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Abstract

Knowledge about population structure and connectivity of waterfowl species, espe-
cially mallards (Anas platyrhynchos), is a priority because of recent outbreaks of avian
influenza. Ringing studies that trace large-scale movement patterns have to date been
unable to detect clearly delineated mallard populations. We employed 363 single
nucleotide polymorphism markers in combination with population genetics and phylo-
geographical approaches to conduct a population genomic test of panmixia in 801 mal-
lards from 45 locations worldwide. Basic population genetic and phylogenetic methods
suggest no or very little population structure on continental scales. Nor could individ-
ual-based structuring algorithms discern geographical structuring. Model-based coales-
cent analyses for testing models of population structure pointed to strong genetic
connectivity among the world’s mallard population. These diverse approaches all
support the conclusion that there is a lack of clear population structure, suggesting
that the world’s mallards, perhaps with minor exceptions, form a single large, mainly
interbreeding population.
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Introduction

One of the applications of molecular ecology is the study
of geographical genetic structure of species and popula-
tions: phylogeography (Avise 1987). Newly developed
methods in statistical phylogeography (Knowles 2004;
Carstens & Richards 2007; Nielsen & Beaumont 2009;
Beaumont et al. 2010; Bloomquist et al. 2010; Templeton
2010) based on the (structured) coalescent (Kingman
1982a,b; Beerli & Felsenstein 2001) have good ability to
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explicitly model demographical quantities such as effec-
tive population sizes and between-population migration
rates (e.g. immigration and emigration across genera-
tions in the population genetics sense—as opposed to
seasonal migration). Model-based approaches towards
the structured coalescent (Nielsen & Beaumont 2009;
Beaumont et al. 2010) are among the most promising
methods to infer complex and realistic phylogeographi-
cal and demographical scenarios on a population level.
For coalescent approaches, accuracy increases with
increasing density of genetic markers (Kuhner 2006;
Wang & Hey 2010). Single nucleotide polymorphisms
(SNPs) are abundant and widespread in genomes, evolve
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in a manner that is well described by simple mutation
models (Vignal et al. 2002) and therefore offer advanta-
ges as markers over mitochondrial DNA (mtDNA) and
microsatellites (Estoup et al. 2002; Morin ef al. 2004; Sel-
koe & Toonen 2006).

The term ‘population genomics’ was coined a decade
ago to describe the use of many independent genetic
markers across all regions of the genome (Black IV et al.
2001; Luikart et al. 2003). SNP sets containing more than
100 markers have been used in human (Altshuler et al.
2000) and other model organism studies for some time,
but few studies using SNPs have been carried out on
nonmodel organisms, and most used fewer than 100
loci (Kovach et al. 2010; Campbell & Narum 2011;
Mesnick et al. 2011; Sacks et al. 2011). A recent boom in
sequencing technology has developed assay panels with
hundreds or even thousands of SNPs (Kerstens et al.
2009; Jonker et al. 2012; Kraus et al. 2011a) and has
enabled molecular ecological and conservation studies
on nonmodel organisms to complement traditional
approaches (Santure ef al. 2010; Willing et al. 2010; Jon-
ker et al. 2011a; Williams & Oleksiak 2011).

The migration systems of waterfowl have been exten-
sively studied by ringing, telemetry, morphometrics,
radar tracking and isotope analysis. In general, seasonal
migration routes run between northern breeding and
southern nonbreeding areas, and both in North America
and in Eurasia, migration routes have for manage-
ment purposes been divided into geographically dis-
tinct ‘flyways’” (Anon http://www.flyways.us/flyways/
info#flyways-bio; Scott & Rose 1996; Miyabayashi &
Mundkur 1999). Many ‘irregularities’ in migration
routes have been described, especially in duck species.
For example, individuals often switch migratory routes,
a phenomenon termed ‘abmigration” (Thompson 1931)
or ‘flyway permeability’ (Guillemain ef al. 2005).

The mallard (Anas platyrhynchos L.; Anseriformes:
Anatidae) has a Holarctic distribution and is the most
numerous waterfowl species. Extensive analyses using
traditional, that is nongenetic, approaches show no clear
population structure (Scott & Rose 1996). Northern
breeding birds are mostly migratory, wintering south,
while birds breeding in temperate regions, especially in
parts of Western Europe, can be resident (Scott & Rose
1996). Migratory mallards may travel thousands of kilo-
metres between breeding and nonbreeding locales
(Kulikova et al. 2005). On a continental scale, so-called
clade A mtDNA haplotypes predominate in Eurasia
and clade B haplotypes in North America (Avise et al.
1990; Kulikova et al. 2005; Kraus et al. 2011b). There are
as yet no large-scale data on nuclear markers, but
within continents, no mitochondrial genetic structuring
has been detected (Kraus et al. 2011b) because mallards
disperse easily across predefined flyway boundaries

(Gunnarsson et al. 2012). These results lead to the sug-
gestion that, at least on the continental scale, mallards
constitute single large panmictic populations.

In this study, we employ a SNP marker set compris-
ing hundreds of loci to conduct a population genomic
test for population genetic structure in mallards.
Diverse approaches, including coalescent analyses,
Bayesian frameworks and model selection procedures,
were used to scrutinize aspects of proposed mallard
migration models.

Methods

Sampling

Mallard blood from 801 individuals from 45 localities
throughout all of the mallard’s native range on three
continents was collected on FTA cards (Smith &
Burgoyne 2004). Most samples were contributed by
hunters, but in the Faroe Islands, France, Greenland,
Iran, Norway, Portugal, Sweden and Alaska mallards
were trapped, blood drawn from the wing or foot
vein and released. All sampling procedures were
approved by the animal ethical committee of Wagen-
ingen University, as well as the appropriate local
authorities. Sampling localities are abbreviated here
by a four letter code: letters one and two represent
the ISO code of the country (ISO3166 2007), and let-
ters three and four represent the locality (e.g. DEWU:
‘DE’ for Germany and ‘WU’ for ‘Wunsiedel’). Full
details on sampling localities and samples can be
found in Fig. 1 and Table 1 and the Appendix S1
(Supporting information), ‘sample-details.xls’.

DNA isolation, SNP genotyping and descriptive
statistics

We isolated DNA and genotyped SNPs using the Illu-
mina GoldenGate Genotyping assay on the Illumina
BeadXpress (Kraus et al. 2011a). For each mallard, we
screened SNP genotypes across 384 SNPs (accession
numbers ss263068950-ss263069333 in dbSNP; Sherry
et al. 2001). Raw data were analysed in GenomeStudio
(Illumina Inc.), in which 363 SNPs were scored as
polymorphic. The SNP set contained SNPs on nearly
all chromosomes of the mallard as inferred from their
mapping positions in the chicken genome (Kraus et al.
2011a). SNPs did not show significant departures from
neutrality or linkage disequilibrium (Kraus et al. 2012).
Further, we performed individual-based isolation-
by-distance analyses for each continent in GENALEX
(Peakall & Smouse 2006), version 6.41, as per manual
instructions and with 9999 permutations in the Mantel
tests.

© 2012 Blackwell Publishing Ltd
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Fig. 1 Geographical overview of sampling localities (triangles). Some localities are too close to be accurately labelled, and these
include locality NOSS in northern Europe (flyway EU-NW) and EETA in the Baltic as well as three Russian localities (RUNO, RUTV
and RUYA) near Moscow; the latter four localities being part of the hypothesized European west Mediterranean flyway (EU-WM).
For more details on flyways hypotheses, please compare with Fig. 2 and Table 1.

Phylogenetic analysis

We did not expect the data to conform to a tree-like
configuration because with recombination (Posada &
Crandall 2001), each of the many independent nuclear
genetic markers could have a unique phylogenetic his-
tory. A programme to take this into account is NEIGH-
BOUR-NET (Bryant & Moulton 2004), implemented in
spLITSTREE (Huson 1998; Huson & Bryant 2006), version
4. Willing et al. (2010) successfully adopted this method
for use with genomewide SNP data, and we used their
settings. For each individual, the genotype at each SNP
was collapsed into a single base character and concate-
nated to a sequence of 363 nucleotides. Heterozygote
genotypes were represented by IUPAC nucleotide
ambiguity codes and missing data denoted ‘N’.

Population assignments

One of the most widely used programmes to determine
the number of genetic clusters and assign individuals to
them is sTRUCTURE (Pritchard et al. 2000). To avoid deter-
mination of spurious genetic clusters because of close
relatives, we first identified closely related individuals
in our data set. Separately for each sampling locality,
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and only using genotype data from these individual
localities, we assessed pairwise relatedness (r) with
COANCESTRY (Wang 2011), version 1. As an estimator for
r we chose the dyadic maximum-likelihood estimator of
Milligan (2003) because it produced the best correla-
tions with known r values in a simulation study with
bi-allelic SNPs in a similarly sized SNP set (unpub-
lished data). Ninety-five per cent confidence intervals
(CIs) were calculated by 1000 bootstraps. If the lower
bound of the 95% CI was >0.2, one of the two individu-
als of the tested pair from the Structure analysis was
excluded because of potential half-sib relationship. The
most likely number of genetic clusters (value of K) was
determined according to the study by Evanno et al.
(2005), using sTRUCTURE version 2.3.3 (10 replicates for all
values of K from 1 to 20, that is, twice the number of
flyways in our population model, for 1 000 000 steps of
which the first 200 000 were discarded as burn-in).
Discriminant analysis of principal components
(DAPC; Jombart et al. 2010) from adegenet (Jombart
2008) version 1.2.8 in R (R Development Core Team
2009) was used in addition to STRUCTURE to detect the
number of genetic clusters and assignment of individu-
als. In contrast to strRucTURE, DAPC does not suffer
from the assumption of unrelatedness, and therefore,
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Table 1 Sampling localities (also see main text for explanation and Appendix S1, Supporting information for more info), sample
sizes (1), pooling strategy of localities into hypothesized flyways and genetic marker performance

Flyway n Mono. Loci* Locality n Mono. Loci* Lat' Long'
NA-Pacific 22 14 USMF 22 14 64.9 —148.9
NA-Central 22 17 CARM 20 18 50.628 —101.159
CASL 2 — 49.542' —112.056"
NA-Atlantic 16 13 CACO 4 — 45.58" —63.845"
CAEK 4 — 44.736 —75.969
CAJC 1 — 42.324 —82.314
CALM 7 — 43.962 —80.4
Greenland 29 20 GLIS 9 — 67.1 —-50
GLNU 20 75 64.19 —51.708
EU-NW 209 1 FIOU 19 10 65.057" 25.197F
FOTO 24 8 62.02 —6.78
GBAB 20 6 57.433 —2.393
GBFE 11 20 55.901 —3.061
GBNM 20 8 51.712" —1.433"
ISHV 4 — 63.748 —20.239
NLFR 32 5 53.035 5.574
NOBE 32 10 60.35" 5.323"
NOSS 16 8 58.856" 7.332"
SEOB 31 13 56.2 16.4
EU-WM 360 1 ATHO 25 9 48.615" 24.625"
DEWU 27 4 50.042" 11.78"
EETA 2 18 58.324" 27.178"
FRAL 10 27 48.789 8.019
FRMV 32 7 43.55 4.733
LTVE 17 8 55.342 21.192
PTDJ 32 8 40.664 —8.732
RUIV 27 8 56.47" 41.37"
RULE 31 14 59.65 28.35
RUNO 8 — 58.167 31.517
RUTV 19 15 57.81° 36.528"
RUVL 29 9 55.884" 39.218"
RUVO 31 4 59.498" 37.511°
RUYA 25 16 56.319" 39.041F
SILJ 19 8 46.17 14.69
UADU 3 — 51.565 26.573
UALV 3 — 49.825" 23.573"
EU-BS/EM 21 13 CYLA 5 — 34.883 33.622
GREV 16 18 40.86 25.89
Asia-SW 15 14 IRUK 15 14 36 51
Asia-Central 51 9 PKHA 17 — 34.001 72.934
RUOM 12 41 55.961" 73.311%
RUTO 32 13 56.526" 83.349"
Asia-East 12 28 CNLI 5 — 28.563 115.943
RUKH 7 — 52.937° 138.9417

NA, North America; EU-NW, north-western Europe; EU-WM, western Mediterranean Europe; EU-BS/EM, Black Sea/eastern Medi-
terranean Europe; Asia-SW, south-western Asia.

Lat/Long are decimal GPS coordinates of the sampling localities.

*Genetic marker performance (localities with <10 sampled individuals not counted): amount of SNP loci that were monomorphic in
all sampled individuals of the flyway (first occurrence in table)/locality (second occurrence); for example, only one allele appeared
in the pool of individuals genotypes.

TSome coordinates are averages of several near-by places, where ducks have been sampled and combined into one sampling locality.

potentially closely related individuals can be included in the data, using all available principal components
in this analysis. Using the function find.clusters, we (PCs). To calculate the probability of assignment of
determined the most likely number of genetic clusters individuals to each of these clusters using DAPC, we

© 2012 Blackwell Publishing Ltd
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determined the optimal number of PCs. As advised in
the manual, to avoid unstable assignments of individu-
als to clusters, we retained only 242 PCs (sample size
divided by three), but used all discriminant functions,
in a preliminary DAPC run. The results were then reit-
erated by the optim.a.score function with 25 simulations
to determine the optimal number of PCs, and a final
DAPC was subsequently carried out with the optimal
number of PCs.

Migration modelling

We used the coalescent-based program MIGRATE-N (Beerli
& Felsenstein 1999, 2001) to estimate population param-
eters of our hypothesized flyways. MIGRATE-N calculates
the marginal likelihoods for each model (Kass & Raftery
1995; Beerli & Palczewski 2010). These can be used to
evaluate multiple models when based on the same data
using Bayes factors (Bloomquist et al. 2010). Information
from all loci was combined into a global estimate by
Bezier approximation of the thermodynamic scores. The
probability of a certain model is then retrieved by
dividing the exponentiated (on the base of ¢) log likeli-
hoods by the sum of all exponentiated log likelihoods
(Beerli 2010).

We developed a number of models (Fig. 2) to investi-
gate the global extent of population genetic structure in
mallards and to investigate possible restrictions in the
directionality of gene flow. Sampling localities were
aggregated in various ways based on alleged mallard-
specific flyways in Europe (Scott & Rose 1996), Asia
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Fig. 2 Hypothesized population structuring scheme, with fly-
ways as basal units. As viewed from above the North Pole,
dashed lines join several neighbouring flyways into ‘land
masses’. Abbreviations of flyways: NA, North Atlantic; EU-BS/
EM, European Black Sea/eastern Mediterranean flyway;
EU-WM, European west Mediterranean flyway; EU-NW, Euro-
pean north-western flyway.
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(Miyabayashi & Mundkur 1999) and North America
(Anon, http://www flyways.us/flyways/info#flyways-
bio; Table 1). The two localities from Greenland were
classified as a separate flyway/population unit (Scott &
Rose 1996).

In model group 1 (models 1A-C), each flyway is
regarded as a potential population unit. In model 1A,
gene flow between all possible pairs of population units is
permitted, while in model 1B, only geographically neigh-
bouring flyways are connected by gene flow, and in
model 1C, this is possible only in an eastward direction,
because of a hypothesized influence of the westerly winds
on bird flight (Lamb 1975; Liechti 2006; Kraus et al.
2011b). Model 2 is defined by the complete absence of glo-
bal population structure: all sampled individuals are
hypothesized to belong to the same population. In model
group 3, existence of an Eurasian, a North American and
a Greenland population is hypothesized. Model 3A allows
gene flow between all possible pairs, model 3B allows
gene flow only in an eastward direction, and model 3C
isolates Greenland. Model group 4 encompasses situa-
tions in which Greenland mallards are either part of a
North American population (models 4A1 and A2) or a
Eurasian one (4B1 and B2). The difference between those
two possibilities (4A1/4A2 and 4B1/4B2) lies in the fact
that models 4A1 and 4B1 are full migration models
(migration may occur in both directions), and models 4A2
and 4B2 only allow eastward gene flow from Europe to
North America. Finally, we also set up model 5, which
comprises population assignments as inferred by DAPC
(see above), and all gene flow directionalities were per-
mitted.

For the MIGRATE-N analysis of each model, we used
Bayesian inference in version 3.2.14. The data type was
specified as SNP. Starting values for © and M were cal-
culated from Wright's Fsr as implemented in MIGRATE-N.
The input data were defined as finite sites nucleotide
data, and we calculated the transition/transversion ratio
(2.76) as well as nucleotide frequencies (A: 0.445355, C:
0.104690, G: 0.416658 and T: 0.033297) from the data
and supplied them to MIGRATE-N as constants. Mutation
rates were set to be constant among all loci. The priors
for © and M were uniform 0-0.1 and 0-15 000, respec-
tively. These settings performed best in preliminary
runs. Along the Markov chain, the slice sampler option
was used. After a burn-in of 2 000 000 steps, we sam-
pled 25000 states from a single Markov chain, one
every 20 steps. Four chains were run in parallel, with
heating terms ‘1", 1.5, ‘3’ and "10 000". The estimated
mutation scaled migration parameter M was translated
into the effective number of immigrants per generation
(Nm) by multiplying with © and dividing by four (the
SNPs are diploid and biparentally inherited): Nm =
6; x Mj_i/4.
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Results

Genotyping and basic statistics

Virtually all genotyped SNPs were polymorphic within
the flyways from which we obtained good sample sizes
(European north-west flyway and European western
Mediterranean flyway). On flyways with smaller sam-
ple sizes, a few loci were monomorphic (a maximum of
28 in the East Asian flyway). The same applied within
sampling localities. Localities with less than ten sam-
pled individuals were excluded. Table 1 lists all details
in the columns ‘mono. loci’.

Genetic differentiation on the continental scale was
very low. Fgr between Eurasian and North American
samples was only 0.006, but significant (P < 0.001),
whereas Fst between Greenland and these former two
geographical units was an order of magnitude greater
(Fst = 0.073 with Eurasia, Fst = 0.079 with North Amer-
ica; both statistically significant, P < 0.001). Also on a
flyway level, the Greenland population stood out as
being most differentiated among all flyways with signif-
icant Fgr values around 0.1 with all other flyways. Most
other flyway comparisons did not display significant
differentiation, and those that did (mainly involving
Asian flyways) were much lower in magnitude
(Table 2). Within land masses, only north-western Eur-
ope was significantly differentiated from other flyways.
Differentiation between all other flyways within Eurasia
or North America was insignificant.

No isolation-by-distance pattern was detectable. The
slope of the regression line in the Mantel test (correla-
tion of geographical and genetic distance) was basically
flat, no matter which data subset we chose, and not
significantly different from zero: Eurasia: P = 0.17, R* =
0.0008; and individually, Asia: P =0.21, R? = 0.0045,

Table 2 Pairwise Fgr values for all flyways

Europe: P = 0.24, R? = 0.0002 and North America: P =
0.06, R? = 0.0049.

Phylogenetic network

If populations were differentiated from each other,
the NEIGHBOUR-NET algorithm would display reticulate
relationships more densely within less differentiated
groups and less densely in more differentiated groups
(cf. Fig. 2 of Willing ef al. 2010). In contrast, the network
obtained from our data did not indicate any population
genetic structure; it resembled a bush rather than an
unrooted tree, with complex reticulations remaining
unresolved up towards the tips (Fig. 3) and no group-
ing could be distinguished. The sole irregularities were
two discernable spikes: (i) one at the bottom in Fig. 3
and (ii) a smaller one in the top right corner. Both
groups represented individuals from apparently unre-
lated regions: Russia, Portugal, Ukraine, Norway,
Alaska, Estonia, Iran and Canada for (i), and the Faroe
Islands, Russia, Slovenia, Iran and Great Britain for (ii).

Population genetic clustering

We excluded 135 individuals from the STRUCTURE analy-
sis, because of suspected close familial relatedness. We
analysed models with 1-20 genetic clusters. AK, the sta-
tistic to detect the most likely value of K, clearly peaks at
K = 2. Hence, the best supported model according to the
study by Evanno et al. (2005) was a model with two
genetic clusters (Fig. 4). Unfortunately, the AK method
cannot evaluate a model of full panmixia in which K is 1.

The posterior probability of assignment of individuals
to the two inferred clusters was intermediate for the
great majority of the individuals. No individual in
the whole data set could be assigned to one of the two

1 2 3 4 5 6 7 8 9 10
US-Pacific — * * * * *
US-Central 0.006 — * * * *
US-Atlantic 0.011 0.008 — *
Greenland 0.086 0.091 0.080 — * * * * * *
EU-NW 0.011 0.012 0.008 0.076 — * * * * *
EU-WM 0.008 0.009 0.007 0.073 0.003 —
EU-BS/EM 0.013 0.012 0.005 0.085 0.009 0.005 —
Asia-SW 0.043 0.046 0.026 0.112 0.031 0.025 0.024 —
Asia-Central 0.001 0.012 0.009 0.082 0.006 0.004 0.007 0.027 —
Asia-East 0.029 0.028 0.016 0.097 0.019 0.017 0.015 0.030 0.016 —

EU-NW, north-western Europe; EU-WM, western Mediterranean Europe; EU-BS/EM, Black Sea/eastern Mediterranean Europe;

Asia-SW, south-western Asia.

Above the diagonal, the statistical significance (P < 0.05) after Bonferroni correction is indicated; below the diagonal, Fsr values are

shown, with statically significant values printed boldface for clarity.

© 2012 Blackwell Publishing Ltd
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Fig. 3 Phylogenetic network generated in spLiTsTREE (Huson
1998; Huson & Bryant 2006). Node labels are omitted for clar-
ity. No genetic groups can be detected (cf. Fig. 2 in Willing
et al. 2010, for an example of clear grouping).

clusters with more than 86% posterior probability.
Moreover, most individuals (521 of 666) were assigned
to their genetic cluster with 60% or less posterior proba-
bility. When K = 3 (as inferred by DAPC, see below),
the situation was essentially the same, but individuals
from Greenland formed a separate cluster. The highest
values for L(K) were observed for K =9 and K = 10 (not
significantly different from each other, P = 0.5, t-test).
In both these runs (and all other values of K), the
Greenland individuals always formed the only cluster
in which individuals were not admixed by more or less
equal proportions from all other clusters.

The DAPC gave most support to a structure with
three clusters (Fig. 5). Figure 6 shows a plot of the first
two PCs calculated from the data. Most individuals
were assigned to their genetic cluster with high proba-
bility. Only 29 individuals had assignment probabilities
of <0.9 to their respective cluster. The most separate of
the three clusters was composed entirely of Greenland
individuals. In fact, only a single sample collected in
Greenland (GLIS002) was not assigned with high

© 2012 Blackwell Publishing Ltd

posterior probability to the Greenland cluster. The other
two clusters lay close to each other. Just 69 individuals
from northern Europe constituted the first of these clus-
ters, while the second contained 659 individuals from
all flyways except Greenland. When Greenland was
excluded from the analysis, essentially the same cluster-
ing was obtained.

Migration model selection

The evaluation of all tested models clearly gave most
support to model 1A, in which each flyway constituted
a population and all flyways exchange migrants (i.e.
there is gene flow; Table 3). The long burn-in period
used resulted in good convergence and narrow poster-
ior density peaks for migration parameters (Table 4).
Estimates of © were less precise. The 95% posterior
densities spanned an order of magnitude in all flyways
except for north-western Europe, western Mediterra-
nean Europe and Central Asia (i.e. those flyways with
largest sample sizes, n = 209, 360 and 51, respectively).
In the flyway with the smallest sample size, East Asia
(n =12), it even spanned three orders of magnitude
(see Appendix S2, Supporting information, ‘mallard-
flyways-model-1A.pdf’). However, the mode and mean
of all estimates of © were nearly identical, and the den-
sity distributions were symmetrical. For calculating Nm
(Table 4), we thus used the modes of the © distribu-
tions. Migration rates among flyways were mostly even
among pairwise comparisons. Only emigration from
north-western Europe and western Mediterranean
Europe to all other flyways was higher, as well as
immigration into these two flyways from Central Asia.

Discussion

Absence of strong population structure

In this study, we employed basic population genetic
techniques, individual-based genetic clustering algo-
rithms and coalescent-based demographical modelling
with subsequent model selection based on a data set
with 363 SNP markers distributed across the entire gen-
ome of the mallard. Samples from throughout the native
range of the mallard were analysed to test the hypothe-
sis of panmixia, which has been proposed previously
(Kulikova et al. 2005; Kraus et al. 2011b), on several geo-
graphical scales in the mallard. F-statistics indicated
hardly any genetic structure within continents. Only
Greenland is genetically differentiated from the remain-
ing mallard population, and to a lesser extent, slight
differentiation is observed between flyways in Europe
and North America. However, significant Fsr may not
necessarily be a good indicator for real population
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structure when low, as was found in a recent study of
another duck species, the common pochard (Aythya feri-
na; Liu et al. 2011). Testing for isolation by distance
revealed no relationship between genetic and geographi-
cal distances, which confirms previous findings of a lack
of structure within continents (Kraus et al. 2011b). A
phylogenetic network method (sPLITSTREE) was unable to
resolve the complex reticulate structure of the world-
wide mallard population structure. A model selection
procedure to infer the number of genetic clusters using
STRUCTURE resulted in the best support for the model in
which the number of genetic clusters was set to two, but
examination of the posterior assignment probabilities
indicates that STRUCTURE was not able to assign the indi-
viduals into these clusters with high probability, a pat-
tern also observed for models assuming more genetic
clusters. Hence, this method also failed to detect signifi-
cant substructuring of the global mallard gene pool,
except that it consistently placed individuals from
Greenland as a separate group.

Discriminant analysis of principal components (Jom-
bart et al. 2010) also showed that Greenland mallards
are most differentiated and further implied that some
individuals from populations in northern Europe form
a genetic cluster different from the main global popula-
tion. This finding confirms that some European mal-
lards may be genetically different from the remaining
population (Kraus et al. 2011b), because of, for instance,
resident lifestyle (Scott & Rose 1996) or the impact of

releases of farmed mallards for hunting purposes
(Laikre et al. 2006; Champagnon et al. 2009).

Finally, the model selection approach with MIGRATE-N
gave most support to the full flyway model (model 1),
over the global (model 2) and continental (model
groups 3 and 4) panmixia models. This is surprising
because not only our own findings from phylogenetic
and population genetic analyses and individual-based
clustering but also previous mtDNA studies indicate
panmixia at least on the continental scale (Kulikova
et al. 2005; Kraus ef al. 2011b). One has to bear in mind,
though, that the outcome of MIGRATE-N alone should be
interpreted with some care because our data potentially
violate the assumption of migration—drift equilibrium in
MIGRATE-N's  algorithm. This equilibrium is especially
hard to reach in large populations, such as in mallards
that effectively number in the millions (Kraus et al.
2011b, 2012). In addition, although migration rates
between any two populations are low, summing the
total number of immigrants coming from all popula-
tions would be quite high and consistent with strong
connectivity across the Northern Hemisphere.

Is the global mallard population panmictic?

The low population genetic migration rates between
proposed flyways when inferred by MIGRATE-N formally
contradict panmixia. However, except in Europe, all
populations appear to exchange migrants, and in fairly

© 2012 Blackwell Publishing Ltd
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Fig. 5 Inference of the number of genetic clusters by discrimi-
nant analysis of principal components (DAPC). The Bayesian
information criterion (BIC) as calculated during the find.clusters
function of the DAPC package infers a most likely number of
clusters when it is minimized. The lowest BIC values are found
with three and four clusters. When two numbers of clusters
have equal BICs, the smaller one (here, number of clusters = 3)
is usually the correct one.

Eigenvalues

Fig. 6 Principal component (PC) scatter plot. Samples are
assigned to their genetic cluster by discriminant analysis of
PCs analysis. The bar graph inset displays the variance
explained by the two discriminant eigenvalues used for plot-
ting. The 67% inertia ellipses are drawn for each cluster, repre-
senting the variance of both PCs. Cluster Three is composed of
samples from Greenland, cluster Two of some samples from
the flyways EU-NW and EU-WM, and cluster One contains
samples from all flyways.
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Table 3 Details of model selection procedure in MIGRATE-N

Marginal
Model likelihood Delta edelta Probability*
1A —205825.02 0 1 1
1B —211028.08 —5203.06 0 0
1C —211568.54 —5743.52 0 0
5 —231609.00 —25783.98 0 0
3A —232656.77 —26831.75 0 0
3B —232745.53 —26920.51 0 0
4A2 —233959.12 —28134.10 0 0
4A1 —234534.44 —28709.42 0 0
4B2 —236911.44 —31086.42 0 0
4B1 —237231.09 —31406.07 0 0
2 —242982.20 —37157.18 0 0
3C —245189.81 —39364.79 0 0

Models are ranked by their marginal likelihoods as obtained
by Bezier approximation. Differences between each alternative
model and model with highest rank (1A) are in column delta.
Exponentiated model differences (column ¢?*%) are not pre-
sented with full precision because the values are so small that
they are essentially zero (e.g. 2.2 x 1072** for the second best
model, 1B).

*Model probability calculated by dividing ¢**** by the sum of
all edelta.

equal magnitude, so geographical proximity has no
relation to genetic proximity (also see isolation-by-dis-
tance analysis). A recent study of Mediterranean fla-
mingo colonies comes to the same conclusion using
MIGRATE-N when testing for panmixia in their system as
well, with migration estimates between their defined
populations quantitatively very similar to our values for
mallard (Geraci et al. 2012).

Selecting a full flyway model over reduced flyway
models in which migration is only possible between
neighbours further indicates strong gene pool connec-
tivity. This is not quite the same as panmixia because
mating is not random (still locally biased), but gene
flow between all locations is high enough to swamp
most genetic structuring that might emerge. Flyways
may have been very dynamic through the ice ages, but
locally biased mating within flyways shaped the gene
pool. This is probably the pattern picked-up by MIGRATE-
N, which is thus compatible with a highly intercon-
nected and dynamic population structure on the global
geographical scale. Focussing on connectivity between
Eurasia and North America via Beringia, our results are
in line with those of other Holarctic birds. Northern
pintails (Anas acuta), for instance, are known to exhibit
low levels of nuclear genetic differentiation between
Japan and California (Flint et al. 2009), and gadwalls
(Anas strepera) as well as teal (Anas crecca) from Asia
and North America share nuclear haplotypes (Peters
et al. 2007, 2008, 2012).
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Few previous studies have investigated the large-scale
mallard migration systems with molecular tools.
A study with allozymes indicates that flyway structure
resembles true population structure in North America
(Rhodes et al. 1995). In contrast, two studies on mtDNA
do not support currently delineated mallard flyways in
Asia (Kulikova et al. 2005) or globally (Kraus et al.
2011b), although a clear separation between old world
and new world mallard mtDNA clades exists. This dif-
ference in the largest possible scale is most likely evi-
dence for sex-biased dispersal. However, also other
possibilities, such as selection or lineage sorting, have
been discussed to explain discord in multiple trans-
Beringian bird species (Humphries & Winker 2011).
Eventually, it is a realistic scenario to assume gene flow
across the Bering Strait. Although we are only aware of
a single cross-continental mallard recapture, this is evi-
dence that movements are generally possible: in 1959, a
male mallard ringed in central Canada, Saskatchewan,
was found in Far East Russia, Chukchi Peninsula
(Konstantin E. Litvin, Russian Ringing Centre, personal
communication). Genetic data are often ‘strikingly at
odds with data derived by direct observational tech-
niques’ (Koenig et al. 1996). For example, male-biased
gene flow in Siberian jays (Perisoreus infaustus) was pro-
ven genetically, while all observational evidence sug-
gested otherwise (Li & Merila 2010). Similarly, no tufted
duck (Aythya fuligula) ringed in India was ever encoun-
tered in Europe; however, genetic data indicate high
levels of genetic connectivity between these regions (Liu
et al. 2012).

Migration model analysis formally rejects panmixia,
but individual-based genetic clustering does not resolve
these flyways, nor delineates alternative ones. However,
the diverse approaches followed in this study support
each other in their basic conclusions: the mallard popu-
lation in its indigenous range, the Northern Hemi-
sphere, is highly connected over huge distances.
Therefore, perhaps with the minor exception of Green-
land—as expected based on their slightly differing mor-
phology (Scott & Rose 1996)—it forms a single large,
mainly interbreeding population. While not displaying
formal panmixia throughout the mallard’s full range,
we at least confirm the expectation (Kraus et al. 2011b)
of continent wide lack of population structure. Finally,
we wish to stress the cautionary note that our results
should not be treated as a final answer to the question
whether there is flyway structure. The fact that we were
not able to sample only breeding mallards and thereby
to capture the breeding population structure directly
needs to be taken into account when designing future
studies following the methods developed in this study.

Developing clearly panmictic population structure
on continental or global scales is hardly possible.

© 2012 Blackwell Publishing Ltd

Geographical structure is omnipresent in nature and
forms the basis of the field of phylogeography (Avise
1987). Almost always larger-scale panmixia is rejected as
the null model against which data are tested. A few
examples where this is not the case are known from
microorganisms (Rypien et al. 2008), but in higher organ-
isms, the literature is equivocal. For instance, in some
marine species, panmixia was proposed. Analysis of
nuclear genetic markers of white shark pointed towards
panmixia (Pardini et al. 2001) but was questioned later
(Jorgensen et al. 2010). Eel populations also were candi-
dates (Han et al. 2010; Als et al. 2011). But unlike our
example of a cosmopolitan duck species in these exam-
ples, panmixia seems to be achieved by natal philopatry
combined with aggregated mating in only one area for
the whole species. Like marine species, birds usually
have good dispersal abilities, yet panmixia is hardly ever
observed (Friesen et al. 2007; Reudink et al. 2011).

Implications for conservation and management

Mallards are abundant across the whole world, in some
places—outside their native range—even considered an
invasive pest species threatening the genetic integrity of
indigenous ducks through introgressive hybridization
(Rhymer 2006). According to the IUCN (2011), the mal-
lard is a species of least concern. However, recently,
strong population declines have been reported locally
(Eaton et al. 2009). Ducks are important components of
wetlands, and mallards are an abundant species in this
community (Elmberg 2009). The preservation of wet-
lands for ecosystem services relies on the functionality
of this community. Our finding that mallard popula-
tions are highly genetically connected implies that local
declines in mallard numbers and genetic diversity can
be buffered by the continental populations, but some
alterations in local conditions (e.g. introduction of
farmed mallards and massive hunting) might have cas-
cading effects.

Management of wetlands does not only have pro-
found importance from a nature conservation point-
of-view. In the last few years, the spread of zoonotic
diseases such as avian influenza, via wild birds, has
gained considerable attention (Olsen et al. 2006). Aqua-
tic birds are the natural reservoirs of this zoonotic virus
(Webster et al. 1992), which is transmitted via the fae-
cal-oral route, especially among birds that live and feed
on water. Avian influenza viruses have been shown to
remain infectious in open water for several days,
depending on environmental circumstances (Ito et al.
1995; Stallknecht et al. 2010; Lebarbenchon et al. 2011),
and were reported from ice cores in Siberia (Zhang
et al. 2006). Our current study suggests that dispersion
of avian influenza in the wild could occur very rapidly
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even between distant flyways (at least within Eurasia or
North America). Therefore, management and research
on wetlands is necessary to increase our ability to moni-
tor for potential routes of avian influenza outbreaks in
humans (Si et al. 2009).
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