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The ability to disperse over long distances can result in a high propensity for colonizing new geographic regions, including
uninhabited continents, and lead to lineage diversification via allopatric speciation. However, high vagility can also
result in gene flow between otherwise allopatric populations, and in some cases, parapatric or divergence-with-gene-flow
models might be more applicable to widely distributed lineages. Here, we use five nuclear introns and the mitochondrial
control region along with Bayesian models of isolation with migration to examine divergence, gene flow, and phylogenetic
relationships within a cosmopolitan lineage comprising six species, the blue-winged ducks (genus Anas), which inhabit all
continents except Antarctica. We found two primary sub-lineages, the globally-distributed shoveler group and the New
World blue-winged/cinnamon teal group. The blue-winged/cinnamon sub-lineage is composed of sister taxa from North
America and South America, and taxa with parapatric distributions are characterized by low to moderate levels of gene
flow. In contrast, our data support strict allopatry for most comparisons within the shovelers. However, we found evidence
of gene flow from the migratory, Holarctic northern shoveler A. clypeata and the more sedentary, African Cape shoveler
A. smithii into the Australasian shoveler A. rhynchotis, although we could not reject strict allopatry. Given the diverse
mechanisms of speciation within this complex, the shovelers and blue-winged/cinnamon teals can serve as an effective
model system for examining how the genome diverges under different evolutionary processes and how genetic variation is
partitioned among highly dispersive taxa.

Lineages that have broad distributions and a high degree of
vagility may experience diverse speciation processes through-
out their geographic range (Proches and Ramdhani 2013).
For example, high dispersal capabilities leading to the colo-
nization of new areas can result in geographically isolated
populations where genetic drift and local adaptations play
a major role in diversification (Jordan and Snell 2008,
McCusker and Bentzen 2010). However, having a high
dispersal ability also increases the chance that gene flow can
persist among geographically disjunct populations, resulting
in secondary contact and possibly impeding the speciation
process (Lenormand 2002, Feder et al. 2012, Nosil and
Feder 2012, Seehausen et al. 2014).

High dispersal capabilities have resulted in at least 59
lineages of birds having achieved cosmopolitan distributions
and being deemed global (Proches and Ramdhani 2013).
Among these lineages, the genus Anas (i.e. the dabbling
ducks) seems particularly predisposed for global radiations
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(Johnson and Sorenson 1999, Proches and Ramdhani 2013,
Lavretsky et al. 2014a), which is likely attributable to their
vagile tendencies. Within the genus Anas, the blue-winged
duck complex, named after their prominent blue wing
patch, inhabits all continents except Antarctica and com-
prises six species, including the northern shoveler A. chypeata,
the red shoveler A. platalea, the Cape shoveler A. smithii, the
Australasian shoveler A. rhynchotis, the blue-winged teal A.
discors, and the cinnamon teal A. cyanoptera. Owing to their
global distributions and propensity for long distance move-
ments, the blue-winged ducks provide an excellent study
system to assess how highly vagile taxa diverge, as species
pairs can be found under allopatry, parapatry, and sympatry.
Each shoveler species occupies a separate continent (Johnson
and Sorenson 1999), where environmental limitations and
geographic distance may be causing these taxa to diverge
under strict allopatry. Conversely, among the blue-winged/
cinnamon teal, examples of sympatry, parapatry and allopatry



can be observed. For instance, A. ¢. septentrionalium and A.
discors are sympatric in North America along the western
and northwestern regions of the United States and Canada
(Snyder and Lumsden 1951, Swanson et al. 1974, Hubbard
1978, Small 1994, Howell and Webb 1995); although this
overlap is relatively recent as A. discors has only been docu-
mented west of the Rocky Mountains since 1900 (Swanson
et al. 1974). Anas discors has also extended its breeding dis-
tribution into the northern regions of South America where
it is also a common winter migrant (Rohwer et al. 2002,
Wilson et al. 2011). Moreover, in South America, cinnamon
teal sub-species, A. ¢. cyanoptera and A. c. orinomus, are para-
patric at the extreme edges of their ranges in the Andean
highlands of Peru and Argentina (Wilson et al. 2011, 2013).
These parapatric and sympatric distributions suggest that
opportunities for gene flow might be high within this group.
For instance, sequence data from mtDNA and two nuclear
introns support gene flow between A. ¢. cyanoprera and A. c.
orinomus and between A. discors and A. c. seprentrionalium
(Wilson et al. 2011).

Ducks are well-known for their ability to hybridize and
produce fertile offspring, even between deeply divergent
lineages (Johnsgard 1960, Tubaro and Lijtmaer 2002).
Among the blue-winged ducks, wild hybrids occur in sym-
patry between A. discors and A. cyanoptera, A. discors and A.
clypeata, and A. cyanoptera and A. clypeata, and at least some
hybrid progeny are fertile (Johnsgard 1960, Bolen 1978).
Although wild hybrids have not been documented between
allopatric species, vagrant A. clypeata occasionally occur
within the ranges of the other species (Close and Jaensch
1981, Marchant and Higgins 1990, Roesler et al. 2013),
resulting in opportunities for gene flow. Furthermore,
Wilson et al. (2011) reported genetic evidence of gene flow
between allopatric breeding populations of A. discors and
A. ¢. cyanoptera. Anas discors is an uncommon migrant in
Peru (some may remain year-round) and Argentina where
it can occur in sympatry with A. ¢. cyanoptera (Salvador and
Salvador 1990, Schulenberg et al. 2010); however, there are
no breeding records of A. discors in southern South America.
Given their capacities for interspecific hybridization and
dispersing over long-distances, gene flow among species
inhabiting different continents seems probable.

We used multilocus data and coalescent methods to
examine the evolutionary history of this group to identify the
factors influencing the evolutionary trajectories of the blue-
winged ducks. Specifically, we reconstructed a species tree
using sequences from mitochondrial DNA (mtDNA) and
five nuclear DNA (nuDNA) introns, and compared this tree
to previously published trees reconstructed from mtDNA
(Johnson and Sorenson 1999) and morphology (Livezey
1991). Secondly, we determined the level of population
genetic divergence and used a Bayesian model of isolation
with migration to test for the presence of gene flow among
species pairs diverging in allopatry and sympatry/parapatry.
We predicted that taxa diverging in sympatry/parapatry (e.g.
A. . septentrionalium and A. discors) will show lower levels of
divergence and higher rates of gene flow than those diverg-
ing in allopatry. However, given the high dispersal capabili-
ties of these species, we predicted that species from different
continents will also experience gene flow, especially between
the migratory A. clypeata and the more sedentary species

from the southern hemisphere. In contrast, divergence
among allopatric, non-migratory species pairs will be better
explained by local adaptations and stochastic processes such
as genetic drift. Elucidating the interactions between popu-
lation connectivity and genetic divergence within a species
complex will contribute to our understanding of the dynam-
ics of speciation in globally distributed lineages.

Methods

Sampling methods and compiling genetic data

We used previously published genetic datasets of South
American cinnamon teal (mtDNA and 5 nuclear introns;
Wilson et al. 2013) and North American cinnamon and
blue-winged teal (mtDNA and 2 nuclear introns; Wilson
et al. 2011). From these studies, vouchered specimens of
A. ¢. cyanoptera (n = 52 individuals), A. ¢. orinomus (n = 49)
A. ¢ septentrionalium (n=70), and A. discors (n=706)
were collected in Argentina, Bolivia, Colombia, Peru, and
the United States (Fig. 1). Homologous data for north-
ern shovelers from widespread locations in North America
(n=48) and FEurasia (n=36) were obtained from Peters
et al. (2014). Anas smithii samples were collected from
southern Africa (n = 24; Caron et al. 2010, Cumming et al.
2013), vouchered specimens of A. platalea were collected
from central and southern South America (n = 24), and A.
rhynchotis were collected from Australia (n=19) and New
Zealand (n=4) (Fig. 1). Specimen information including
locality and Genbank accession numbers from previous
studies is archived at the USGS Alaska Science Center data
repository (<http://dx.doi.org/10.5066/F7T72FK7 >).

DNA sequencing

Genomic DNA was extracted from muscle tissue or blood
using a Qiagen DNeasy tissue kit. For each sample, we
amplified and sequenced five nuclear introns (ENOI,
PCK1, ODCI1, GRIN1, and FGB; collective total of 1501
bp) and the mitochondrial control region (658-983 bp),
following protocols described by McCracken et al. (2009a,
b). PCR products were cleaned using magnetic AMPure
beads (Beckman Coulter, Indianapolis, IN). Direct
sequencing was performed on an ABI 3730. All sequences
for A. c. cyanoptera, A. c. orinomus, and A. clypeata, as
well as mtDNA, ENO1 and ODCI sequences for 4. ¢
septentrionalium and A. discors, have been published pre-
viously (McCracken et al. 2009a, b, Wilson et al. 2011,
2013, Peters et al. 2014). All new sequences have been
deposited in GenBank (accession numbers KX535810-
KX536421).

To determine the gametic phase for each intron, we used
PHASE ver. 2.1.1 (Stephens et al. 2001). The program
PHASE is a Bayesian statistical method for reconstructing
haplotypes form genetic data while incorporating Hardy—
Weinberg equilibrium and linkage disequilibrium. We
constructed input files using seqPHASE (Flot 2010), treating
the blue-winged/cinnamon teal and the shoveler lineages in
separate analyses. For each analysis, we ran 1000 iterations
with a burn-in of 1000 generations.
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Figure 1. The distributions (shaded regions) and sampling locations (symbols) for (A) four species of shoveler and (B) two species and three

sub-species from the blue-winged/cinnamon teal.

Population structure and genetic diversity

To estimate levels of genetic differentiation (Fg: the propor-
tion of total genetic diversity partitioned between popula-
tions) and nucleotide diversity (m: the average proportion
of nucleotide differences for a given locus between pairs of
individuals within a population) for each locus, we used
DNAsp ver. 5.10 (Librado and Rozas 2009). We constructed
haplotype networks for each locus using the median-joining
algorithm in NETWORK ver. 5.0 (Bandelt et al. 1999). We
also used the Bayesian clustering method in the program
SplitsTree ver. 4.13 that computes phylogenetic networks
based on genetic distances among individuals (Huson and
Bryant 2006) and provides a framework for visualizing
genetic variation within and among populations. Phylo-
genetic networks illustrate alternative connections among
individuals that might arise from hybridization or recom-
bination, and therefore, can be superior to bifurcating phy-
logenetic trees when examining sequences from multiple
unlinked loci. We constructed splits trees using consensus
sequences of the concatenated nuDNA (with heterozygous
sites coded with TUPAC ambiguity codes) and a second tree
using mtDNA only. We used P-distances with ambiguities
treated as the average state (e.g. T vs C is a distance of 1.0,
whereas Y vs C is a distance of 0.5).

Coalescent analysis

We estimated phylogenetic relationships within the blue-
winged complex using the coalescent program *BEAST ver.
1.7.4 (Heled and Drummond 2010). *BEAST uses Bayesian
analysis incorporating a Markov Chain Monte Carlo
(MCMOCQ) in species-tree estimation (Heled and Drummond
2010). Two separate phylogenetic analyses were performed
using the constant population size prior; one analysis
included the five nuclear loci and mitochondrial DNA and
the other included only nuclear loci. Using MEGA ver. 6.0
(Tamura et al. 2013) we estimated the optimal substitution
rate based on the maximum likelihood of different models.
The HKY substitution model, which allows for different
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substitution rates between transitions and transversions, was
selected for all loci. Each phylogeny including the puna teal
A. puna, silver teal A. versicolor (McCracken et al. 2009a,b),
hottentot teal A. hottentota, garganey A. querquedula, and
Baikal teal A. formosa (unpubl.), and we treated populations
of A. clypeata and A. rhynchotis from different landmasses as
separate operational taxonomic units (i.e. North America vs
Eurasia and Australia vs New Zealand, respectively). For each
analysis, we ran 10 000 000 iterations, sampling every 1000
MCMC steps following a burn-in of 1 000 000 steps. The
posterior set of trees was analyzed in DensiTree (Bouckaert
2010) to create a phylogeny where MCMC simulations are
visible and not averaged together. To obtain a consensus tree
with posterior distributions we used TreeAnnotator ver. 1.7
(Drummond et al. 2012) discarding the first 1000 trees as
burn-in.

To estimate levels of gene flow we used the isolation with
migration model IMa2 (Hey and Nielsen 2004). IMa2 is a
coalescent model that uses genetic data to infer evolution-
ary histories and different demographic parameters (Hey and
Nielsen 2004). Because the full data set was too cumber-
some to analyze using IMa2, we ran four separate analyses:
1) a four-population model that included the four species
of shovelers (allopatric populations), 2) a four-population
model that included the blue-winged teal and the three
sub-species of cinnamon teals (allopatric and parapatric
populations), 3) a three-population model that included
A. clypeata from North America, A. discors, and the North
American cinnamon teal A. ¢. seprentrionalium (parapatric
and sympatric populations), and 4) a two-population model
that included A. platalea and lowland cinnamon teal, 4. c.
cyanoptera, from South America (sympatric populations).
These subsets were chosen to address specific questions: is
there gene flow among species/subspecies within each sub-
lineage, and is there more gene flow between lineages within
sympatry? IMa2 assumes no gene flow from any other popu-
lations that are not included in the analysis, and therefore,
any gene flow from another species could bias migration
estimates in our models (Hey and Nielsen 2004). How-
ever, these biases are small, especially when gene flow from



Table 1. Summary of the descriptive statistics for all loci used in this study. Note that the bolded values for Tajima’s D are statistically
significant (p-value <0.05).

Locus name Length (bp) Haplotypes Polymorphic sites Tajima’s D
ENO1 271 40 38 -1.47819
GRINT 274 154 52 -1.02496
FGB 216 22 21 -1.74003
OoDC1 274 35 40 -2.0597
PCK1 301 19 21 —-1.53843
mtDNA 652 167 106 —0.45659

an unsampled population is low (Strasburg and Rieseberg
2010), and our models generally include the taxa that are
most likely to exchange genes.

Here, we estimated © (where © =4Ny, and N, is the
effective population size and [ is the mutation rate per locus
per generation) for each contemporary population and the
ancestral populations, 2/Nm (which is ©m, /2, here m,, is the
immigration rate relative to the mutation rate estimated in
IMa2, N is the population size for the population receiving
migrants, and 2 is the proportion of the population consisting
of immigrants each generation) between each pair of species/
sub-species, and # (where #= 7/\, and 7 is the number of
generations since divergence). Thus, our analyses included a
total of 22 parameters for four-population models, 13 param-
eters for the three-population model, and 6 parameters for the
two-population model). Because IMa2 assumes only recom-
bination between loci and not within a locus, we used IMgc
(Woerner et al. 2007) to detect violations of the four-gamete
test and to truncate loci to be consistent with no recombina-
tion. We defined the species trees for each run based on the
results of *BEAST. We ran one cold chain and 59 hot chains
with geometric heating for 1 000 000 generations as a burn
in and then sampled parameters every 200 generations for 30
000 000 iterations; preliminary runs indicated that this num-
ber of iterations were required for parameter convergence.
The analysis was replicated with a different random number
seed to check for convergence, and all effective sample size
(ESS) values were > 50 in all runs (following Hey 2005).

Results

Genetic structure of the blue-winged ducks

Across all loci, the number of haplotypes varied from 19
to 167 with an overall average of 46 polymorphic sites (see

Table 1 for more summary statistics). Within the blue-
winged ducks and among nuclear loci, nucleotide diver-
sity ranged between 0.0 and 0.022 substitutions/site with
a mean of 0.0072 substitutions/site. For mtDNA, nucle-
otide diversity ranged from 0.0001 to 0.0096 substitutions/
site with a mean of 0.0044 substitutions/site. Across all
pairwise comparisons, Fgp ranged from 0.080 to 0.938 for
all nuclear loci, and from 0.072 to 0.955 for mtDNA
(Table 2). Overall differentiation was highest between the
shovelers and the blue-wing/cinnamon teal group and
among all pairwise comparisons of shoveler except A. cly-
peata and A. rhynchotis (pairwise Fg.>0.2 in most cases;
Table 2). Haplotype networks for each nuDNA locus
revealed many shared alleles among taxa, both within and
between subgroups (Supplementary material Appendix 1,
Fig. A1). However, based on neighbor-net trees computed
in SplitsTree for the concatenated nuDNA loci, individuals
mostly clustered with individuals from the same sub-lineage;
the blue-winged/cinnamon teal sub-lineage and shoveler
sub-lineage (Fig. 2A). Within the shoveler sub-lineage,
A. platalea and A. smithii appeared to be the most struc-
tured; all individuals from each of these species clustered
with other individuals of the same species to the exclusion
of other species. These patterns of clustering coincided well
with pairwise Fyp values. However, A. clypeata and A. rhyn-
chotis had weaker levels of genetic differentiation and clus-
tering analysis showed a high level of admixture between
these species (Fig. 2A). Additionally, the blue-winged/
cinnamon teal sub-lineage had very weak clustering which
also was supported by low levels of genetic differentiation
(Table 2). Interestingly, four samples of A. discors and one
sample of A. c. septentrionalium clustered with the shovel-
ers, and one sample of A. rhynchotis clustered within the
blue-winged/cinnamon teals (Fig. 2A).

In contrast to nuDNA, the mtDNA neighbor-net tree
was consistent with high genetic differentiation within the

Table 2. Pairwise F¢; values among eight taxa of blue-winged ducks. Mitochondrial DNA above the diagonal, nuclear DNA (average among

five loci) below the diagonal.

A. rhynchotis A. smithii A. clypeata A. platalea A. c.cyanoptera A.c.orinomus A. c. septentrionalium A. discors

A. rhynchotis - 0.7922 0.5358 0.8741 0.8258 0.8489 0.8062 0.8328
A. smithii 0.4086 - 0.7872 0.9326 0.8993 0.9227 0.8866 0.9051
A. clypeata 0.0967 0.2434 - 0.8633 0.8113 0.8388 0.7895 0.8204
A. platalea 0.3213 0.2802 0.2946 - 0.8868 0.9131 0.8794 0.8965
A. cyanoptera

cyanoptera 0.3086 0.4072 0.2665 0.3025 - 0.0723 0.4137 0.2527

orinomus 0.2572 0.3225 0.1815 0.2962 0.0972 - 0.4768 0.4175

septentrionalium 0.2023 0.2662 0.1343 0.2824 0.0796 0.0531 - 0.4823
A. discors 0.1864 0.2415 0.1019 0.3061 0.1435 0.0699 0.0233 -
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blue-winged/cinnamon teal

® A. c. cyanoptera
®A. c. orinomus
A. c. septentrionalium
A. discors

shovelers

® A. clypeata
® A. rhynchotis
@ A. smithii

@ A. platalea

(A) nuDNA (B) mtDNA

Figure 2. Neighbor-net trees constructed in the program SplitsTree for the blue-winged duck complex from (A) concatenated nuDNA at
five loci (1501 aligned nucleotides) and (B) mtDNA (652 aligned nucleotides). Branch lengths are based on P-distances. Note that indi-
viduals representing the shoveler sub-lineage are displayed in ‘cold’ colors (i.e. blue, purple, teal, and green), and individuals representing
the cinnamon teal sub-lineage are displayed in ‘hot’ colors (i.e. red, orange, yellow, and pink).

shoveler sub-lineage, with the vast majority of individuals
grouping within species-specific lineages (mean Fgr = 0.826).
The only two exceptions were that an mtDNA haplo-
type from one A. chpeata individual fell outside the A.
clypeatal rhynchotis cluster, and one A. rhynchotis mtDNA
haplotype (sampled from four individuals from New
Zealand) grouped within the A. chpeata cluster (Fig. 2B).
Much lower differentiation was observed within the blue-
winged/cinnamon teal sub-lineage, although haplotypes
from A. c. seprentrionalium mostly clustered within a distinct
group (also see Wilson et al. 2011).

Phylogenetic reconstruction

The analysis of nuDNA in *BEAST recovered the shoveler
sub-lineage and the blue-winged/cinnamon sub-lineage
to be reciprocally monophyletic (Fig. 3). This relation-
ship was also supported by levels of genetic differentiation
for both nuDNA and mtDNA (F;=0.254 and 0.860
between sub-lineages, respectively). Shallow divergences
were recovered between A. ¢. septentrionalium and A. dis-
cors, between A. ¢. cyanoptera and A. c. orinomus (posterior
support = 1.0), between Old and New World A. clypeara
(posterior support=0.99) and between Australasian sub-
species, A. 7. rhynchotis and A. 7. variegata (posterior sup-
port =0.99). However, we found weak posterior support
for A. smithii as sister to the A. clypeatalrhynchotis group
(posterior support =0.37), and for the monophyly of the
shovelers (posterior support = 0.47). Note that an apprecia-
ble number of posterior trees recovered A. platalea as sister
to the blue-winged/cinnamon teal group (Fig. 3), render-
ing the shovelers as paraphyletic. Including both mtDNA
and nuDNA in the *BEAST analysis did not change the
tree topology, and most relationships received higher pos-
terior support, including the monophyly of the shoveler
sub-lineage (posterior support = 0.48).
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Estimates of gene flow (2Nm) from Ima2

Within the shoveler sub-lineage, we could not reject
a scenario of no gene flow into A. chpeata, A. smithii, or
A. platalea from any of the other shoveler species (Fig. 4A, B,
D, respectively). In general, posterior distributions peaked
at or near zero and confidence intervals were narrow. In
contrast, we found evidence of low, asymmetrical gene flow

into A. rhynchotis from both A. clypeata (2Nm = 0.5 migrants

A.r. thynchotis

A. r.variegata

A. clypeata (Old World)
(— shovelers
A. clypeata (New World)

A. smithii

A.platalea

A.c.cyanoptera

A. c orinomus

blue-winged/
3 cinnamon teal
A. discors

A. c septentrionalium

A. querquedula
A. hottentota

A.puna

A versicolor

T A.formosa

0.0 C TS 10

Figure 3. The evolutionary relationships of the blue-winged duck
complex reconstructed using *BEAST and five nuclear introns.
Shaded regions illustrate all 1000 posterior trees and the dark lines
show the consensus phylogeny. The shaded circles represent the
overall posterior support for each node, where lighter colors reflect
lower posterior support and darker colors reflect stronger posterior
support as illustrated in the lower bar. Branch lengths are given in
units of mutations per site.



per generation) and A. smithii (2Nm=0.16 migrants per
generation) (Fig. 4C). In both cases, however, the 95% high-
est posterior distribution included our lowest bin of migra-
tion rates, suggesting that the data are also consistent with
complete isolation.

In contrast, within the blue-winged/cinnamon teal sub-
lineage, prominent traces of gene flow were detected from
A. ¢ orinomus into A. c. cyanoptera (2Nm = six migrants
per generation) and in the reverse direction (2Nm = two
migrants per generation) (Fig. 5A, B). Strong levels of intra-
continental gene flow were also found from A. discors into
A. c. septentrionalium (2Nm = nine migrants per generation)
and in the opposite direction from A. c. septentrionalium
into A. discors (2Nm = five migrants per generation (Fig. 5C,
D)). However, confidence intervals overlapped zero in
the latter direction. Although we also found some evi-
dence of intercontinental gene flow from A. discors into A.
¢. cyanoptera (2Nm = 0.81 migrants per generation, but note
the high posterior probability associated with the lowest bin
in Fig. 5B), our best estimates (the peaks in the posterior
distributions) suggested more prominent gene flow between
parapatric populations than between allopatric popula-
tions. Finally, we did not find evidence of gene flow between

35| (A) Into A clypeata
3
[ w From A. smithii 0.00376 (0.0 - 1.08)
25 wn From A. platalea 0.0784 (0.0 - 1.01)
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1.5
1
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3
©
Ke]
[e]
s
k)
‘2 4.5 (C) Into A. rhynchotis
o
“l
35 == From A. platalea 0.0017 (0.0 - 0.530)
wem  From A. smithii 0.161 (0.0 - 0768)
3 s From A. clypeata 0.454 (0.0 - 1.19)

sympatric species of shovelers and A. discors or cinnamon
teal in either North America or South America; all posterior
distributions of 2Nm peaked at or near zero (Supplementary
material Appendix 1, Fig. A2-A3).

Discussion
Phylogenetic relationships

In this study we used a multi-locus approach to examine
the processes shaping patterns of genetic divergence within
the blue-winged duck complex. Our multi-locus dataset
supported reciprocal monophyly between the shovelers and
blue-winged/cinnamon teals, which agrees with a morpho-
logical tree reconstructed from 157 phenotypic characters
(Livezey 1991). In contrast, a mtDNA gene tree recovered
the shovelers as being paraphyletic with respect to the blue-
winged/cinnamon teals (Johnson and Sorenson 1999).
Specifically, A. platalea was sister to a clade comprising
the remaining shovelers, blue-winged teal, and cinna-
mon teals. However, this sister relationship received low
(<50%) bootstrap support, and the many reticulations in

91 (B) Into A. smithii
8
7 mmmmm From A. platalea 0.00074 (0.0 - 0.314)
6 s From A. rynchotis 0.00093 (0.0 - 0.443)
wes From A. clypeata 0.112 (0.0 - 0.506)
5
4N
3
i/
2
1
0
0 1 2 3 4 5 6

5| (D) Into A. platalea

4 s From A. rhynchotis 0.00156 (0.0 - 0.620)
ws  From A. smithii 0.00191 (0.0 - 0.974)
mmm From A. clypeata 0.144 (0.0 - 0.904)

2Nm

Figure 4. Estimates of the number of immigrants per generation for each of the shoveler sub-lineages: A. clypeata (A), A. smithii (B), A.
rhynchotis (C), and A. platalea (D). Values in bold represent the highest posterior probability and the values in parentheses are the 95%

highest posterior densities.
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Figure 5. Estimates of the number of immigrants per generation for each taxon of the blue-winged/cinnamon teal complex: A. ¢. cyanoptera
(A), A. c. orinomus (B), A.discors (C), and A. c. septentrionalium (D). Values in bold represent the highest posterior probability and the

values in parentheses are the 95% highest posterior densities.

our neighbor-net tree further illustrates the uncertainty in
the mtDNA gene tree (Fig. 2B). In our multi-locus species
tree reconstructions, we did find a small set of posterior trees
supporting the paraphyly of the shovelers, but in this case,
A. platalea was sister to the blue-winged/cinnamon teals
(Fig. 3). Although a monophyletic shoveler lineage was the
best-supported species tree overall, this lineage also received
low posterior support (<50%), and therefore, additional
data may be needed to fully resolve phylogenetic relation-
ships within this group of ducks.

Assuming that the mtDNA gene tree accurately reflects
the history of this marker and that our species tree accurately
reflects the history of population divergence and specia-
tion, our results suggest conflict between mitochondrial
and nuclear markers. Mito-nuclear discord can result from
a number of processes, including stochastic lineage sorting,
hybridization, sex-biased gene flow, and selection (Toews
and Brelsford 2012). For example, because the effective pop-
ulation size (V) of mtDNA is a quarter the /V, of nuDNA,
divergence and lineage sorting can happen at a much faster
rate for mtDNA, causing evolutionary discord between
the two genomes. The short internodes at the base of the
mtDNA and nuDNA phylogenies (Johnson and Sorenson
1999; Fig. 2, 3) suggest rapid diversification, and there-
fore, we can expect high levels of conflict among different
loci being driven by stochastic lineage sorting. As found

646

in other studies (Machado et al. 2002, Faure et al. 2009,
Bulgarella et al. 2012, Paupério et al. 2012, Lavretsky et al.
2014b), using a multi-locus approach allows us to account
for the stochastic lineage sorting and conflict among loci
that might otherwise lead to biases when inferring evolution-
ary relationships based on a single marker type. However,
this conflict likely contributes to low support for phyloge-
netic relationships in the absence of large datasets.

Despite the conflict in relationships between shovelers
and blue-winged/cinnamon teals recovered from mitochon-
drial and nuclear markers, our species tree does agree with
the mitochondrial genealogy to some extent (Johnson and
Sorenson 1999). For example, both mtDNA and our spe-
cies tree support a sister relationship between A. smithii and
the A. clypeatalrhynchotis group, whereas morphological
characteristics (including skeletal and plumage character-
istics) suggest that A. chypeatal rhynchotis is sister to A. pla-
talea (Livezey 1991). Patterns of dichromatism are prevalent
in A. platalea, A. clypeata, and A. rhynchotis but not in A.
smithii, which might have contributed to this morphological
grouping. In addition, our results agree with the mtDNA
gene tree in suggesting that cinnamon teals are paraphyletic
with respect to A. discors, although in that case A. discors was
sister to A. ¢. cyanoptera rather than A. c. septentrionalium
(Johnson and Sorenson 1999, Wilson et al. 2011). Wilson
et al. (2011) suggested a South American origin for the



blue-winged/cinnamon teal complex; specifically, a South
American cinnamon teal ancestor might have given rise to
A. discors and A. c. septentrionalium, although the number of
colonization and the order of divergence events were ambig-
uous (Wilson et al. 2011). The paraphyly of A. cyanoptera
with respect to A. discors in our multi-locus species tree sup-
ports a single colonization of North America, followed by
divergence between A. discors and A. c. septentrionalium.
However, estimating species trees in *BEAST requires an
assumption of no gene flow between operational taxonomic
units (Heled and Drummond 2010), but we found strong
evidence of gene flow between A. discors and A. c. septentri-
onalium. Gene flow, in this case, could have resulted from
secondary contact following two independent coloniza-
tions of North America, which could mislead phylogenetic
reconstructions. Analyzing larger datasets with methods that
jointly estimate migration and phylogenies may be necessary
to conclusively resolve the placement of A. discors within the
blue-winged/cinnamon teal complex.

Estimated number of migrants per generation (2Nm)

The high dispersal abilities and high capacity for hybridization
of the blue-winged duck complex have led to bouts of
gene flow within both sub-lineages. Specifically, within the
shoveler sub-lineage, evidence of unidirectional gene flow
was found among allopatric species from different continents
(from A. clypeata into A. rhynchotis and from A. smithii into
A. rhynchotis), although confidence intervals included zero
for both comparisons (Fig. 5A). Although gene flow is unex-
pected from A. smithii, the wintering range of the migratory
A. clypeata has expanded into the Philippines and Malaysia
(Van Weerd and Van der Ploeg 2004), and vagrant individu-
als from Australia and New Zealand were reviewed in Close
and Jaensch (1981) and Marchant and Higgins (1990), as
well as reported in public databases such as eBird (<www.
ebird.org>; Sullivan et al. 2009) and the Atlas of Australian
Birds (<www.birddats.com.au>). These vagrants provide
opportunities for hybridization and gene flow between these
otherwise allopatric species. For hybridization to occur it is
likely that a small fraction of individuals must take up at least
semi-residency in either Australia or New Zealand during the
breeding season. As sightings in the Philippines have been
reported between May and August (Van Weerd and Van der
Ploeg 2004), it appears that at least some vagrant A. clypeata
males have at least partially suspended their migration back
to the typical northern breeding grounds. Although females
of these two species are difficult to differentiate and there-
fore it is unknown if females are present year-round as well,
the year-round presence of males raises the possibility they
could be reproductively active thus providing an avenue for
potential hybridization. Interestingly, all four of our samples
of A. rhynchotis from New Zealand had mtDNA haplotypes
that clustered more closely with haplotypes from A. clypeata
than with A. rhynchotis from Australia suggesting mtDNA
introgression and past female-mediated gene flow. To our
knowledge there are no confirmed wild hybrids, suggesting
that hybridization is probably rare.

Congruent with previous research (Wilson et al. 2011),
we found evidence of gene flow between parapatric taxa
in South America (A. ¢. cyanoptera and A. c. orinomus) and

North America (A. c. septentrionalium and A. discors) within
the blue-winged/cinnamon teal sub-lineage. Within central
South America, cinnamon teal subspecies occur in sympatry
at the extreme edges of the distribution of A. ¢. orinomus
within the central High Andes (Wilson et al. 2011, 2013).
Although sightings of lowland taxa in the highlands, and
vice versa, have been reported for many species, the hypoxic
environment of the High Andes likely restricts gene flow
into the highlands as seen in other waterfowl (McCracken
et al. 2009a, b, Bulgarella et al. 2012). Intermixing between
subspecies also could occur at mid-elevations as observed in
the crested duck Lophonetta specularioides, which is charac-
terized by a well-defined hybrid zone at an elevation of ~
2000 m (Bulgarella et al. 2012); however, cinnamon teal
appear to be rare at mid-elevation as the lowest record for A.
¢. orinomus is approximately 1500 m based on a single bird
(Wilson et al. 2013).

Within North America, bouts of gene flow may be dic-
tated by seasonal breeding migrations between A. c. septentri-
onalium and A. discors. Distributions of A. ¢. septentrionalium
and A. discors overlap more extensively in the western region
of the United States and Canada where hybridization does
occur (Lokemoen et al. 1990, Gammonley and Fredrickson
1995, Howell and Webb 1995, Wilson et al. 2011), although
the extent of hybridization is unknown. We observed non-
zero gene flow (Cls do not overlap zero) indicating that these
two taxa maintained some level of genetic connectivity after
divergence. This level of genetic exchange and directionality
could potentially reflect the recent expansion of A. discors
breeding ranges, although more data are needed to test this
hypothesis. Overall, our results suggested more prominent
gene flow between parapatric populations than between
allopatric populations, although the broad posterior distri-
butions overlapped zero for most of our comparisons.

Interestingly, Wilson et al. (2011) detected non-zero
values for migration rates between A. ¢. c¢yanoptera and A.
c. septentrionalium, suggesting inter-continental gene flow
within the sub-lineage. However, this was not the case in this
study where only intra-continental gene flow was detected
as all confidence intervals between A. ¢. cyanoptera and A.
septentrionalium broadly overlapped zero. One reason for
this could reside in resolution power within genetic mark-
ers. For example, Wilson et al. (2011) used a total of three
loci (two nuclear loci and one mitochondrial locus), which
may result in a lack of resolution for coalescent simulations
(Cruickshank and Hahn 2014). By using six total loci, we
have increased the power and resolution. An alternative con-
tributing factor could be Wilson et al.’s (2011) use of pairwise
comparisons in the two-population IM models. Specifically,
one of the assumptions when using IM is that there is no
gene flow among populations that are not included in the
analysis (Hey and Nielsen 2004). Thus, when running only
a two-population model, any shared genetic variation that
cannot be explained by ancestral variation between the two
taxa may give a false positive of non-zero migration rates. In
contrast, running analyses that include all taxa incorporate
a full-migration matrix, accounting for sources of variation
from all other taxa, and potentially reducing the occurrence
of false positives. Overall, our estimates of gene flow within
the blue-winged/cinnamon teal suggest that geographic
distance and other environmental variables between North
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and South America likely create strong barriers to gene flow
resulting in allopatric divergence and speciation.

Conclusions

Studying the evolutionary histories among closely related
taxa, at different stages of the speciation continuum, can
reveal the propensity of different evolutionary forces to
act on the process of divergence and ultimately speciation
(Johnson and Sorenson 1999, Lenormand 2002). Here we
show that the evolutionary relationships within the blue-
winged duck complex suggest two reciprocally mono-
phyletic sub-lineages. We suggest that gene flow is most
common among parapatric sister taxa (especially in the case
of A. c. septentrionalium and A. discors) and that more dis-
tantly related taxa experience nearly complete isolation and
may be diverging via allopatric speciation. In the latter case,
larger geographical structures (e.g. mountain ranges, bodies
of water, and geographical distance) may be playing a role
in reducing long distance dispersal events and subsequently
decreasing the probability of hybridization. However, the
high dispersal capability of the migratory A. chypeata may
facilitate gene flow among otherwise allopatric populations.
Because the blue-winged ducks show diverse patterns of
speciation, this complex can serve as a model system for
identifying how the genome diverges under different evo-
lutionary processes and how genetic variation is partitioned
among highly dispersive taxa.
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