in which the lack of population structure seen in nu-
clear loci contrasts with high levels of structure seen in mitochondrial 
DNA (Peters et al., 2012). Many sea duck species display occasional to 
frequent interspecific brood parasitism (e.g. common eider (Somateria 
mollissima) and white-winged scoter (Melanitta deglandi)) that is com-
mon within cavity nesters (e.g., bufflehead (Bucephala albeola), Barrow’s 
goldeneye (Bucephala islandica), common goldeneye (Bucephala clan-
gula), hooded merganser (Lophodytes cucullatus), common merganser 
(Mergus merganser), and red-breasted merganser (Mergus serrator); Eadie 
and Savard, 2015). Sea ducks generally form large monospecific flocks 
in winter–spring where pair formation occurs (Eadie and Savard, 2015). 
However, many species winter in the same general area (Silverman 
et al., 2013), migrate in mixed species flocks (e.g., Anderson et al., 2020; 
Goudie et al., 2020), and, in some instances, persist in large mixed flocks 
during winter (White and Veit, 2020). Thus, despite seasonal 
monogamy, there are frequent opportunities for interspecific in-
teractions that may result in hybridization among sea duck species. 
Although a total of 13 species pair hybrids have been reported in the 
wild (Finley and Huot, 2010; Martin and DiLabio, 1994; Ottenburghs, 
2019; Ottenburghs et al., 2015; Trefry et al., 2007), phylogenetic studies 
have largely been conducted with a small number of markers and/or 
samples or were confined to single species (Iverson et al., 2004; Pearce 
et al., 2005; Pearce et al., 2004; Peters et al., 2012; Sonsthagen et al., 
2011); fewer have specifically attempted to assess hybridization rates 
(Brown et al., 2020; Sonsthagen et al., 2019); but also see review in 
Talbot et al. (2015). 

Towards reconstructing evolutionary relationships and assessing 
levels of gene flow, we employ a comparative phylo- and population- 
genomics approach in which we assay thousands of nuclear loci across 
several representatives of each extant North American sea duck species, 

as well as sequences of the entire mitochondrial genome (mitogenome) 
for a single representative of each species. Despite the assumption that 
hybridization is generally rare in sea ducks, given the propensity for 
waterfowl to interbreed and the number of hybrids already documented, 
we expect to recover evidence for gene flow among sea duck lineages. 
First, given that pair bonding in ducks often occurs on wintering 
grounds, we expected to recover hybrids between species that often 
admix on wintering and spring grounds (e.g., Eadie et al., 2020; Goudie 
et al., 2020). Additionally, if interspecific brood parasitism increases 
rates of mis-imprinting that promotes interspecific breeding (Randler, 
2005), we expected the majority of contemporary hybrids to involve at 
least one species that displays high rates of interspecific brood para-
sitism (i.e., goldeneye species, bufflehead, and hooded mergansers; 
Eadie and Savard, 2015). 

2. Material and methods 

2.1. Sampling, bioinformatics, & data processing of ddRAD-seq 

A total of 363 sea duck samples from North America (N = 10–56 per 
taxon; Supplementary Material Table S1) were included in our analyses 
(BioProject PRJNA541567, accessions SAMN11587829–115187923; 
Brown et al., 2020; Sonsthagen et al., 2019). All ddRAD-seq library 
preparation with restriction enzymes (SbfI and EcoRI) and Illumina 
HiSeq 2500 single-end sequencing at the Tufts University Core Geno-
mics Facility followed those outlined in Sonsthagen et al. (2019). One 
North American mallard (Anas platyrhynchos) was sequenced and 
included in alignments to serve as an outgroup in nuclear phylogenetic 
analyses. Detailed sample information is provided in Sonsthagen et al. 
(2021) and supplementary material Table S1. 

We used the computational pipeline described by DaCosta & Sor-
enson (2014; Python scripts available at http://github.com/ 
BU-RAD-seq/ddRAD-seq-Pipeline) and following steps outlined in Lav-
retsky et al. (2015a) to cluster filtered reads into putative loci based on 
sequence similarity. Following alignment of reads to putative loci, ge-
notypes were inferred for individual samples at each locus. Finally, 
genomic positions were determined by perfect BLAST hit to a reference 
mallard sequence (Huang et al., 2013; chromosomal assembly provided 
by T. Farault, unpubl. data; Kraus et al., 2011), which permitted sepa-
ration of autosomal and Z-linked sex chromosome loci in downstream 
analyses, including properly coding the latter as having two alleles in 
males (homogametic sex) and one allele in females (heterogametic sex). 
Finally, to further limit the effect of sequencing error, a minimum 
sequencing depth of 5 reads were required to score an allele, such that a 
minimum of 10 reads was required to score a locus as homozygous or 
heterozygous. Any allele with < 5x coverage was scored as missing data. 
Due to potential biases in ddRAD-seq datasets from allelic drop outs due 
to variability in the sequence similarity across enzymatic cut-sites 
(Lowry et al., 2017), loci with < 20% missing genotypes across all 
samples, as well as within species, were retained for downstream ana-
lyses. Thus, all loci were represented by at least one member of each 
species. Final output files (e.g., fasta, NEXUS, ADMIXTURE, fineR-
ADstructure) were generated using custom python scripts (Lavretsky 
et al., 2016). 

2.2. Mitogenomes - DNA extraction, library preparation, and data 
processing 

Mitochondria were isolated from heart or breast muscle using a 
Qproteome Mitochondria Isolation Kit and DNA extraction carried out 
using a DNeasy blood and tissue kit for a single individual per sea duck 
species, following manufacturer’s protocol (Qiagen, Valencia, CA, USA). 
Libraries were prepared using Nextera sample preparation and Nextera 
index kits (Illumina, San Diego, CA, USA). Next-generation sequencing 
followed manufacturer’s protocol on a MiSeq Desktop Sequencer (2 ×
150 bp or 2 × 250 bp read-length configuration). Sample demultiplexing 
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and adaptor trimming were performed using MiSeq Reporter Software 
(Illumina). Mitogenomes were assembled in Geneious Prime (Bio-
Matters, Limited, Auckland, New Zealand) by mapping reads to a 
reference (Mergus squamatus, GenBank accession NC016723) using 
medium–low sensitivity setting and minimum mapping quality set to >
99.999%. In addition, we conducted Sanger sequencing of regions where 
coverage was consistently low (<10x) across species using methods 
described in Sonsthagen et al. (2007) and primer pairs listed in Sup-
plemental Table S2. Consensus sequences were constructed for each 
sample using the highest threshold setting with a minimum of 10x 
coverage across base-pairs. Mitogenomes are accessioned in GenBank 
and accession numbers by sample can be found in Sonsthagen et al. 
(2021). A publushed mallard mitogenome (GenBank Accession No. 
EU755253; Tu et al., 2012) was included and served as as an outgroup in 
our phylogenetic analysis. 

2.3. Population structure 

Population structure analyses were conducted on all samples, 
permitting us to identify hybrids (i.e., contemporary hybridization) with 
a bi-allelic SNP dataset filtered in PLINK (Purcell et al., 2007) for sin-
gletons (i.e., minimum allele frequency (–maf 0.005), any SNP missing 
≥ 20% of data across samples (–geno 0.2), as well as any SNPs found to 
be in linkage disequilibrium (LD) (–indep-pairwise 2 1 0.5). One of the 
two SNPs was randomly excluded if a LD correlation factor (r2) > 0.5 
was obtained. All analyses were done without a priori information on 
population or species identity. 

First, we visualized variation among samples with a principal 
component analysis (PCA) employing the “dudi.pca” function in the R 
package adegenet (Jombart, 2008). Next, maximum likelihood estimates 
of population assignments across samples were estimated in the program 
ADMIXTURE v.1.3 (Alexander and Lange, 2011; Alexander et al., 2009). 
Datasets were formatted for the ADMIXTURE analyses using PLINK 
(Purcell et al., 2007) and following steps outlined in Alexander et al. 
(2012). Each ADMIXTURE analysis was run with a 10-fold cross vali-
dation (CV) and with a quasi-Newton algorithm employed to accelerate 
convergence (Zhou et al., 2011). ADMIXTURE analysis used a block 
relaxation algorithm for point estimation and terminated once the 
change in the log-likelihood of the point estimations increased by <
0.0001. We ran ADMIXTURE for K populations of 1 through 25, with 25 
iterations per each value of K. The optimum K was based on the average 
of CV-errors across the iterations per K value; however, additional 
values of K were examined to test for further structural resolution across 
analyses. We used the R package PopHelper (Francis, 2016) to convert 
ADMIXTURE outputs into CLUMPP input files at each K value, and 
determine the robustness of the assignments of individuals to pop-
ulations at each K value with the program CLUMPP v.1.1 (Jakobsson 
and Rosenberg, 2007). In CLUMPP, we employed the Large Greedy al-
gorithm and 1000 random permutations. Final admixture proportions 
for each K value and per sample assignment probabilities (Q estimates; 
the log likelihood of group assignment) were based on CLUMPP analyses 
of all 25 replicates per K value. 

Third, we assessed patterns of co-ancestry using fineRADstructure 
(Malinsky et al., 2018b), which includes the programs RADpainter v 0.1 
and finestructure (Lawson et al., 2012). In short, fineRADstructure de-
rives a matrix of co-ancestry coefficients based on the distribution of 
identical or nearest neighbor haplotypes among samples. Each in-
dividual’s co-ancestry at each locus is equally divided among all other 
individuals with identical haplotypes, or in the case of a unique allele, all 
other individuals with the “nearest neighbor” haplotype. Thus, rare 
haplotypes defined by rare SNPs, which are on average of more recent 
origin (Kimura and Ohta, 1973), contribute the most to the co-ancestry 
index, providing a measure that emphasizes recent co-ancestry. This 
analysis is completed without a priori information about population or 
species identity. A burn-in of 100,000 iterations, followed by 100,000 
Markov chain Monte Carlo iterations were completed, followed by tree 

building using default parameters. To visualize the results, we used the R 
scripts fineradstructureplot.r and finestructurelibrary.r (available at 
http://cichlid.gurdon.cam.ac.uk/fineRADstructure.html). 

Finally, composite pairwise species estimates of relative divergence 
(ΦST) for autosomal and Z-Sex chromosome linked ddRAD-seq loci, and 
nucleotide diversity per species were calculated in the R package Pop-
Genome (Pfeifer et al., 2014) using a concatenated dataset for each 
marker-type and excluding any contemporary hybrids; insertions/de-
letions were treated as missing data. Note that any identified hybrids 
were excluded to limit the influence of contemporary hybridization on 
estimating genetic differentiation and diversity at the species level. 

2.4. Phylogenomics 

Three separate analyses were conducted to reconstruct evolutionary 
relationships based on autosomal bi-allelic SNPs derived from the all 
species dataset or variation from sequenced mitogenomes. Once again, 
contemporary hybrids identified in population structure analyses (see 
above) were excluded to provide a more accurate phylogenetic recon-
struction, and testing for ancestral or historical gene flow events. All 
trees were rooted using a North American mallard. 

For autosomal ddRAD-seq loci, we first analyzed all possible samples 
and a bi-allelic SNP dataset filtered in PLINK (Purcell et al., 2007) for 
singletons (i.e., minimum allele frequency (–maf 0.005), any SNP 
missing ≥ 20% of data across samples (–geno 0.2), as well as any SNPs 
found to be in linkage disequilibrium (LD) (–indep-pairwise 2 1 0.5) in 
the program TreeMix version 1.12 (Pickrell and Pritchard, 2012). In 
addition to establishing phylogenetic relationships, TreeMix was used to 
test for gene flow in a phylogenetic context. Specifically, TreeMix 
simultaneously estimates a maximum likelihood (ML) species tree and 
the direction and weight (w) of gene flow among taxa based on allele 
frequencies. Analyses were run across each independent bi-allelic SNP 
(-k 1), with global rearrangement occurring during tree building 
(-global). Node support was based on a 1,000 bootstraps using the py-
thon treemix_tree_with_bootstraps.py script (https://github.com/mghar 
vey/misc_python/blob/master/bin/TreeMix/treemix_tree_with_bootstr 
aps.py). Burn-in was set to 10% of the total number of sampled trees, and 
final species trees were constructed using TreeAnnotator and viewed in 
FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree). Next, the 
optimum number of added migration edges without overconfidence in 
the phylogenetic model was based on adding migration edges until ≥
98% of the variance was explained (Pickrell and Pritchard, 2012). Sta-
tistical significance of each migration edge was further assessed using 
the standard error and associated significant p-value as estimated in 
TreeMix program (-se) that is based on jackknifing across SNPs, and 
through the fourpop (f4) statistic (see below). 

In addition to the TreeMix tree, we employed the SNAPP function 
(Leaché et al., 2014) in the program *BEAST v. 2.5.2 (Bouckaert et al., 
2014) to reconstruct a species tree based on SNPs. In short, SNAPP uses 
bi-allelic SNPs to derive a posterior distribution of putative species trees 
through estimating the probability of allele frequency changes across 
nodes given the data. Due to the exponential increase in computational 
demand with sample and locus size with species tree reconstructions 
using Bayesian methods, we used the best five samples per species (i.e., 
those samples with the smallest proportion of missing data), and 
randomly sampled one bi-allelic SNP per ddRAD-seq locus that had a 
MAF of 0.03, and again used PLINK to filter for missingness and linkage 
disequilibrium (LD). For SNAPP, we employed the Hasegawa-Kishino- 
Yano (HKY) substitution model (Hasegawa et al., 1985) with a gamma 
distribution across sites, and with five of these having some proportion 
of invariable sites. We employed a strict clock. SNAPP analysis was run 
for 100,000,000 iterations, with a burn-in of 250,000 steps, and sam-
pling occurring every 1,000 iterations, to ensure that the effective 
sample sizes (ESS) across parameters were ≥ 100. Burn-in was set to 
10% of the total number of sampled trees, and final species trees was 
constructed using TreeAnnotator and viewed in FigTree v1.4.0 (htt 
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p://tree.bio.ed.ac.uk/software/figtree). The program DensiTree 
(Bouckaert, 2010) was used to visualize the entire posterior set of trees 
from the SNAPP analysis. 

Finally, we reconstructed a mitogenome Bayesian tree using the 
MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 
2003) plugin in Geneious v. 10.0.5 (https://www.geneious.com). 
MrBayes was run with an HKY site substitution model, a gamma dis-
tribution across sites, and with 4 of these having some proportion of 
invariable sites. MrBayes was run for 500,000 MCMC steps, with a burn- 
in of 250,000 steps, and sampling occurred every 500 iterations, for a 
total of 10,000 possible sampled trees. We ensured that the average 
standard-deviation between runs was ≤ 0.01, and the effective sample 
sizes (ESS) across parameters were ≥ 100. The final mitogenome tree 
was based on a burn-in set to 10% of the total number of sampled trees. 

2.5. Testing for gene flow in a phylogenetic context 

In addition to testing for gene flow directly in TreeMix, we used the 
f4-statistic (Keinan et al., 2007) as implemented in the fourpop software, 
and f3-statistic (Reich et al., 2009) as implemented in the threepop 
software within TreeMix to further test for ancestral gene flow, or 
whether any single species is extensively admixed, respectively. Stan-
dard errors used to determine variance for each calculated statistic was 
done by jackknifing across SNPs as implemented in the TreeMix pro-
gram. First, the f4-statistic (Keinan et al., 2007) tests all possible four 
taxon combinations (e.g., A,B; C,D). Typically, informative comparisons 
exist under a specific phylogenetic scenario in which the outgroup and 
non-sister lineage (i.e., lineage of interest) is separate from two parental 
sister species (i.e., Outgroup, Pnon-sister; P1, P2). In the absence of intro-
gression, genealogical discordance (i.e., shared alleles restricted to non- 
sister taxon pairs → Pnon-sister with P1 or P2) as a result of incomplete 
lineage sorting (ILS) or recurrent mutations are expected to be approx-
imately equal in abundance across the genome (Green et al. 2010; 
Durand et al. 2011). Thus, a significant difference in the excess of shared 
variation between Pnon-sister with either P1 and/or P2 would result in a 
non-zero f4-statistic, and be evidence for the genetic exchange between 
Pnon-sister and either parental taxa. Specifically, a significant f4-statistic 
(i.e., Z score < |3|; p < 0.0001) in which the Z score was positive or 
negative would suggest an access of shared variation between Pnon-sister 
and P1 or P2, respectively. In the end, these tests identify when the re-
lationships among taxa are fully described by a simple tree model, or 
whether including gene flow provides a significantly improved tree. 
Following, we estimate admixture proportions using an f4-ratio test for 
any putatively admixed group (see Patterson et al., 2012). We focused 
on four population analyses with mallards as an outgroup only, as this 
allowed us to infer the proportional contribution of parental taxa into a 
putative hybrid taxon based on a f4-ratio test for any group that 
appeared to be admixed (Reich et al., 2009). Next, we calculated the f3- 
statistic across all possible population triplets (e.g., A; B,C). For example, 
a negative f3-statistic with a significant Z-score (Z score < -3; p <
0.0001) would support that population A is the product of admixture 
between B and C (Reich et al. 2009). These tests were also used to 
determine the significance of migration edges identified during tree 
building in TreeMix. Note that whereas the f4-statisic is often best at 
detecting subtle gene flow at evolutionary scales, the f3-statistic is 
known to perform better for more recent and those that are highly 
admixed (i.e., 50:50 genomes; Patterson et al., 2012). 

3. Results 

When analyzing all sea duck samples together, we recovered 1,009 
autosomal loci (138,813 base-pairs) and 31 Z-chromosome linked loci 
(4,534 base-pairs) from the ddRAD-seq that met our filtering and 
missing data criteria. 

3.1. Population structure & molecular diversity 

All population structure analyses (Fig. 1) were done with 13,007 (of 
18,866) bi-allelic autosomal SNPs that met our filtering and missing data 
criteria, including a per SNP allelic presence of > 98% across samples. 
For PCA, plotting the first two principal component axes, we recovered 
three main clusters that included: (a) harlequin ducks (Histrionicus his-
trionicus), (b) all eider species and long-tailed ducks (Clangula hyemalis), 
(c) bufflehead, along with scoter, merganser, and goldeneye species 
(Fig. 1C). An optimum population K of 18 was recovered in the 
ADMIXTURE analysis of all species (Fig. 1A, B). Increasing K values to 
20 provided additional resolution by identifying some intra-specific 
structure. We note that other than the single F1 Barrow’s × common 
goldeneye hybrid, we are unable to assign hybrid status to other samples 
with confidence at these high values of K in ADMIXTURE. Rather, we 
found that comparing co-ancestry assignments from fineRADstructure 
analyses were more interpretable in identifying individuals with 
admixed ancestries (Fig. 2). Specifically, individuals were considered to 
be putative hybrids if they had co-ancestry assignment across in-
dividuals of a separate species, and which were visibly higher than the 
average interspecific co-ancestry assignment for the rest of the in-
dividuals of that specific species. Moreover, we note that hybrids tended 
to form a basal relationship with the genetically most closely-related 
group of individuals within the dendrogram (Fig. 2). In general, co- 
ancestry analyses recovered all major sea duck groups as observed in 
our PCA (Fig. 1C) and ADMIXTURE analyses (Fig. 1A). In total, we 
recovered 18 samples with multi-species co-ancestry, which we infer to 
likely represent putative contemporary hybrids and include the 
following 12 combinations: (a) F1 Barrow’s × common goldeneye (N =
1), (b) Barrow’s goldeneye backcrossed with bufflehead (N = 1), (c) 
bufflehead backcrossed with white-winged scoter (N = 3), (d) common 
eider backcrossed with common goldeneye (N = 1), (e) common eider 
backcrossed with harlequin duck (N = 3), (f) harlequin duck back-
crossed with common merganser and bufflehead (N = 2), (g) king eider 
backcrossed with surf scoter (N = 1), (h) long-tailed duck backcrossed 
with black scoter (N = 1), (i) long-tailed duck backcrossed with 
bufflehead (N = 2), (j) long-tailed duck backcrossed with harlequin duck 
and surf or white-winged scoter) (N = 1), (k) long-tailed duck back-
crossed with true Eider (N = 1), and (l) red-breasted merganser back-
crossed with king or spectacled eider (N = 1). In addition, all long-tailed 
duck samples showed similar levels of shared co-ancestry with the main 
Eider Clade, and all ten Steller’s eider samples had equally high co- 
ancestry assignment to long-tailed ducks and the main Eider Clade. 

To achieve true species comparisons, all putative hybrids recovered 
from population structure analyses were excluded in estimates of rela-
tive divergence and calculated nucleotide diversity. First, with the 
exception of true Eider Clade taxa (composite ΦST range ~ 0.10–0.20), 
composite estimates of relative differentiation among species were 
generally high (composite ΦST > 0.60) across pair-wise species com-
parisons (Fig. 3A). Although composite ΦST estimates based on Z-sex 
chromosome ddRAD-seq loci tended to be higher than those based on 
autosomal ddRAD-seq loci, the Z:Autosomal (Z:A) ΦST ratio was mostly 
around 1 (highest Z:A ΦST ratio of 2), which are all close to neutral 
expectations based on Z-sex chromosome loci having three-fourths the 
effective population size of autosomal markers (i.e., ΦST Z:Autosomal ≤
1.33; Lavretsky et al., 2015a; Lavretsky et al., 2016; Fig. 3). These results 
suggest that evolutionary processes are similarly shaping the genetic 
variation across the Z-sex and autosomal chromosomes, which is in 
contrast to those Z:A ΦST ratios found in other ducks (Lavretsky et al., 
2019). Finally, an average nucleotide diversity of 0.0024 and 0.0017 
was recovered for autosomal and the Z-sex chromosome, respectively 
across sea ducks (Fig. 3B). Although the majority of species were 
recovered with calculated nucleotide diversity close to these averages, 
Barrow’s goldeneye had the lowest, whereas long-tailed ducks had the 
highest calculated nucleotide diversities for both marker types. In gen-
eral, Z-sex linked diversity was either comparable or had about half the 
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diversity than that recovered from ddRAD-seq autosomal loci. 

3.2. Phylogenomics & species relationships 

Based on ddRAD-seq autosomal data, species tree reconstruction 
using SNAPP (based on 972 bi-allelic ddRAD autosomal SNPs and 5 
samples per species) or TreeMix (based on 13,007 bi-allelic SNPs across 
autosomal markers and all samples per species) recovered well sup-
ported and near identical relationships that were also well supported 
(posterior support ≥ 85%) in the Bayesian mitogenome tree (Fig. 4; 
Supplementary Materials Fig. S1). Note again that samples recovered as 
putative contemporary hybrids were excluded from analyses (see ge-
netic assignments in Supplementary Materials Table. S1). In general, we 
recovered four major clades making up two taxonomic lineages. The first 
lineage has harlequin ducks sister to three clades that include (a) Bar-
row’s and common goldeneye (Bufflehead/Goldeneye Clade) as sister 
taxa, with bufflehead basal to that clade, (b) three species of merganser, 
with hooded mergansers being most diverged (Merganser Clade), and 
(c) three species of scoters in which surf scoters and white-winged sco-
ters are sister taxa (Scoter Clade). The second major lineage has long- 
tailed ducks sister to the four eider species. However, whereas we 
recovered a sister relationship either between common and king eider 
(SNAPP Nuclear & mitogenome; Fig. 4) or spectacled eider (Nuclear 
SplitsTree (Supplementary Materials Fig. S1) and the fineRADstructure 
dendrogram (Fig. 2)) within the true Eider Clade, Steller’s eiders 
remained a distant lineage to these true Eiders. 

We note that the lower posterior support within the SNAPP nuclear 
species tree is likely due to using a much reduced genomic and per-taxon 
sample representation (i.e., 972 bi-allelic ddRAD autosomal SNPs and 5 
samples per species) as compared to the TreeMix species tree (based on 
13,007 bi-allelic SNPs across autosomal markers and all samples per 
species) (Supplementary Materials Fig. S1). We also caution 

interpretation of branch lengths between the SNAPP nuclear and mito-
genome species trees as the variance in sampling efforts in the different 
analyses likely bias these (Lavretsky et al., 2014). However, despite the 
lower posterior support and variation in branch lengths within the 
SNAPP species tree, the taxonomic relationships were identical across 
trees in which the TreeMix nuclear and mitogenome species trees 
offered very high (>85%) support across nodes (Fig. 4; Supplementary 
Materials Fig. S1). Thus, given similarity we conclude that the recovered 
relationships are robust (Fig. 4; Supplementary Materials Fig. S1). 

3.3. Testing for ancestral gene flow in a phylogenetic context 

TreeMix analyses were used to estimate the direction and magnitude 
of gene flow among taxa. First, rooted phylogenetic relationships among 
sea ducks were robust, with bootstrap support ≥ 95% across all nodes 
(Supplementary Materials Fig. S1). Importantly, we found that a tree 
without migration explained > 99% of the model variation (Supple-
mentary Materials Fig. S1), and thus was already robust given the data. 
Moreover, adding up to ten migration edges, we tended to find statis-
tically insignificant (p-value > 0.01) support across identified edges. 
Despite TreeMix results, we report several significant f4-statistics 
(Supplementary Materials Table S3), with evidence suggesting ancestral 
gene flow between the Scoter and Merganser clades, as well as the Scoter 
and Bufflehead/Goldeneye clades. Following, we conducted an f4-ratio 
test for these two clades, as well as between true Eiders, Steller’s eider, 
and long-tailed ducks that showed some forms of admixture in co- 
ancestry plots (Fig. 2). For each of the comparisons, we calculated ra-
tios based on all possible sister relationships as each of the Scoter, 
Bufflehead/Goldeneye, and Eider clades include three closely related 
species based on phylogenetic results (Fig. 4; Supplementary Materials 
Fig. S1). Whereas f4-ratios were near identical when assessed using 
sister species of the introgressing clade, those obtained when combined 

Fig. 1. Individual assignments and clustering of sampled sea ducks based on a 13,007 bi-allelic ddRAD-seq autosomal SNP dataset, and visualized as (A) 
ADMIXTURE likelihood assignment probabilities based on K of 15–20 populations (B; note the optimum K population was 18), and (C) the first two components of 
the principal component analysis (PCA). Samples are color coded by original species identity (Supplementary Materials Table S1). 
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with the most divergent lineage of Scoter (i.e., black scoter) or Buffle-
head/Goldeneye (i.e., bufflehead) clades were consistently 1.5–3 fold 
higher (Supplementary Materials Table S4); the same effect was not 
evident when assessing species of the Merganser or Eider clades. The 

increase is either a result of higher shared variants with these specific 
species, or a potential bias towards higher gene flow when violating 
phylogenetic relationships for these clades. Consequently, we consid-
ered f4-ratios based on the five taxon sets including sister species for 

Fig. 2. A matrix of individual (above the diago-
nal) and average (below the diagonal) co- 
ancestry coefficients along with the resulting 
dendrogram from the fineRADstructure analysis 
of sampled sea ducks that were based on a 13,007 
bi-allelic ddRAD-seq autosomal SNP dataset. Note 
that co-ancestry ranges from low (yellow) to high 
(black) as indicated by the color scale. Samples 
are color coded by original species identity 
(Supplementary Materials Table S1). Note that 
arrows and dotted lines identify samples showing 
higher than average interspecific co-ancestry, and 
thus, identify those samples as putative hybrids. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.)   

Fig. 3. (A) Pair-wise species estimates of relative differentiation (ΦST), and (B) per-species calculated nucleotide diversity across concatenated datasets of each 
ddRAD-seq linked Z-sex or autosomal chromosomes across sampled sea duck species. Note that the ratio of ddRAD-seq linked Z-sex versus autosomal ΦST estimates 
are provided for reference as well. 
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Scoter (i.e., surf and white-wing scoters) or Bufflehead/Goldeneye (i.e., 
common and Barrow’s goldeneye) clades in final admixture proportions. 
Doing so, we recovered (1) an average 10% (range = 9.7%–11%) and 
14% (range = 13%–15%) of ancestry shared due to gene flow into 
species of the Scoter and Bufflehead/Goldeneye clades, respectively, 
from species of the alternative clade, and (2) an average 9.1% (range =
6.2%–12%) and 10% (range = 9%–11%) of ancestry shared due to gene 
flow into species of the Scoter and Merganser clades, respectively, from 
species of the alternative clade (Supplementary Materials Table S4). 
Next, although f4-ratios for long-tailed ducks when compared to true 
Eiders or Steller’s eider were uninformative (>1; Supplementary Mate-
rials Table S4), we found that ~ 7% and 23–24% of the genetic variation 
within long-tailed ducks was explained by gene flow from any of the true 
Eider species or Steller’s eiders, respectively. Moreover, given that co- 
ancestry plots suggested that Steller’s eider’s to be an admixture of 
true Eiders and long-tailed ducks, we obtained an estimate of true Eider 
and long-tailed duck ancestry in Steller’s eider calculated as α and 1- α 
(see Patterson et al., 2012). We recovered 94%–98% of the genetic 
variation within Steller’s eider due to be ancestry from the three true 
Eider species, and thus, we infer the remaining 2%–6% of genetic 
variation was due to ancestry with long-tailed ducks (Supplementary 
Materials Table S4). Finally, all f3-statistics were insignificant (Supple-
mentary Materials Table S5), establishing that none of the lineages are 
recently or adversely admixed (Patterson et al., 2012); and which cor-
responds with the relatively low levels of genetic contribution estimated 
(Supplementary Materials Table S4) from any of the comparisons with 
significant f4-statistics (Supplementary Materials Table S3). 

4. Discussion 

4.1. Population structure, evolution, and hybridization among sea ducks 

Here, we provide the most comprehensive comparative genomic 
study of sea ducks (tribe Mergini) to date. In general, we find strong 
interspecific structure across sampled ddRADseq nuclear sequences 
(Figs. 1 & 2), with all species showing ΦST > 0.2, and most having > 0.6 
relative differentiation despite marker-type (i.e., autosomal versus Z-sex 

chromosome; Fig. 3A). Although identifying hybrid samples was diffi-
cult in ADMIXTURE (Fig. 1A), our comparative workflow in assessing 
co-ancestry estimates from the fineRADstructure analysis identified at 
least 18 possible hybrids (Fig. 2), with all but one involving a genera-
tional backcross. Thus, despite strong genomic differentiation among 
species, viable hybrids and subsequent backcrossed offspring are being 
produced. These results attest to the amount of time required for post-
zygotic isolation to evolve (Fitzpatrick, 2004; Price and Bouvier, 2002), 
and the importance of prezygotic mechanisms that isolate avian species 
(Grant and Grant, 1997a; Price, 2008; Randler, 2006). In general, the 
genomes of birds are small and have shown little change as compared to 
mammalian genomes (Ellegren, 2010), providing the capacity for even 
highly diverged species to form viable hybrid offspring (Griffin et al., 
2008). 

Due to aspects of sea duck behavior (seasonal monogamy, absence of 
forced copulation, and territoriality), hybridization among species is 
generally considered rare (Johnsgard, 1960; McKinney et al., 1983); 
however, lack of detection may be attributable to remoteness of habitats 
utilized throughout the annual cycle. Despite the ecological and bio-
logical attributes evoked to consider hybridization unlikely among sea 
ducks, hybrids between 13 species pairs have been reported in the wild 
(Ottenburghs, 2019; Ottenburghs et al., 2015); and we recovered hybrid 
pairings that directly attest to two of these, with an additional three 
involving a species of the same genus (Fig. 2). However, because all but 
one of the 18 identified contemporary hybrids—which comprise 12 
unique combinations—appear to be generational backcrosses, when 
hybridization does occur, it is still quite infrequent. Specifically, among 
the lineages, bufflehead (8), harlequin ducks (6), and long-tailed ducks 
(5) were found in 13 (of 18) pairing events, with long-tailed ducks and 
bufflehead accounting for four of each of the 12 unique combinations. 
Although hybridization may result from mis-imprinting, which is often 
the consequence of nest or brood parasitism (Randler, 2005), it is un-
likely this mechanism is involved in most of the observed cases of hy-
brids and in particular between cavity and non-cavity nesting species (e. 
g., bufflehead × long-tailed duck). However, the geographic location of 
hybrids observed suggests that the spatial distribution on wintering and 
nesting areas (i.e., full or partial sympatry) and local population size 

Fig. 4. Phylogenetic relationships as determined from species tree reconstructions from (A) ddRAD-seq autosomal SNPs and analyzed in the program SNAPP, and (B) 
mitogenomes analyzed in the program MrBayes. Note that individuals of potential admixed ancestry were excluded from analyses (see genetic assignment column in 
Supplementary Materials Table S1). Nodal posterior supports are presented in grey scale. 
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likely influences the potential for a hybridization event to occur (i.e. 
Hubb’s Principle, Hubbs, 1955). For example, hybrids between common 
eider and harlequin duck were only found on the east coast of North 
America. The eastern population of harlequin ducks underwent a drastic 
population decline in the 1980 s (Environment Canada 2007) with <
2,000 observed wintering on the east coast (Baldassarre, 2014). 
Furthermore, and unlike other waterfowl species, common eiders 
(Swennen et al., 1979) and harlequin ducks (average 1:1 male/female 
with low of 0.72 male/female; Mittelhauser et al., 2002) both show 
population sex-ratios that are not male-biased, which may facilitate 
interspecies pairing. Specifically, the surplus of males in other areas (see 
references in Baldassarre, 2014) may account for the lack of hybrids 
observed outside the eastern region. In addition, all long-tailed duck ×
bufflehead hybrids involve a small nesting population of long-tailed 
ducks in interior Alaska, which comprises only a small percentage of 
the nesting areas. Although most species in general are rather abundant 
on the regional scale, the scarcity of one species on the local scale may 
explain these unexpected hybrid combinations. 

4.2. Importance of ancestral gene flow among sea ducks 

We provide evidence that gene flow not only occurs among 
contemporary species, but may have served as an important mechanism 
in the evolution of several sea duck species. While TreeMix analyses did 
not recover statistically significant migration events nor f3-statistics that 
suggests none of the lineages are adversely admixed, we uncovered 
consistent evidence—significant f4-statistics and co-ancestry assign-
ments (Supplementary Materials Table S3)—that suggests gene flow has 
occurred in the evolution of several sea duck lineages. Importantly, f4- 
ratios identified ~ 10% of the genetic variation within the Goldeneye/ 
Bufflehead and Merganser clades to be due to gene flow from each of the 
three scoters species, and that 10% of the genetic variation within the 
Scoter clade was due to gene flow from each the Goldeneye/Bufflehead 
and Merganser clades (Supplementary Materials Table S4). Given near 
identical proportions were recovered despite the compared species in 
any of the f4-ratio tests suggests that bouts of gene flow likely occurred 
between the ancestors of each of these clades, rather than any specific 
species. Finding that gene flow has contributed to the evolutionary 
history of several sea duck lineages is not surprising, given that hy-
bridization continues today (e.g., 3 white-winged scoter × bufflehead; 
Fig. 2). Next, co-ancestry analyses (Fig. 3) and phylogenetic placements 
(Fig. 4) of both long-tailed ducks and Steller’s eiders suggests that each 
may share unique histories. First, across long-tailed duck samples we 
recovered high co-ancestry assignment with the true Eider Clade 
(Fig. 2), suggesting that the lineage leading to long-tailed duck likely 
had genetic contributions from eiders during their evolutionary history. 
An ancestral gene flow event is supported through consistent f4-ratios 
recovering that ~ 7% of the genetic diversity of long-tailed ducks is best 
explained by gene flow from eiders, and regardless of which of the three 
species were analyzed (Supplementary Materials Table S4). We also 
cannot discount the significant f4-ratio suggesting that 23–24% of the 
genetic diversity of long-tailed ducks was a result of gene flow from 
Steller’s eider as also determined through f4-ratios. In fact, despite 
estimated North American census sizes similar to other sea duck species 
of about two million (Robertson and Savard, 2020), long-tailed ducks 
have the highest levels of calculated autosomal and Z-linked chromo-
somal genetic diversity (Fig. 3B). Given that five sampled long-tailed 
ducks were demarcated as putative hybrids, including an apparent 
backcrossed individual of true Eider × long-tailed duck, we posit that 
extensive species-level gene flow with the main Eider Clade in some 
distant past may explain the high genetic diversity calculated for long- 
tailed ducks as also observed within Anser geese species (Ottenburghs 
et al., 2016). Why long-tailed ducks readily engage in interspecific 
mating remains unknown. Future work will benefit from increased 
geographical and temporal sampling of both long-tailed ducks and true 
Eiders to determine the true rates of hybridization between these 

species, and whether such events are tied with particular geography or 
seasonal affects. 

4.3. Hybrid origin for Steller’s eider? 

The population genetic analyses showed that co-ancestry assignment 
of all Steller’s eiders was to both long-tailed ducks and the true Eider 
lineage (Fig. 2), and the overall pattern was similar to another putative 
hybrid species, the Hawaiian duck (Lavretsky et al., 2015b; Wells et al., 
2019). This begs the question of whether the Steller’s eider represents a 
species of hybrid origin (i.e., hybrid species), or an eider × long-tailed 
duck hybrid swarm. We hypothesize that the genetic combination of the 
two parental species (i.e., long-tailed duck × true Eider) in a single 
genome may explain how Steller’s eider may possess higher than ex-
pected nucleotide diversity given that this species has one of the smallest 
census sizes among sea ducks in North America (BirdLife International, 
2016). In fact, through f4-ratio tests, we infer that 94%–98% of the ge-
netic variation within Steller’s Eider is due to ancestry with the three 
true Eider species, and thus, the remaining 2%–6% is ancestry with long- 
tailed ducks (Supplementary Materials Table S4). Although the rela-
tively few Steller’s eiders sampled here (N = 10) likely limited the sta-
tistical support across several analyses, the non-significant f3-statistic 
(Supplementary Materials Table S5) is consistent if the Steller’s eider’s 
genome is largely eider with a small proportion of long-tailed duck. 
Although we currently cannot discern which of the Eiders contributed to 
the genetics of Steller’s eider, the consistent f4-ratio tests across all three 
true eider species suggests that the ancestral gene flow event may have 
occurred early in species divergence. In the end, given that shared 
ancestry between long-tailed ducks and all the true Eiders (Fig. 2), 
including consistent f4-ratios (Supplementary Materials Table S4) points 
to an ancestral gene flow event between these two, we hypothesize that 
this event(s) resulted in the movement of genetic material from true 
Eiders to long-tailed ducks, and that the resulting hybrids may have 
diverged into what we consider Steller’s eider today. If a hybrid origin of 
Steller’s eider is the case, then its unique morphology (e.g., plumage) 
and behavior (e.g. courtship displays; Johnsgard, 1965), which is not 
intermediate between any of the true Eiders and long-tailed duck, could 
be due to transgressive segregation where hybrid population/species 
exhibit extreme traits outside the parental forms (Rieseberg et al., 1999). 
Alternatively, the observed genomic pattern could be the result of 
separate introgressive hybridization events, similar to that proposed for 
the red-breasted goose (Branta ruficollis; Ottenburghs et al., 2017b), 
between Steller’s eider and long-tailed duck and between Steller’s eider 
and the ancestor of the true Eiders. Although we do not find significant 
gene flow from Steller’s eider to true Eiders, f4-ratio tests do provide 
evidence of gene flow from Steller’s eider into the long-tailed duck 
lineage. In the end, while we cannot definitively identify the source of 
the shared genetic variation, we provide strong evidence for a complex 
evolutionary history of shared variation between true Eiders, long-tailed 
ducks, and Steller’s eider that will require additional sampling of in-
dividuals and genomes to fully understand. 

While efforts to increase individual and genome sampling will be 
needed to better understand how gene flow may have influenced the 
evolutionary history of Steller’s eiders, we do present further evidence 
based on the nuclear genome supporting Steller’s eider is distinct from 
true Eiders (Figs. 1-3) and our mitogenome analysis corroborates results 
from Buckner et al. (Buckner et al., 2018). We note that the Labrador 
duck (Camptorhyncus labradorius) and Steller’s eider are sister species 
based on mitochondrial DNA (Buckner et al., 2018), and share some 
morphological characteristics such as a soft-edge bill and gray feet not 
present in the true Eiders. Inclusion of genomic data from this extinct 
species may further help provide insight into the evolutionary origins of 
both the Steller’s eider and Labrador duck. 
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4.4. Conclusions 

Although researchers have known for decades that genetic intro-
gression occurs in wild species, its frequency and distribution has been 
underappreciated, and only recently have we understood gene flow to be 
an important mechanism in species’ evolutionary history, including in 
birds (Rheindt and Edwards, 2011). Introgression is thought to have 
maintained and increased genetic variation, including advantageous 
novelty (Noor et al., 2000; Seehausen, 2004), and this is particularly 
important during times of large-scale climate change, which is rapidly 
altering ecosystems and possibly the relationships within and among 
species communities. Indeed, our own species is thought to have un-
dergone complicated histories of climate change associated introgres-
sion with multiple hominid lineages, in some cases resulting in the 
capture of locally-adapted alleles by colonizing humans (Green et al., 
2010; Reich et al., 2010; Sankararaman et al., 2016). Coupling multi- 
species comparisons with population and phylogenomics provided 
valuable insight into the evolutionary history of the sea duck tribe, 
Mergini. Though we identify contemporary hybrids between multiple 
species pairs, the rate of introgression appears to be minimal at the 
evolutionary scale for most species. However, our research provides 
evidence that an ancestral gene flow event between long-tailed ducks 
and true Eiders not only resulted in the movement of genetic material 
into the former species, but potentially resulted in the origin of a novel 
species, the Steller’s eider, via hybrid speciation. These results attest to 
the power of coupling population-level and partial genome sampling to 
unravel evolutionary histories that would otherwise remain hidden. 
Once believed to be a minor player in species evolution, inter-species 
gene flow and its impact across different biological lineages will likely 
continue to come to light as sequencing technologies and attendant 
analytical techniques become ever more readily available and stream-
lined for non-model systems. 
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