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Abstract

Speciation is a process in which genetic drift and selection cause divergence over time.

However, there is no rule dictating the time required for speciation, and even low levels

of gene flow hinder divergence, so that taxa may be poised at the threshold of speciation

for long periods of evolutionary time. We sequenced mitochondrial DNA (mtDNA) and

eight nuclear introns (nuDNA) to estimate genomic levels of differentiation and gene

flow between the Eurasian common teal (Anas crecca crecca) and the North American

green-winged teal (Anas crecca carolinensis). These ducks come into contact in Beringia

(north-eastern Asia and north-western North America) and have probably done so,

perhaps cyclically, since the Pliocene–Pleistocene transition, �2.6 Ma, when they

apparently began diverging. They have diagnosable differences in male plumage and

are 6.9% divergent in the mtDNA control region, with only 1 of 58 crecca and 2 of 86

carolinensis having haplotypes grouping with the other. Two nuclear loci were likewise

strongly structured between these teal (FST ‡ 0.35), but six loci were undifferentiated or

only weakly structured (FST = 0.0–0.06). Gene flow between crecca and carolinensis was

�1 individual per generation in both directions in mtDNA, but was asymmetrical in

nuDNA, with �1 and �20 individuals per generation immigrating into crecca and

carolinensis, respectively. This study illustrates that species delimitation using a single

marker oversimplifies the complexity of the speciation process, and it suggests that even

with divergent selection, moderate levels of gene flow may stall the speciation process

short of completion.
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tion genetics, speciation with gene flow
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Introduction

Speciation is a process whereby genetic drift and selec-

tion cause populations to become more differentiated
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over time. However, even small levels of gene flow can

retard this process, and there is no evolutionary rule for

how long it takes for speciation to reach completion.

Three major factors—population size, divergent selection

and gene flow—can make speciation a complex process

with an uncertain outcome. The classic ‘dumbbell’

model of allopatric speciation involves the separation of
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populations by a barrier that at its extreme precludes

gene flow (Mayr 1940, 1942; White 1978; Haffer 2007). If

the barrier is incomplete or if the timing of separation

and ⁄ or degree of divergent selection between popula-

tions prior to secondary contact are insufficient, then

speciation may be incomplete. As Mayr’s (1942) analysis

of this model and subsequent decades of research have

shown, speciation is most favoured when the ranges of

diverging forms are discontinuous, reducing gene flow

sufficiently for divergence to produce two lineages

unable to reticulate. In speciation theory, if the ‘handle’

connecting the two populations in the dumbbell model

is not broken (i.e. gene flow persists), then parapatric

models apply (speciation with gene flow in a nonsymp-

atric distribution; Gavrilets 2004). Parapatric speciation

is well supported theoretically, but its frequency in nat-

ure is uncertain (Coyne & Orr 2004; Price 2008), and it

is a relatively neglected area in speciation research

(Gavrilets 2004).

Recently, however, speciation with gene flow has

become a popular research topic in natural populations

under rubrics such as ‘ecological speciation’ (Rundle &

Nosil 2005; Nosil 2008), ‘soft allopatry’ (Pyron & Bur-

brink 2010) and ‘disturbance–vicariance’ (Lötters et al.

2010). Each of these areas basically considers how the

‘handle’ of gene flow connecting diverging populations

affects the speciation process, asking whether the con-

nection is continuous, discontinuous or intermittent,

and how it changes through time. Despite its appeal

and seeming likelihood, the number of accepted empiri-

cal examples for speciation with gene flow is at best

modest (Coyne & Orr 2004; Rundle & Nosil 2005). This

stems both from an inability to know that strict

allopatry did not occur at some critical historical point
  6
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Fig. 1 Sampling localities of common and green-winged teal used fo

(n = 50).
(Endler 1982; Mayr 1982) and from difficulties in recon-

structing temporal aspects of gene flow (e.g. Becquet &

Przeworski 2009; Strasburg & Rieseberg 2011). Specia-

tion with gene flow may be better understood by study-

ing cases in which gene flow is unlikely to have ever

ceased or in which it has long been recurrent.

Long-distance seasonally migratory birds often exhi-

bit semiannual transcontinental and transoceanic move-

ments that can prevent diverging populations from

undergoing long periods of strict allopatry. Such lin-

eages offer a potentially rich series of natural experi-

ments for studying speciation with gene flow (Winker

2010). Here, we examine what is likely to be such a

case. Two continental populations of teal, the Eurasian

common teal (Anas crecca crecca) and the North American

green-winged teal (Anas crecca carolinensis), breed

widely across the Holarctic (Fig. 1) and come into con-

tact in Beringia (which extends from the Russian Far

East to western Canada) and, probably less frequently,

elsewhere in Eurasia and North America (Johnson

1995). However, whether they breed assortatively in

sympatry is not known, and the two taxa are currently

recognized either as subspecies or as full species by dif-

ferent authorities (AOU 1998; Sangster et al. 2002).

Modern estimates place population sizes at 3.7–4.7 and

2.9 million individuals of crecca and carolinensis, respec-

tively (Delany & Scott 2002).

The Eurasian and North American forms have under-

gone phenotypic and mtDNA divergence. Evidence

from mtDNA coding regions from one individual each

of the two taxa suggested that crecca and carolinensis are

about 5.9% divergent (Johnson & Sorenson 1999); Zink

et al. (1995) also found a relatively deep divergence in

mtDNA, but with haplotype sharing between
  3
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continents. Assuming that mtDNA cytochrome

b diverges at a rate of �2.29% per million years in

waterfowl (Weir & Schluter 2008) suggests that these

haplotypes diverged �2.6 Ma, which corresponds to the

Pliocene–Pleistocene transition and the onset of a long

period of glacial–interglacial cycles. This deep mito-

chondrial divergence was further confirmed using lar-

ger sample sizes from eastern Russia and Alaska, but

crecca and carolinensis were not significantly differenti-

ated on the basis of amplified fragment length polymor-

phisms in nuclear DNA (Humphries & Winker 2011).

The mtDNA divergence between crecca and carolinen-

sis is intriguing for two additional reasons. First, their

haplotypes are not sister lineages; mtDNA data suggest

that carolinensis is more closely related to the South

American speckled teal (Anas flavirostris), which is mor-

phologically well differentiated but only 2.6% divergent

(Johnson & Sorenson 1999). Thus, A. crecca (sensu lato)

haplotypes are paraphyletic. Second, the mtDNA diver-

gence between crecca and carolinensis (5.9%) is similar to

the divergence observed between some duck species

that are strongly differentiated in morphology. For

example, mallards (Anas platyrhynchos) and northern

pintails (Anas acuta) are approximately 5.8% divergent

(Johnson & Sorenson 1999). Livezey (1991) found that

only one of 157 morphological characters differed

between crecca and carolinensis, while 23 of these charac-

ters differed between carolinensis and flavirostris and 32

differed between platyrhynchos and acuta. Thus, mtDNA

divergence between crecca and carolinensis is deeper

than expected given the degree of morphological diver-

gence.

The present breeding distributions of crecca and caro-

linensis are effectively parapatric, largely separated by

the Bering Sea (Fig. 1). Current and historical distribu-

tions have probably been characterized by permeable

barriers: presently, the Bering Sea and historically, (per-

haps) extensive glaciers. The teal’s biology, however,

probably lowers the effectiveness of such barriers to

dispersal. Both continental populations comprise long-

distance seasonal migrants with strong flight capabili-

ties, and individuals use coastal marine environments

(Rave & Baldassarre 1989; Gibson & Byrd 2007). During

the Quaternary (�2.6 Ma to the present), the two conti-

nents were intermittently connected by the Bering land

bridge when massive continental glaciers caused sea

levels to drop. This land bridge extended �1600 km in

width from north to south during the last glacial maxi-

mum (LGM), and was exposed at least nine times from

1.8 to 0.01 Ma (Hopkins 1967; Ruddiman et al. 1986).

During this time, the Bering land bridge and great

expanses to the east and west remained unglaciated

(Kaufman & Manley 2004). Oceanic paleotemperature

records of glacial–interglacial cycles suggest that more
� 2012 Blackwell Publishing Ltd
than 40 such cycles occurred in the Quaternary (Ruddi-

man et al. 1986). Fossil and palynological evidence

reveals rich vertebrate and plant communities, even

during the height of the Wisconsinan glacial episode

(110 000–10 000 kya), one of the more severe (Elias

2001; Harrington 2003; Abbott et al. 2010), and that

Beringia has hosted a rich assemblage of migratory

waterfowl since the early Quaternary, including Anas

crecca (Fitzgerald 1991).

In this study, we investigate the genetic attributes of

the speciation process between crecca and carolinensis

using a multilocus approach. Our overarching question

is whether, as seems likely given this animal’s biology

and the history of Beringia, this is a case of speciation

with gene flow. To determine this, we ask three ques-

tions: Are green-winged teal genetically distinct

between continents? How much gene flow, if any, con-

nects them? And do different loci exhibit heterogeneous

levels of differentiation? We address these questions

using DNA sequences from the mtDNA control region

and eight nuclear introns.
Methods

Sampling

We sampled 58 individuals from Eurasia (crecca) and 86

individuals from North America (carolinensis) from

widely distributed locations throughout their Holarctic

distributions (Fig. 1A; Table S1, Supporting informa-

tion). When vouchered specimens were available, we

confirmed subspecific designations based on plumage

(adult males only). Individuals were sampled during

various times of the year and include breeding, migrat-

ing and wintering individuals. DNA sources included

muscle tissues from museum specimens and hunter-

harvested birds and feathers salvaged from nests. All

144 individuals were sequenced for the mtDNA control

region, whereas we arbitrarily subsampled 25 individu-

als per continent (blind to mtDNA haplotype) for

nuclear DNA (nuDNA) sequencing (Fig. 1B). Subsam-

ples were chosen to maintain geographical coverage but

to balance sample sizes among localities.
DNA sequencing

We sequenced 990–994 bp of the mitochondrial DNA

control region and adjacent tRNA-Phe for all individu-

als using the primer pairs L78-H774 and L736-H1251

(Sorenson & Fleischer 1996; Sorenson et al. 1999). For

the subsampled individuals, we sequenced seven auto-

somal introns, including CRYAB (334 bp), GRIN1 (330–

331 bp), ENO1 (309–313 bp), ODC1 (345–349 bp), PCK1

(343 bp), FGB (448–459 bp) and LDHB (531–534 bp),
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and a Z-chromosome, sex-linked intron, CHD1Z (308–

310 bp) (Peters et al. 2012a). Each intron is located on a

different chromosome within the chicken (Gallus gallus)

genome and thus assumed to be unlinked in teal. PCR

followed standard protocols, with an annealing temper-

ature of 52�C for mtDNA and 58�C for nuDNA. PCR

products were cycle-sequenced using BigDye v3.1 and

an ABI3100 automated sequencer (Applied Biosystems,

Foster City, CA, USA).

We resolved the gametic phase of alleles in three

ways. (i) For sequences containing indels, we compared

the ambiguous 5¢-end with the unambiguous 3¢-end of

forward and reverse sequences to resolve the placement

and composition of gaps and the linkage of polymor-

phisms to those gaps (Peters et al. 2007). (ii) We used

the program PHASE to reconstruct the most likely

gametic phase of each sequence containing multiple

polymorphic sites (Stephens et al. 2001); input files

were created using SEQPHASE (Flot 2010). (iii) When the

probability of reconstructed alleles was <0.95, we devel-

oped allele-specific primers to independently amplify

and sequence one of the alleles and then subtracted this

allele from the heterozygous sequence to resolve the

other allele. We re-ran PHASE, treating the newly

resolved alleles as known alleles to verify that all recon-

struction probabilities were ‡0.95.
Population differentiation

We constructed haplotype networks using the median-

joining algorithm in NETWORK ver.4.5 (Bandelt et al.

1999). We calculated FST, the proportion of genetic vari-

ation partitioned between crecca and carolinensis, in

ARLEQUIN ver. 3.1 (Excoffier et al. 2005). We also calcu-

lated FST between these northern teal and Anas flaviros-

tris for five introns obtained from McCracken et al.

(2009a). We used the clustering algorithm in the pro-

gram STRUCTURE ver.2.2.3 to test for population differ-

ences using multilocus genotypes (Pritchard et al. 2000)

with alleles numbered from 1 to n (n equals the number

of different alleles observed). STRUCTURE uses a Bayesian

approach to test for deviations from Hardy–Weinberg

equilibrium and linkage disequilibrium to calculate the

likelihood of a user-defined number of populations and

to assign individuals to those populations. We used a

no admixture model, assumed independent allele fre-

quencies, tested models of varying numbers of popula-

tions (K = 1–5) and report results from the model with

the highest likelihood. Only nuclear loci were included,

and no a priori information was provided on individual

origin. STRUCTURE was run for 100 000 generations of

burn-in and 500 000 generations of sampling. Each anal-

ysis was replicated 10 times, all of which converged on

similar values. We chose the best value of K using the
Evanno et al. (2005) method in the program STRUCTURE

HARVESTER (Earl & vonHoldt 2012).

To examine evidence of a cline in genotypic frequen-

cies, we fit a sigmoidal curve to the assignment proba-

bilities across the contact zone in Beringia. Because our

total sample included breeding, migrating and winter-

ing individuals, we defined locations for this analysis

by longitude only. We chose 170� W as the approximate

centre of the contact zone and set this longitude to zero;

in this way, Eurasian localities had negative values and

North American localities had positive values. We also

performed this analysis on mtDNA by categorizing

haplotypes as either ‘Old World’ (1) or ‘New World’

(0), depending on their haplogroup assignment. We

restricted this analysis to the 50 individuals that were

sequenced for all loci to equalize sample sizes between

marker types.
Coalescent estimates of effective population size, gene
flow and divergence times

We fit the sequence data to an isolation–migration

model of neutral population divergence in the program

IM (Hey & Nielsen 2004). We used IM to estimate six

parameters scaled to the per-locus mutation rate (u),

including hcrecca, hcarolinensis and hA (a measure of neutral

genetic variation for crecca, carolinensis and their

common ancestor, respectively, where h = 4Neu and Ne

is the effective population size), t (Tu, where T is

the number of years since divergence) and Mcrecca and

Mcarolinensis (m ⁄ u, where m ⁄ u is the ratio by which new

alleles immigrate into a population relative to the

mutation rate). We treated mtDNA and nuDNA in

separate analyses because we suspected sex-biased

dispersal (Peters et al. 2012b). In analyses of nuDNA,

inheritance scalars were set to 1.0 for the seven autoso-

mal loci and 0.75 for CHD1Z to reflect the different

modes of inheritance. All 144 mtDNA haplotypes were

included in the analysis.

To meet IM’s assumption of no intralocus recombina-

tion, we first tested for recombination within nuDNA

using the four-gamete test (Hudson & Kaplan 1985).

For loci that showed evidence of recombination, we

used the program IMgc to subsample our data (Woerner

et al. 2007); IMgc optimizes the removal of copies of loci

and ⁄ or base pairs to retain the maximum number of

polymorphic sites that are consistent with no recombi-

nation. We ran the program iteratively, changing the

weighted preference for removing chromosomes so that

a maximum of 5% of copies were removed for each

locus. The remaining data were used for IM analyses

under an assumption of no recombination.

We initially ran IM using wide priors. Using these

preliminary runs, we set priors containing the entirety
� 2012 Blackwell Publishing Ltd



PARAPATRIC DIVERGENCE IN ANAS CRECCA 5
of the posterior distributions for the six parameters;

these uniform priors were assumed to be uninforma-

tive. However, for mtDNA, the posterior distribution

for hA was flat over a wide range of values, presumably

because mtDNA is almost completely sorted and lacks

information about ancestral Ne. We set the upper

prior for hA as 40% of the upper prior for hcrecca and

hcarolinensis, as for the analysis of nuDNA. In addition,

the posterior distribution for t contained a distinct peak

but a flat tail; following Peters et al. (2007), we set an

upper prior for t based on the 95% confidence interval

(CI) for time to most recent common ancestor (TMRCA)

estimated during the preliminary runs. By doing so, we

assumed that the divergence between populations could

not be older than the deepest coalescent. For nuclear

DNA, we ran a cold chain and 39 heated chains with a

geometric heating scheme for a burn-in of 500 000 steps

followed by 10 000 000 steps with a sampling interval

of 25 steps. For mtDNA, we ran a cold chain and 11

heated chains for the same number of steps. Each run

was replicated with a different random number seed

which yielded consistent results.

Because estimates of demographic parameters are not

directly comparable between mtDNA and nuDNA, we

scaled the estimates of migration rates to the effective

population size. At each recorded step during the

MCMC chain, we calculated 2Nem as hM ⁄ 2 for each

population. Assuming Ne is the same between marker

types (after adjusting for differences in modes of inheri-

tance by defining an inheritance scalar of 0.25 for

mtDNA in the IM input), these conversions allow for a

direct comparison between markers.
Coalescent simulations

To test for among-locus heterogeneity in the genetic sig-

natures of population differentiation, we used the pro-

gram MS (Hudson 2002) to simulate genetic data under

the IM nuclear history. To account for uncertainty in

population-level parameters, we randomly subsampled

1000 values from the posterior distributions of each

parameter estimated in IM (see Peters et al. 2012a). We

also incorporated uncertainty in locus-specific recombi-

nation and mutation rates into the simulations. To

obtain a posterior distribution of recombination rates,

we jointly estimated Qcrecca and recombination rates

(r = q ⁄ l; where q is the per-site recombination rate and

l is the per-site mutation rate) in LAMARC ver. 2.1.6

(Kuhner 2006). LAMARC was run for 1 000 000 burn-in

steps followed by 10 000 000 steps sampling parameters

every 1000 steps. We then subsampled 1000 values of r

for each locus. For MS simulations, r was converted to q
as Qcrecca · r · (l ) 1), where l is the locus-specific

fragment length (number of base pairs). We obtained
� 2012 Blackwell Publishing Ltd
relative substitution rates (lR) among the nuclear loci

from Peters et al. (2012a), which were estimated by

comparing sequence divergence among eight deeply

divergent anseriform taxa (long-term evolutionary

rates). Because that study compared 22 loci, we

re-scaled lR to the average rate (mean rate = 1.0) among

the eight loci sequenced for teal. For our simulations,

we converted IM’s estimate of h to locus-specific values

as h · lR · lR, where lR is the locus-specific length rela-

tive to the geometric mean of all fragment lengths used

in IM. We adjusted h for the Z-linked locus CHD1Z by a

factor of 0.75.

We then simulated genetic diversity for 1000 data

sets, each consisting of seven autosomal loci and one

Z-linked locus. We calculated FST from the simulated

data using MS.OUTPUT (Peters et al. 2012a), constructed

posterior predictive distributions of FST for each locus

and compared the empirical data to those distributions

(see Peters et al. 2012a). We determined an empirical

locus to be a significant outlier if it fell within the 2.5%

upper or lower tails (two-tailed test) of the posterior

predictive distributions of its replicated simulations

(Meng 1994; Becquet & Przeworski 2007).
Results

mtDNA differentiation

Among the 144 teal sampled, we found 96 different

mtDNA haplotypes that clustered into two distinct

clades that were 6.9% divergent (Fig. 2). One clade

(Old World, OW) consisted mostly of haplotypes sam-

pled from crecca, whereas the other clade (New World,

NW) consisted mostly of haplotypes from carolinensis.

Only one (1.7%) Eurasian individual (from north-east

Russia) had a NW haplotype, and two (2.3%) North

American individuals (from Ontario and the Alaska

Peninsula) had OW haplotypes. Power analysis shows

that 58 crecca gives a 95% chance of detecting all haplo-

types occurring with a frequency >9% and that 86 caro-

linensis gives a 95% chance of detecting all haplotypes

occurring at a frequency of 6–7% or higher (Gregorius

1980). Overall, 89.2% of the total mtDNA genetic varia-

tion was partitioned between continents, and 93.4%

was partitioned between the two clades.
nuDNA differentiation

In contrast to mtDNA, nuDNA haplotypes did not clus-

ter into distinct OW and NW groups; rather, many

haplotypes were shared and phylogenetically inter-

mixed (Fig. 2). However, a significant proportion of the

total genetic variation was partitioned between

continents for four of the eight loci (Fig. 2). Overall,
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FST ranged between )0.013 and 0.38 (mean

FST = 0.10 ± 0.16 SD). Genetic differentiation was espe-

cially strong for LDHB and CRYAB (FST ‡ 0.35; Fig. 2).

Among the five loci available for the closely related

Anas flavirostris, FST for crecca–carolinensis ranged

between )0.013 and 0.064 (mean FST = 0.013), whereas

FST for carolinensis–flavirostris ranged between 0.098 and

0.41 (mean FST = 0.22).

On the basis of STRUCTURE results, the most likely

number of populations (K) was two. A total of 23 OW

individuals (92.0%) were assigned to population 1 with

a mean assignment probability (Q[1]) of 94.6% (±6.6%

SD), and two individuals (including the Eurasian indi-

vidual with NW mtDNA) were assigned to population

2 with assignment probabilities (Q[2]) of 69.3% and

71.9% (Fig. 3). Similarly, only two NW individuals

were assigned to population 1 with a Q[1] of 70.0% and

81.4%, and 23 individuals (92.0%) were assigned to

population 2 with a mean Q[2] of 95.7% (±6.0% SD;

Fig. 3). Of the four individuals with the lowest assign-

ment probabilities (Q[1] = 0.20–0.80), which should
include those with the most admixed genomes (includ-

ing three of the four misassigned individuals), two were

female and two were male. Our subsampling scheme

was blind to mtDNA haplotype, and the two NW indi-

viduals with OW mtDNA haplotypes were not

sequenced for nuDNA.
Coalescent analyses of population demography and
gene flow

The IM analyses of both mtDNA and nuDNA suggested

that OW and NW teal had similar effective population

sizes, with 95% highest posterior densities broadly

overlapping (Fig. 4A). Whereas mtDNA did not pro-

vide information about the ancestral population size,

nuDNA supported an ancestral size that was substan-

tially smaller than the current sizes (Fig. 4A). Coales-

cent analyses of both mtDNA and nuDNA supported

intercontinental gene flow (Fig. 4B). Both markers

showed evidence of prolonged divergence; t peaked at

30.1 (95% HPD, 18.4–39.1) for mtDNA and 0.32 (95%
� 2012 Blackwell Publishing Ltd



Fig. 3 Population assignment probabilities for 50 individuals

of teal based on eight nuclear introns; population 1 = dark

slices; population 2 = light slices. The asterisk (*) in north-east

Russia identifies the OW teal that had a NW mtDNA haplotype.
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HPD, 0.20–0.48) for nuDNA (Fig. 4C). Assuming a

mean substitution rate of approximately 0.6–2.2 · 10)9

substitutions ⁄ site ⁄ year for nuDNA (the average lower

and upper bound on estimates for five loci; Peters et al.

2008), we estimated that OW and NW teal diverged

approximately 0.4–3.0 Ma.

For mtDNA, the effective number of migrants (2Nem)

was estimated at �1 individual per generation in each
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direction (95% HPD, 0.1–4.8 and 0.2–5.1 immigrants for

OW and NW, respectively; Fig. 5). In contrast, nuDNA

suggested asymmetrical gene flow. The inferred immi-

gration rate from the NW into the OW was consistent

with no gene flow—the posterior distribution peaked

near the bin containing the lowest values (0.25; 95%

HPD, 0–4.9 migrants per generation; Fig. 5A; although

this value is statistically consistent with zero, our result

showing non-zero mtDNA gene flow requires some

level of nuDNA gene flow). However, the estimate of

immigration from the OW into the NW was �20 indi-

viduals per generation, and the 95% HPD (7.7–48.5

migrants; Fig. 5B) did not overlap the estimate for the

opposite direction. In addition, these analyses suggest

that biparentally inherited nuDNA has introgressed into

the NW significantly more often than maternally inher-

ited mtDNA (Fig. 5B).
Simulations of genetic diversity

Among the nuclear loci, lR ranged between 0.56 and

1.3 times the mean rate (Peters et al. 2012a). Recombina-

tion rates, estimated from empirical data in LAMARC,

also varied among loci; FGB, ENO1 and GRIN1 had

high recombination rates (r > 2.0); CRYAB, CHD1Z,

LDHB and PCK1 had low rates consistent with no

recombination (r < 1.0) and ODC1 had a low, but non-

zero, recombination rate (Table S2, Supporting informa-

tion). These differences among loci were incorporated

into coalescent simulations.

Simulating genetic diversity under selective neutrality

and the inferred isolation–migration model, we found
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that CRYAB and LDHB were significantly more struc-

tured than expected (Fig. 6). In contrast, ODC1 had a

slightly lower FST than simulated, and the remaining
five loci were within the 95% CI of the simulated data.

Overall, our mean value for FST was 0.10 for the empir-

ical nuclear data, which was significantly higher than

the mean values simulated for an eight locus data set

(mean FST = 0.025; 95% CI, 0.007–0.052). Removing

CRYAB and LDHB resulted in a mean FST of 0.017,

which was well within the CIs of the simulated data.

Collectively, these results indicate among-locus hetero-

geneity in population structure.
Clines

The geography of mtDNA haplotype groups across the

contact zone of the two taxa in Beringia showed a sharp

transition (width = )0.5�) centred around 163�E (Fig. 7),

which is largely congruent with that of male breeding

plumage phenotype (not shown). In contrast, nuDNA

genotypes yielded a different pattern, with a right-

shifted centre near 171� W and a broader, shallower

slope (width = )25.2�) relative to mtDNA (Fig. 7).
Discussion

Our study of the Anas crecca–carolinensis complex

revealed the following four major findings: (i) Continen-

tal populations are genetically differentiated between

Eurasia and North America but not reciprocally mono-

phyletic in either mtDNA or nuDNA. (ii) Gene flow

between continents has occurred symmetrically in

mtDNA at the rate of �1 individual per generation, but

asymmetrically in nuDNA, being low (nearly zero) into

the OW population and �20 individuals per generation

into the NW population. (iii) Nuclear introns were het-

erogeneous in their allelic differences between popula-

tions. (iv) The transition in mtDNA haplotypes matches

that of male breeding plumage (a sharp cline in
� 2012 Blackwell Publishing Ltd
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Beringia), but the effects of male-mediated gene flow

into the NW caused a more gradual shift for nuDNA

genotypes.
Genetic differentiation

Both mtDNA and nuDNA indicate that crecca and caro-

linensis are genetically differentiated. Similar to previous

studies with limited geographical coverage and sample

sizes (Zink et al. 1995; Johnson & Sorenson 1999;

Humphries & Winker 2011), our comprehensive sam-

pling revealed two deeply divergent mtDNA haplo-

groups (6.9% divergent) that are each predominantly

found in one population. Based on power analyses, our

sample sizes are sufficient to reject the hypothesis of

rampant intermixing of mtDNA lineages between popu-

lations. Furthermore, the depth of divergence and the

limited intermixing of haplotypes between populations

(2.1% in our data set) suggest that mtDNA has sorted

to reciprocal monophyly, but that dispersal results in

some mixing of haplotypes between continents. This

pattern is similar to that of the mallard, which also has

a Holarctic distribution (Kulikova et al. 2005; Kraus

et al. 2011). In contrast to mtDNA, the nuclear loci

showed no evidence of reciprocal monophyly between

continents, although CRYAB and LDHB were strongly

differentiated in allelic frequencies. The higher effective

population size of nuDNA relative to mtDNA, male-

biased gene flow or a combination of both could have

contributed to this lack of sorting (Zink & Barrowc-

lough 2008; Peters et al. 2012b). Regardless, the eight

nuclear loci examined in this study are fairly diagnostic

for taxon identification and demonstrate that crecca and

carolinensis are genetically differentiated. Furthermore,

coalescent analysis of nuDNA indicates a genomic

divergence of 0.4–3.0 Ma, which encompasses the esti-

mate of 2.6 Ma from mtDNA (Johnson & Sorenson

1999). Thus, these teal populations have achieved a con-

siderable degree of distinctiveness in male plumage,

mtDNA and nuDNA and thus represent substantially

differentiated populations.

As noted previously, mtDNA haplotypes of carolinen-

sis are more similar to those of the South American

Anas flavirostris than to crecca, rendering mtDNA from

A. crecca (sensu lato) paraphyletic (Johnson & Sorenson

1999). However, nuDNA differentiation between carolin-

ensis and crecca is weaker than between carolinensis and

flavirostris. This apparent conflict between mtDNA and

nuDNA could be explained by the smaller population

size of flavirostris (Delany & Scott 2002), which causes

genetic drift to be more influential in altering allele fre-

quencies. Alternatively, male-mediated gene flow

between crecca and carolinensis inhibits nuclear differen-

tiation between these populations (Peters et al. 2012b),
� 2012 Blackwell Publishing Ltd
whereas gene flow between the northern and southern

forms is probably nonexistent or rare (strict allopatry).
Gene flow

Despite significant genetic differentiation between crecca

and carolinensis, the two populations are connected in a

complex manner by gene flow. First, one OW and two

NW individuals had mtDNA haplotypes grouping with

individuals from the opposite population. Given the

depth of divergence between the two haplogroups and

the nearly complete sorting between taxa coupled with

large effective population sizes, it is unlikely that

incomplete sorting of ancestral polymorphisms could

explain this sharing (see Drovetski et al. 2005; Peters

et al. 2007; Kraus et al. 2012). Although we cannot be

certain whether some individuals were vagrants, our

results illustrate intercontinental movements and oppor-

tunities for gene flow. Second, the IM analysis of

nuDNA also rejected a scenario of no gene flow. Incom-

plete lineage sorting probably explains much of the

nuclear allele sharing between these teal, but IM accom-

modates sharing of ancestral polymorphisms by includ-

ing a divergence time parameter while estimating

migration rates. Furthermore, higher rates of gene flow

for nuDNA fit theoretical predictions, because ducks

have male-biased dispersal (Rohwer & Anderson 1988;

Anderson et al. 1992; Peters et al. 2012b). Third, on the

basis of nuDNA genotypes, four individuals were mis-

assigned (Fig. 3). These individuals received relatively

low assignment probabilities, suggesting that they

might have admixed genomes. Indeed, one of these

(UWBM 43947) was a male collected in north-east Rus-

sia during the breeding season and had a NW mtDNA

haplotype. Although the genetic data are consistent

with this individual being descendent from a recent

hybrid mating (Q[1] = 0.287), a post hoc examination of

plumage phenotype was inconclusive regarding subspe-

cies (this individual was in partial moult, and the diag-

nostic plumage characteristics were not obvious).

Finally, hybrids are known from the wild (Sangster

et al. 2001; Gibson & Byrd 2007). These lines of evi-

dence demonstrate that these teal populations inter-

breed and that alleles have a propensity for

introgressing between populations.

There are three possible ways in which gene flow has

occurred in this system: recent secondary contact,

repeated events of secondary contact during cycles of

Beringian climate change or effectively continuous gene

flow, though perhaps fluctuating in frequency. Given

the deep mtDNA clades coupled with shallow relation-

ships between introgressed haplotypes and the remain-

der of their respective clades, the mtDNA topology

seems consistent with secondary contact. However, if
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gene flow occurred prior to complete lineage sorting

within these clades, then introgressed alleles can only

have one of two fates, extinction or fixation. Either way,

the signature of ancient gene flow will be lost, and

therefore, the mtDNA topology is inconclusive regard-

ing the timing of gene flow. Given the biology of these

teal in Beringia today (i.e. strong seasonal migrants and

the ability to use coastal habitats), coupled with fossil

and palynological evidence of suitable habitats through

the Quaternary and the species’ presence during the

Wisconsinan glaciation (Fitzgerald 1991; Elias 2001;

Guthrie 2001; Abbott et al. 2010), the latter two hypoth-

eses seem more likely. Thus, these populations have

probably been connected by gene flow, at least intermit-

tently, throughout much of their history.

The asymmetric gene flow from crecca into carolinensis

fits a much wider pattern of more Asian taxa breeding

in Alaska than vice-versa (Flint et al. 1984; Winker &

Gibson 2010). Two congeners, the mallard and the gad-

wall (Anas strepera), also exhibit this OW fi NW bias

in the direction of gene flow (Kulikova et al. 2005; Peters

et al. 2008; Kraus et al. 2011). However, we found that

the estimate of nuDNA gene flow into the OW was close

to zero. It is theoretically possible that this imbalance

reflects a ‘genetic wake’, in which a ‘retreating’ taxon

introgresses into a postglacially advancing one (Rohwer

et al. 2001; Krosby & Rohwer 2009; Maley & Winker

2010). However, such a phenomenon should also affect

mtDNA, for which we found no evidence. Another theo-

retical possibility would be if populations of crecca were

much larger than those of carolinensis, but again we

found no evidence for that (e.g. Fig. 4 and Fig. S1, Sup-

porting information), and continental populations of

both taxa number in the millions (Delany & Scott 2002).

The evidence suggests that higher dispersal rates occur

into the NW, fitting the broader, among-species Asia-to-

America movement pattern found in this region (Winker

& Gibson 2010). Kraus et al. (2011) attributed similar

asymmetries in mallards to the direction of the prevail-

ing winds across the Bering Sea (Eurasia fi North

America; the ‘drifting by wind’ hypothesis). As a future

test for asymmetric gene flow, we would predict that

crecca males are more common in North America than

carolinensis males in Eurasia. An alternative hypothesis

is that females of both carolinensis and crecca preferen-

tially mate with crecca males, which could also cause cre-

cca DNA to asymmetrically introgress into the NW

population.
Heterogeneous among-locus differentiation

Models of speciation with gene flow predict that differ-

entiation among unlinked loci will be heterogeneous,

because selection inhibits the introgression of some
regions of the genome but not others (Coyne & Orr

1998; Wu 2001; Hey 2006; Nosil & Feder 2012). Indeed,

we found significant heterogeneity in values of FST

among nuclear loci in these teal, with some loci strongly

structured (mtDNA, CRYAB & LDHB), some weak-to-

moderately structured (CHD1Z & PCK1) and some hav-

ing no detectable structure (ENO1, FGB, GRIN1 &

ODC1). Our coalescent analyses suggest that male-medi-

ated gene flow and female philopatry can explain the

differences between mtDNA and nuDNA as has been

suggested for other ducks (e.g. Scribner et al. 2001;

Pearce et al. 2005; Sonsthagen et al. 2011; Peters et al.

2012b). However, the heterogeneity in nuDNA cannot

be explained by sex-biased dispersal and suggests the

influence of selection in generating differential introgres-

sion among loci (e.g. Borge et al. 2005; Carling & Brum-

field 2008; McCracken et al. 2009a,b). For example,

polymorphisms linked to loci that are beneficial in one

habitat or genome but disadvantageous in other settings

or genetic backgrounds will introgress less readily than

neutral loci, resulting in elevated FST values (Lewontin

& Krakauer 1973; Maynard Smith & Haigh 1974; Nosil

et al. 2009; Nosil & Feder 2012). Selection could also

have contributed to the high differentiation observed for

mtDNA (Galtier et al. 2000; Ballard & Whitlock 2004;

Bazin et al. 2006). Although we cannot rule out the pos-

sibility that a more complex neutral history contributed

to this heterogeneity (Becquet & Przeworski 2009; Stras-

burg & Rieseberg 2011; Peters et al. 2012a), the promi-

nent differences among loci are consistent with a

hypothesis of speciation with gene flow.
Cline asymmetries

A key attribute of parapatric speciation theory is that it

does not favour congruent clines between selected and

neutral loci (Coyne & Orr 2004), such congruency being

more an attribute of secondary contact. Whereas nuclear

genotypes seem to transition over a gradient, the sharp

transition between the two mtDNA clades coincides

geographically with the distribution of the different

male plumage types, both of which are probably associ-

ated with female behaviour (philopatry and mate

choice).

Periods of aridity in Beringia (promoting lower densi-

ties), rather than continental ice sheets and sea-level

changes (promoting range separation), may have lim-

ited gene flow between the two continental populations,

even when the continents were connected (Guthrie

2001; Abbott et al. 2010). During the LGM, there was a

mesic zone, centred on the Bering Sea, in a belt of more

arid steppe upon which some water bodies went dry

(Guthrie 2001; Abbott et al. 2010). Such geographical

features likely served as a ‘density trough’, features that
� 2012 Blackwell Publishing Ltd
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often characterize the centres of tension zones between

diverging populations (Hewitt 1989). Thus, even with-

out the permeable interglacial vicariant barrier of the

Bering Sea (such as we see today), climatic reconstruc-

tions suggest reasons for the mtDNA cline to remain

centred upon it during glacials and interglacials.
Parapatric speciation

Our results are consistent with a hypothesis of diver-

gence with gene flow, suggesting that these teal repre-

sent a case of parapatric speciation (in the classic,

geographical sense). Gene flow holds populations

together in evolutionary time if it occurs at sufficient

levels to overcome divergent selection (Hartl & Clark

1989), and even low levels can prevent speciation and

local adaptation (Rice & Hostert 1993; Hostert 1997;

Postma & van Noordwijk 2005). The low levels of gene

flow that we found in teal mtDNA would be sufficient

to enable these two populations to complete speciation

under even relatively weak divergent selection (Hartl &

Clark 1989; Rice & Hostert 1993), although alleles of

high selective advantage could spread between them

(Morjan & Rieseberg 2004). However, the higher levels

of nuclear gene flow from crecca into carolinensis (�20

individuals per generation) are almost certainly too

high to overcome even strong divergent selection (Hartl

& Clark 1989; Rice & Hostert 1993; Hostert 1997). Thus,

our data indicate that these two populations remain

linked in evolutionary time, stalled short of complete

speciation, despite deeply divergent mtDNA.

These teal represent two large continental populations

connected in a relatively narrow zone of (perhaps cyc-

lic) parapatry, and in this respect, they are a good

example of a ‘dumbbell’ model. Female mate choice

and migratory behaviour both likely contribute to lim-

ited gene flow (i.e. a narrow handle) and perhaps diver-

gent selection. Although the two teal are ecological

replacements in Eurasia and North America, sexual

selection likely contributes to differences in male plum-

age and in frequency differences in male displays (Lau-

rie-Ahlberg & McKinney 1979). Migratory direction

might also be a source of divergent selection: after

breeding in Beringia, birds from the two different conti-

nental populations go in different directions to their

wintering grounds. However, they migrate in flocks,

their movements are loose in timing and they lack pro-

nounced winter site fidelity (Johnson 1995), suggesting

that migratory direction might not have a strong genetic

component. Furthermore, males of the other subspecies

occasionally occur on each others’ wintering grounds

on both sides of the Atlantic and Pacific oceans

(Johnson 1995). Because ducks form pair bonds on their

wintering grounds (Rohwer & Anderson 1988), these
� 2012 Blackwell Publishing Ltd
transoceanic movements to wintering areas provide

opportunities for gene flow.

In summarizing decades of laboratory research on

speciation with gene flow, Rice & Hostert (1993)

emphasized the importance of restricted gene flow cou-

pled with strong, discontinuous and multifarious diver-

gent selection. Nosil et al. (2009) also emphasized that

multiple traits are important for the completion of spe-

ciation when there is gene flow. Divergent selection

may be occurring at the molecular level in two of our

nuclear loci (Fig. 6) and perhaps also in mtDNA. How-

ever, the strength of divergent selection and ⁄ or the

number of traits undergoing such selection appear to

fall short of that required for completion of speciation

given the estimated levels of nuclear gene flow.

Considering our data as a snapshot of a stage in specia-

tion, there are several ways in which these teal might pro-

gress to full species. Each requires that hybrids are less fit.

The first is an accelerated divergence via pleiotropy ⁄ hitch-

hiking as more genetic variation is incorporated into the

divergence process, expanding its base (Rice & Hostert

1993). The second is through increased incompatibilities

between mtDNA and nuDNA in male crosses. Males rep-

resent evolutionary dead ends for the maternally inherited

mtDNA, which decreases the effectiveness of selection to

purge deleterious mutations, causing a male-specific,

asymmetric mutation load to accumulate (Innocenti et al.

2011). Finally, the genomes of the two taxa may diverge

sufficiently for Haldane’s rule to apply, in which case the

heterogametic sex of hybrids, females in birds, would be

sterile, rare or absent. Given that half (2 ⁄ 4) of the individu-

als with the lowest nuclear assignment probabilities were

female, this last situation may be the least likely. Further-

more, evidence suggests that although Haldane’s rule

applies to ducks, its effects may be relatively weak

(Tubaro & Lijtmaer 2002; Kirby et al. 2004).
Species limits

It has been suggested that small portions of mtDNA

can be used for species delimitation (see discussions in

DeSalle et al. 2005; Wiens 2007; Winker 2009). This case

in teal shows that such a simplistic approach to deter-

mining species limits can be inadequate for understand-

ing the relatedness of populations as they diverge

towards full species, gaining sufficient isolating mecha-

nisms to preclude reticulation. Our data demonstrate

that a multilocus approach can be essential to illumi-

nate the complexities of speciation (e.g. Oyler-McCance

et al. 2010; Hausdorf et al. 2011). In particular, the

mtDNA divergence in these teal does not reflect

genomic levels of interpopulation gene flow. Petit &

Excoffier (2009) proposed that species delimitation focus

on the use of assignment tests on multiple unlinked
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genetic markers that have high rates of gene flow

within populations (i.e. loci representing the sex with

the higher dispersal rate). By such criteria, these two

taxa are not yet full species.

The crecca–carolinensis complex appears to have been in

the speciation process for a long time. Despite two deeply

divergent lineages in mtDNA, analysis of nuDNA reveals

heterogeneous patterns of differentiation, with the over-

all pattern suggesting that these teal are far from being

reproductively isolated. Although speciation in the face

of gene flow and introgression might be a common fea-

ture of Anas ducks (Kraus et al. 2012), the level of gene

flow between these teal populations likely prevents the

completion of speciation. Considering the differences we

found between mtDNA and nuDNA, the philopatric

behaviour of female teal might be analogous to the host

specificity found in the brood parasitic greater honey-

guide (Indicator indicator; Spottiswoode et al. 2011); both

behaviours, coupled with male-mediated gene flow,

result in strong mtDNA differentiation but weak nuDNA

differentiation. However, the crecca–carolinensis complex

might be closer to full speciation than the honeyguide, as

we found some nuclear loci for which gene flow is likely

inhibited. In contrast, these teal do not seem to be as far

along in the speciation process as two Ficedula flycatchers

(Sætre & Sæther 2010). Selection seems more effective in

preventing introgression in that system (Borge et al.

2005; Backström et al. 2010), despite a shallower mtDNA

divergence (Sætre et al. 1997) than observed in these teal.

Thus, crecca and carolinensis appear to be at an intermedi-

ate phase of speciation, despite what is likely to be mil-

lions of years of divergence in semi-isolation. This long

divergence illustrates that species delimitation using a

single marker oversimplifies the complexity of the speci-

ation process and suggests that even with divergent

selection, moderate levels of gene flow may stall specia-

tion short of completion.
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