The Condor 115(1):28-39
© The Cooper Ornithological Society 2013

GENETIC STRUCTURE OF THE COMMON EIDER IN THE WESTERN ALEUTIAN
ISLANDS PRIOR TO FOX ERADICATION

SARAH A. SONSTHAGEN!?3, SANDRA L. TALBOT?, ROBERT E. WILSON!, MARGARET R. PETERSEN?,

JEFFREY C. WILLIAMS?, G. VERNON BYRD?, AND KEVIN G. MCCRACKEN!*

'Department of Biology and Wildlife and Institute of Arctic Biology, University of Alaska Fairbanks,
Fairbanks, AK 99775
2Alaska Science Center, U.S. Geological Survey, 4210 University Dr., Anchorage, AK 99508
3U.S. Fish and Wildlife Service, 95 Sterling Hwy, Suite I, Alaska Maritime National Wildlife Refuge,
Homer, AK 99603
4University of Alaska Museum, 907 Yukon Dr., Fairbanks, AK 99775

Abstract.  Since the late 18" century bird populations residing in the Aleutian Archipelago have been greatly
reduced by introduced arctic foxes (4lopex lagopus). We analyzed data from microsatellite, nuclear intron, and
mitochondrial (mtDNA) loci to examine the spatial genetic structure, demography, and gene flow among four Aleutian
Island populations of the Common Eider (Somateria mollissima) much reduced by introduced foxes. In mtDNA, we
found high levels of genetic structure within and between island groups (@, = 0.643), but we found no population sub-
division in microsatellites or nuclear introns. Differences in genetic structure between the mitochondrial and nuclear
genomes are consistent with the Common Eider’s breeding and winter biology, as females are highly philopatric and
males disperse. Nevertheless, significant differences between islands in the mtDNA of males and marginal signifi-
cance (P =0.07) in the Z-linked locus Smol suggest that males may also have some level of fidelity to island groups.
Severe reduction of populations by the fox, coupled with females’ high philopatry, may have left the genetic signature
of a bottleneck effect, resulting in the high levels of genetic differentiation observed in mtDNA (@, = 0.460-0.807)
between islands only 440 km apart. Reestablishment of the Common Eider following the fox’s eradication was
likely through recruitment from within the islands and bolstered by dispersal from neighboring islands, as suggested
by the lack of genetic structure and asymmetry in gene flow between Attu and the other Near Islands.
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Estructura Genética de Somateria mollissima en las Islas Aleutianas del Oeste Antes de la
Erradicacion del Zorro

Resumen. Desde finales del siglo 18, las poblaciones de aves que residen en el archipiélago aleutiano han sido diez-
madas por la introduccion del zorro del artico (Alopex lagopus). Analizamos datos de microsatélites, intrones nucleares
y loci mitocondriales (ADNmt) para examinar la estructura genética espacial, la demografia y el flujo génico en las islas
Aleutianas entre cuatro poblaciones de Somateria mollissima muy reducidas por los zorros introducidos. Encontramos
altos niveles de estructura genética dentro y entre grupos de islas (Og = 0.643) en ADNmt, pero no encontramos sub-
divisiones poblacionales en los microsatélites o los intrones nucleares. Las diferencias en estructura genética entre los
genomas mitocondriales y nucleares son consistentes con la biologia reproductiva e invernal de S. mollissima, ya que las
hembras son altamente filopatricas y los machos se dispersan. Sin embargo, las diferencias significativas entre islas en el
ADNmt de los machos y la significancia marginal (P =0.07) en el locus Smol ligado a Z sugiere que los machos pueden
también tener algtn nivel de fidelidad a los grupos de islas. Una reduccion severa de las poblaciones debido al zorro,
sumada a la alta filopatria de las hembras, puede haber dejado la sefial genética de un efecto de cuello de botella, dando
como resultado los altos niveles de diferenciacion genética que se observan en el ADNmt (@ = 0.460-0.807) entre islas
separadas por tan solo 440 km. El restablecimiento de S. mollissima luego de la erradicacion del zorro se dio probable-
mente por reclutamiento desde dentro de las islas y estuvo reforzado por dispersion desde las islas vecinas, como sugiere
la falta de estructura genética y la asimetria en flujo génico entre Attu y las otras Islas Near.

INTRODUCTION

The Aleutian Archipelago is a volcanic island chain stretching
over 1800 km across the North Pacific Ocean (from 165° W to
170° E; Fig. 1). The chain provides the only terrestrial habitat
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in a largely oceanic region and is an important nesting and
winter locale for marine birds such as seabirds and waterfowl
(Gibson and Byrd 2007). Isolation has likely promoted ge-
netic diversification; many taxa within the archipelago com-
prise phenotypically (e.g., Gibson and Byrd 2007, Cook et al.
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2010, Pruett et al. 2010) and genetically distinct populations
(e.g., Patirana et al. 2002, Pruett and Winker 2005a, b, Pruett
etal. 2008, 2010). Furthermore, concordance in genetic struc-
ture among species has led researchers to hypothesize that the
Aleutian Islands harbored cryptic Pleistocene glacial refugia
(Pruett and Winker 2005a, 2008, Pruett et al. 2010).

Like many island ecosystems, most of the Aleutian Island
archipelago was free of indigenous terrestrial mammals (Hop-
kins 1967, Bailey 1993), at least west of the Fox Island group
(170° W). Soon after the first arrival of European explorers in
the late 1700s, however, arctic foxes (4lopex lagopus) were in-
troduced to the western Aleutian Islands for the fur trade (Black
1984, Bailey 1993). By 1930, foxes were released on most of the
islands in the archipelago, and their predation severely reduced
or extirpated bird populations including local breeding popula-
tions of the Common Eider (Somateria mollissima v-nigrum)
(Bailey 1993, Ebbert and Byrd 2002, Gibson and Byrd 2007).

The Common Eider breeds in the Arctic and subarctic
and has a circumpolar distribution in coastal marine habitats
(Goudie et al. 2000). Although Common Eider populations
were dramatically reduced by introduced foxes, local popu-
lations quickly rebounded after foxes were removed from
certain islands (Byrd et al. 1994, 2005, Gibson and Byrd
2007). While most populations are migratory to varying
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Locations of Common Eiders sampled on the Aleutian Islands, Alaska, with sample sizes shown as sex ratios (male: female)

degrees (Goudie et al. 2000), Common Eiders that breed on
the Aleutian Islands overwinter in adjacent nearshore waters
and are thought to be nonmigratory (Gibson and Byrd 2007).
Female eiders are highly philopatric (Goudie et al. 2000). As
a likely consequence, Common Eiders demonstrate fine-scale
spatial genetic structure wherever they have been studied (Tie-
demann et al. 1999, Sonsthagen et al. 2007, 2009, 2011). Fur-
thermore, female Common Eiders nest in kin groups, which
results in microgeographic genetic structure within popula-
tions and among females in adjacent nests (McKinnon et al.
2006, Sonsthagen et al. 2010).

Most of the Aleutian Islands are now part of the Alaska
Maritime National Wildlife Refuge (AMNWR), and man-
agement has included a program to remove introduced foxes
(Bailey 1993, Ebbert and Byrd 2002). Rapid declines in Com-
mon Eider populations after fox introductions (probably lead-
ing to extirpation in some cases) were followed by expansion
after fox eradication (possibly involving recolonization from
neighboring islands) that may have erased any genetic signa-
ture of former population subdivision. Here we investigate the
spatial genetic structure and population demography of an
Aleutian Island resident, the Common Eider, by using three
marker types with contrasting modes of inheritance. Our spe-
cific goals were to assess (1) the extent of population genetic
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structure within and between island groups and (2) the direc-
tionality of gene flow between populations that were reduced
by introduced arctic foxes.

METHODS

SAMPLE COLLECTION

Adult Common Eiders (n = 63) were collected in the near-
shore waters of four of the Aleutian Islands comprising two
island groups: the Near Islands (Agattu, Alaid/Nizki, and
Attu islands) in the westernmost part of the archipelago and
the Rat Islands (Amchitka Island), located in the west-central
region of the Aleutians (Fig. 1). The Common Eider’s distri-
bution in the Aleutian Archipelago is uneven; the species is
more abundant in the western and central portions than in
the eastern portion (Gibson and Byrd 2007). Our samples
were thus collected from the western and eastern limits of the
center of abundance in the Aleutian Archipelago. Distances
between islands range from 40 km within island groups to 440
km between island groups (Fig. 1). All sampled islands are
now fox free. Foxes were eradicated from Agattu (Henry and
Snigaroff 1977) and Alaid/Nizki in the 1970s (Kellyhouse and
Viers 1976), Amchitka in 1960 (Bailey 1993), and the last fox
was removed from Attu in 2000 (Thomson and Ebbert 2005).
Common Eiders were collected during the breeding season,
26 May—12 June 1993 from the Near Islands, 3 July—3 August
1993 from Amchitka, 3 May 2001-29 May 2001 from Attu,
and 10 May—1 June 2004 from Attu. Birds collected from the
Near Islands were observed as mated pairs; five of the females
(n=5/14) had an egg in the oviduct, indicating locally breed-
ing birds. Fourteen individuals collected from Attu and one
individual collected from Alaid are vouchered and housed at
the University of Alaska Museum, Fairbanks. Samples from
the remaining individuals are archived at the Molecular Eco-
logy Laboratory, USGS Alaska Science Center, Anchorage.

LABORATORY TECHNIQUES

We recorded genotype data from 12 autosomal microsatellite
loci (Aph08, Aph20, Aph23: Maak et al. 2003; Bcal, Bcall,
Hhi3: Buchholz et al. 1998; Sfinl0: Libants et al. unpubl. data,
GenBank accession AF180500; Smo4, Smo7, Smo8, Smol0,
and Smol2: Paulus and Tiedemann 2003) and one Z-linked
microsatellite locus (Smol: Paulus and Tiedemann 2003,
Sonsthagen 2006). We recorded sequences from the mtDNA
control region (545 bp; Sonsthagen et al. 2007), 280 base pairs
of intron 3 of lamin A (LMNA), and 386—387 base pairs of
intron 11 of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH: McCracken and Sorenson 2005).

Genomic DNA was isolated from frozen tissues. Meth-
ods for DNA extraction, polymerase chain reaction (PCR) am-
plification, and DNA sequencing are described in Sonsthagen
etal. (2007). For quality control, 10% of samples were randomly
selected, reamplified, and genotyped in duplicate. Sequences

and their corresponding catalog numbers at the University of
Alaska Museum and Alaska Science Center are accessioned
in GenBank (EU019596, HQ695040-HQ695087, HQ695312—
HQ695315, HQ695687-HQ695731, KC171401-KC171432).

STATISTICAL ANALYSES

Estimation of genetic diversity. Using PHASE 2.0 (Stephens
et al. 2001), we inferred allelic phases of nuclear introns
LMNA and GAPDH from diploid sequence data. PHASE uses a
Bayesian approach to reconstruct haplotypes from population
genotypic data and allows for recombination and the decay of
linkage disequilibrium with distance. PHASE has been dem-
onstrated to reliably infer the allelic phase of heterozygous
sequences (Harrigan et al. 2008). The PHASE analysis (1000 it-
erations with a 1000 burn-in period) was repeated three times,
and reconstructions were consistent across runs.

We calculated allelic frequencies, allelic richness,
inbreeding coefficient (F5), and expected and observed het-
erozygosities for autosomal microsatellite loci in FSTAT 2.9.3
(Goudet 1995). Hardy—Weinberg equilibrium and linkage
disequilibrium for autosomal microsatellite loci were tested
in GeENEpOP 3.1 (Raymond and Rousset 1995; Markov-
chain parameters: dememorization number 1000; number
of batches 100, and number of iterations per batch 10 000).
We adjusted significance levels on the basis of Bonferroni
correction (o0 = 0.05). Only females were analyzed for the
Z-linked locus Smol, so we could not test for Hardy—
Weinberg equilibrium and linkage disequilibrium. We tested
sequence data for selective neutrality with Fu’s F (Fu 1997)
and Tajima’s D (Tajima 1989) in ARLEQUIN 2.0 (Schneider
et al. 2000). For critical significance, values of 5% required a
P-value below 0.02 for Fu’s F (Fu 1997). We constructed an
unrooted phylogenetic network for each gene in NETWORK
4.1.0.8 (Fluxus Technology, Ltd.) by the median-joining
method (Bandelt et al. 1995), to illustrate possible reticula-
tions in the gene trees due to homoplasy or recombination.

Estimation of population subdivision. We assessed popu-
lation subdivision among sampled islands and island groups
by calculating Fg; from microsatellite data and @ from
sequence data in ARLEQUIN, adjusting for multiple compari-
sons by using Bonferroni corrections (o = 0.05). We calcu-
lated pairwise @ values for the sequence data by using the
model of Tamura and Nei (1993) with an invariant site (TrN +I)
parameter, as determined in MODELTEST 3.06 (Posada
and Crandall 1998) under the Akaike information crite-
rion (Akaike 1974). We used PowsiM 4.1 (Ryman and Palm
2006) to assess the statistical power of detecting population
genetic structure on the basis of the microsatellite data set and
sample sizes assayed. We ran simulations in Powsim (1000
dememorizations, 100 batches, 1000 iterations per batch,
1000 runs) with allele frequencies observed within the Aleu-
tian Islands for the 12 microsatellite loci with the same sample
sizes used in the present study. We performed five simulations



with varying effective sizes (N, = 50, 100, 200, 300, 400, 500,
and 500) at 10 generations to test statistical power.

To detect the occurrence of population structure with-
out a priori knowledge of putative populations, we analyzed
microsatellite data in STRUCTURE 2.1 (Pritchard et al. 2000), using
an admixture model assuming correlated frequencies to probabi-
listically assign individuals to putative populations (10 000 burn-
in period, 100 000 Markov-chain Monte Carlo iterations) with
the number of possible populations (K) ranging from 1 to 5. We
repeated this analysis five times, and runs were consistent. The
K that maximized the likelihood given the data determined the
most likely number of clusters (Pritchard et al. 2000).

For an isolation-by-distance analysis we used IBD,
version 3.15 (Jensen et al. 2005), with genotypic data from mi-
crosatellite loci and nuclear introns and sequence information
from mtDNA data, to determine whether more geographically
distant pairs of populations are also more genetically differen-
tiated. IBD tests the statistical significance of the relationship
between genetic and geographic distance with a Mantel test.

Analysis of population demography. We assessed
evidence for historical fluctuations in population size by using
BoTTLENECK 1.2.02 (Cornuet and Luikart 1996) for micro-
satellite loci and LAMARC (Kuhner et al. 1995) for sequence
data. Bottleneck compares the number of alleles and gene
diversity at polymorphic loci under the infinite-allele and
stepwise-mutation models. Simulation data indicate that the
former may detect weak population bottlenecks better than
the latter, and empirical data suggest the stepwise-mutation
model may be less sensitive for detecting recent population
declines (Cornuet and Luikart 1996). Therefore, differences in
population fluctuations between mutation models may reflect
differences in population size over evolutionary time, with
the infinite-allele model detecting more recent population
decline and the stepwise-mutation model detecting long-term
population growth (Sonsthagen et al. 2007). To evaluate the
robustness of results, we ran 1000 simulations for each popu-
lation and changed parameters among five runs. We assessed
significance with a Wilcoxon sign-rank test, which determines
if the average of standardized differences between observed
and expected heterozygosities is significantly different from
zero (Cornuet and Luikart 1996). A significant deficiency
of heterozygotes relative to the number of alleles indicates
recent population growth, whereas an excess of heterozygotes
relative to the number of alleles indicates a recent population
bottleneck (Cornuet and Luikart 1996). It is important to note
that BOTTLENECK compares the deficiency and excess of het-
erozygotes relative to genetic diversity, not to expectation un-
der Hardy—Weinberg equilibrium (Cornuet and Luikart 1996).

LAMARC estimates a population-growth parameter, g,
by using the coalescent and a Markov-chain Monte Carlo
genealogy sampler. Maximume-likelihood parameters included
ten short chains with 200 out of 4000 sampled trees, and
three long chains with 20 000 out of 400 000 sampled trees.
Data were analyzed three times, and parameter estimates
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converged. Positive values of g indicate population growth,
whereas negative values indicate population decline. Because
this method incorporates aspects of genealogy, it is sensitive to
changes in demography and may have an upward bias (Kuhner
etal. 1998). Therefore, we used the 99.9% confidence intervals
for g to test for significant differences from zero (Waltari and
Cook 2005).

Analysis of gene flow. We estimated gene flow between the
two island groups (Near Islands and Rat Islands) in BAYESASS
version 1.3 (Wilson and Rannala 2003) and MIGRATE version
3.0.3 (Beerli and Felsenstein 1999, 2001) as well as among is-
lands on the basis of mtDNA in MIGRATE. These programs
differ in the models by which they estimate gene-flow rates.
BAYESASS uses an assignment method and does not incorporate
genealogy. MIGRATE, in contrast, uses a steady-state two-island
coalescent model of population differentiation, which incorpo-
rates two parameters scaled to the mutation rate: the param-
eter 0 of effective population size (4N, u) and the rate M (m/p)
of gene flow between populations. Estimates of gene flow can
thus be interpreted differently and at different temporal scales.
BAYESASs reflects gene flow that occurred only in the past sev-
eral generations, whereas in MIGRATE gene-flow estimates are
averaged over the past n generations, where 7 equals the num-
ber of generations the populations have been at mutation-drift
equilibrium. Furthermore, since the primary mutation mech-
anism of microsatellite repeat units and nucleotide substitu-
tions differs (Hancock et al. 1999) (see Sonsthagen et al. 2012),
results based on mtDNA sequence data provide us with a rel-
atively deeper historical signature than do microsatellite frag-
ment data (see Wang 2010), whereas microsatellite loci reflect
coalescences at more evolutionarily recent time scales than
does mtDNA (Degnan et al. 1999).

We analyzed the microsatellite data set in BAYESASS with
the default delta values for allelic frequency, migration rate,
and inbreeding. Subsequent analyses incorporated different
delta values to ensure that proposed changes between chains at
the end of the run were between 40 and 60% of the total chain
length (Wilson and Rannala 2003). Once delta values (AP =
0.16, Am = 0.07, and AF' = 0.2) were within the accepted propor-
tion of proposed changes (P = 57%, m = 57%, and F = 51%),
we analyzed the data three additional times (300 000 000 it-
erations, 60 000 000 burn-in, and sampling frequency of 2000)
with different random seeds, and parameters converged. The
Z-linked locus Smol was not included in these analyses because
it is the only microsatellite marker in its class.

We ran MIGRATE with a full migration model, estimating
0 and M individually from the data and comparing them to a
restricted model for which 0 was averaged and M was symmet-
rical in both populations. Analyses using mtDNA were based
on sequences from female Common Eiders only. We estimated
gene flow with maximum-likelihood search parameters: ten
short chains (2000 trees used out of 400 000 sampled), five
long chains (10 000 trees used out 2 000 000 sampled), and
five adaptively heated chains (start temperatures: 1, 1.5, 3, 6,
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and 12; swapping interval = 1). Models were run three times
until parameter estimates converged. We used a log-likelihood
ratio test (Beerli and Felsenstein 2001) to evaluate the alter-
native model (symmetric vs. asymmetric) for goodness-of-fit
given the data.

RESULTS

GENETIC DIVERSITY

In the 63 Common Eiders we examined, the number of
alleles per microsatellite locus ranged from 2 to 25, with
an average of 7.2 alleles per locus; genetic-diversity indi-
ces by locus are provided in Sonsthagen et al. (2010). The
average number of alleles per population ranged from 4.0
to 5.8 (Table 1). Allelic richness ranged from 3.8 to 4.4
with an overall value of 4.3. The observed heterozygosity
ranged from 44 to 53% for each population with an over-
all observed heterozygosity of 50% (Table 1). The inbreed-
ing coefficient (F o) ranged from —0.012 to 0.125 across
sampled sites with an overall mean of 0.047. None of the
inbreeding coefficients was significantly different from
zero (P > 0.05). All populations were in Hardy—Weinberg
equilibrium and linkage equilibrium, and no signature of
linkage disequilibrium was detected between any pair of
loci. In 20 females, we observed three alleles of Z-linked
Smol. Haplotype diversity ranged from 0.000 to 0.700
(Table 1). The number of alleles per population ranged from
1 to 3 (Table 1).

Sixteen unique alleles from 57 individuals were recon-
structed for LMNA (Fig. 2A, Table 2) across 12 variable sites,
and 13 alleles were reconstructed from 60 individuals with
13 wvariable sites, including an insert/deletion for GAPDH
(Fig. 2B, Table 2). Observed heterozygosity for LMNA and
GAPDH ranged from 57 to 100% and 81 to100%, respectively,
which did not deviate from Hardy—Weinberg equilibrium
(P <0.05). Values of Fu’s F, and Tajima’s D were negative for
Amchitka (Table 1), suggesting population growth.

We identified five unique mtDNA haplotypes, character-
ized by five variable sites, from 56 individuals. Haplotype (/)
and nucleotide (7) diversity ranged from 0.000 to 0.648 and
0.000 to 0.002, respectively (Table 1). The number of mtDNA
haplotypes per population ranged from 1 to 4. The value of
Tajima’s D for Attu was negative (Table 1), suggesting popu-
lation growth.

POPULATION SUBDIVISION

Overall population subdivision was not significant for
most autosomal and Z-linked microsatellite loci, and for
microsatellite loci, no differences between islands in Fg;
were significant (Table 3). However, we observed significant
genetic structuring of mtDNA, with ® ;. ranging from 0.19
within island groups to 0.87 between island groups (Table 3).
Inter-island comparisons of the nuclear intron LMNA also
revealed significant differences in @ between Alaid/Nizki

TABLE 1.  Estimates of genetic diversity, including; observed (H,)
and expected () heterozygosity, nucleotide (1) and haplotype (/)
diversity, number of alleles and haplotypes per population, allelic
richness, and sample size (n) assayed from Common Eiders for 12
microsatellite loci, Z-linked microsatellite Smol, nuclear introns,
LMNA and GAPDH, and mtDNA control region. Significant® val-
ues of Fu’s F and Tajima’s D are marked with an asterisk.

Alaid/
Attu Agattu Nizki  Amchitka

Autosomal microsatellites

H, 0.444 0.533  0.519 0.525

H, 0.505 0.527 0.533 0.552

No. alleles 425 4.00 5.83 4.33

Allelic richness 3.79 391 4.41 433

Fi 0.125 -0.012 0.026 0.052

n 16 11 26 10
Z-linked microsatellite
Smolb

h 0.500 0.700  0.000 0.333

No. alleles 2 3 1 2

n 4 5 5 6
LMNA

H, 0.571 0.818 0.739 1.000

H, 0.870 0.862 0.879 0.863

h 0.870 0.862 0.879 0.863

b 0.007 0.007  0.007 0.007

Fus F -1707 -2.203 -2.082  -3.614*

Tajima’s D 0.569 —0.091 -0.333  —1.534*

No. alleles 8 8 10 9

n 14 11 24 9
GAPDH

H, 0.813 1.000 0.875 1.000

H, 0.754 0.790  0.809 0.926

h 0.754 0.790  0.809 0.926

b4 0.004 0.005 0.005 0.007

Fu's F 0492 -0.530 -2.578 —4.421*

Tajima’s D -0.500 -0.817 -1.241 -0.271

No. alleles 5 6 10 11

n 16 10 24 10
MtDNA

h 0.154 0.000 0.648 0.556

T 0.001 0.000 0.002 0.001

Fus F 1.907 —0.294 1.015

Tajima’s D -1.863*  0.000 0.054 1.401

No. haplotypes 2 1 4 2

n 13 11 23 9

*Significant P-values for Fu’s F (P <0.02) and Tajima’s D (P <0.05).
®Only females were analyzed.

and Attu islands and between Amchitka and Attu islands,
though we observed no significant variations in allelic
frequencies for GAPDH (Table 3). The differences between
the Near (Agattu, Alaid/Nizki, and Attu) and Rat (Amchitka)
island groups were not significant in any nuclear marker type
(microsatellites: F;:=0.006, P=0.25; LMNA: ®.=0.006, P
=0.30, GAPDH: @ .= 0.014, P = 0.19), although Smol tended
toward significance (Fg; = 0.219, P = 0.07). STRUCTURE did
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FIGURE 2. Networks illustrating relationships of (A) 16 LMNA alleles, (B) 13 GAPDH alleles, and (C) five mtDNA control region haplo-
types from Common Eiders breeding on the Aleutian Islands, Alaska. Small black squares indicate intermediate ancestral alleles that were
not sampled. The size of the node corresponds to its frequency. Numbers correspond to allele/haplotype names.

not uncover genetic partitioning within these populations; the
likelihood was maximized when K = 1. Simulations in Pow-
siM revealed significant power (> 90%) for detecting genetic
differentiation, Fg = 0.012-0.096, for effective sizes ranging
from 400 to 50, respectively. Simulations based on effective
sizes greater than 500 had low power. In all cases, the alpha
error remained below the expected o = 0.05.

In contrast to those in microsatellite loci, differences be-
tween islands in @, were significant between Amchitka and all
other islands and between Alaid/Nizki and all other islands (Ta-
ble 3). A regional comparison between the Near and Rat island
groups also uncovered high levels of genetic subdivision (®g;. =
0.548, P<0.001; female ® ;. = 0.740, P < 0.001; male @ = 0.615,
P <0.001). When we analyzed females and males separately the
pattern was similar, except observed levels of genetic structure
were generally higher in the female-only comparisons and dif-
ferences within the Near Island group were no longer significant
(Table 3).

TABLE 2.

proportion of individuals heterozygous at one site (H,,

Consistent with the inter-island comparisons of genetic
structure with the autosomal and Z-linked loci, there was no
correlation between genetic (Fg;) and geographic distances
(microsatellite Fyp v =020, P = 049; Smol Fg: r=-0.36,
P=0.71; introns Fg: r = 0.80, P = 0.21), nor was there a signifi-
cant correlation for the mtDNA sequence data (®g,: 7 = 0.88,
P =0.12). Lack of a significant correlation, therefore, fails to
support an inference of increasing genetic isolation with geo-
graphic distance across marker types. However, the high
rvalue and the P value tending toward significance observed for
the correlations based on mtDNA and nuclear introns is sugges-
tive of increasing genetic isolation with distance.

POPULATION DEMOGRAPHY

We found evidence for historical fluctuations in population size
within individual islands and for the Aleutian Islands as whole
across marker types. In the infinite-allele model, Attu showed
evidence of recent population decline (heterozygote excess),

Sequence length, number of variable sites, number of reconstructed alleles, proportion of homozygous individuals (H, %),
%), background recombination rate (p), factors exceeding the p estimated in PHASE,

and the probabilities of reconstructed haplotypes for nuclear introns LMNA and GAPDH sequenced from Common Eiders (Somateria

mollissima).

Intron Length Variable sites  Alleles H, H, (1bp) P Factors exceedingp P (>85%) P (50-85%)

LMNA 280 12 16 19.3 351 0.50 0.58-1.94 87.7 12.8
(n=11) (n=20) (n=50) (n=17)

GAPDH 386-387 13 13 10.0 10.0 0.05 0.39-4.41 78.3 21.7
(n=6) (n=06) (n=47) (n=13)
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TABLE 3.

Pairwise and overall Fg; and @ calculated from 12 microsatellite (usat) loci, Z-linked microsatellite locus Smol, nuclear in-

trons LMNA and GAPDH, and mtDNA control region estimated from Common Eiders breeding on the Aleutian Islands, Alaska. Significant

inter-island variances are marked with an asterisk (o = 0.05).

mtDNA mtDNA
psat Smol LMNA GAPDH mtDNA (females only) (males only)

Islands Fyr Fyr gy Dy gy ST ST
Attu

—Agattu 0.002 —-0.208 0.028 —-0.039 —-0.013 0.000 —-0.051

—Alaid/Nizki 0.001 0.062 0.044* —-0.018 —-0.017 0.195 —-0.069

—Amchitka 0.009 —-0.093 0.061* 0.017 0.457* 0.786* 0.407*
Agattu

—Alaid/Nizki 0.004 0.125 0.036 —-0.028 0.190* 0.250 0.126

—Amchitka —-0.007 —0.095 0.007 —-0.007 0.866* 0.807* 1.000*
Alaid/Nizki

—Amchitka 0.009 -0.034 —-0.004 —-0.004 0.460* 0.460* 0.587*
Overall 0.003 —-0.054 0.031* —-0.013 0.320* 0.643* 0.229*

consistent with the presence of foxes on Attu until 2000.
Alaid/Nizki and Amchitka demonstrated signals of population
growth (heterozygote deficiency) under the stepwise-mutation
model (Table 4). Nuclear intron sequences gave evidence for
population growth on Amchitka, and mtDNA sequence data
gave evidence for growth on Alaid/Nizki (Table 4). The Aleu-
tian Island population as a whole exhibited a signature of pop-
ulation growth across marker types (Table 4).

GENE FLOW

We estimated gene flow between the Near (Agattu, Alaid/Nizki,
and Attu) and Rat (Amchitka) island groups on the basis of our
inference of genetic partitioning in mtDNA across marker types.
Gene flow was asymmetrical, though its directionality varied by
marker types and method and thus temporal scale.

We estimated asymmetrical gene flow from the 12 mic-
rosatellite loci in BAYESASS, which suggested more effective

migrants per generation from the Near Islands to the Rat Is-
lands (m = 0.28) than from the Rat Islands to the Near Islands
(m = 0.01). The Near Islands had a proportion of individuals
in each generation that were not migrants (0.98) higher than
that the Rat Islands (0.72; Table 5). Gene flow, as estimated
from the 12 microsatellite loci in MIGRATE, showed the op-
posite pattern, being higher from the Rat Islands to the Near
Islands (NV,m =7.5) than vice versa (N,m = 2.5; Table 5). Gene-
flow estimates based on the nuclear intron data in MIGRATE
had a signal consistent with the BAYESASS estimates, in that
more individuals dispersed from Near Islands to the Rat Is-
lands (N,m = 32.8) than from the Rat Islands to the Near Is-
lands (N,m = 14.2; Table 5). The variances and the means
estimated from the mtDNA control-region sequence in Mi-
GRATE indicate that, on average, gene flow has been greater
from the Rat Islands to the Near Islands (N/m =5.0) than vice
versa (N im= 0.7; Table 5).

TABLE 4. Results of demographic analyses for 12 microsatellite loci under the infinite-allele model (IAM) and stepwise-mutation model
(SMM) and sequence data. Parameter estimates 6 (4N u for nuclear DNA, 2N pi for mtDNA), exponential growth rate (g) with 95% confi-
dence intervals in parentheses for each Common Eider population. Significant growth estimates are marked with an asterisk.

Attu Agattu Alaid/Nizki Amchitka Overall
Microsatellites®
1AM H,* Eq Eq Eq Eq
SMM Eq Eq Hy ™ Hy Hy ™
Introns
g 340.2 639.4 437.5 1428.2%* 770.0%*
(-163.6, 2868.0) (-138.4,6376.7) (-99.7,2669.0) (337.1,4716.1) (540.2,999.8)
0 0.016 0.023 0.160 0.123 0.034
(0.004, 0.169) (0.004, 0.515) (0.006, 0.074) (0.021, 7.595) (0.025,0.043)
mtDNA
g -328.6 n/a 5442.6* 1174.3 3673.2*
(-930.1,272.9) (3994.5, 6890.7) (—2411.0, 4759.6) (2855.1, 4491.3)
0 0.001 n/a 0.007 0.001 0.012*

(~0.002, 0.004)

(0.004, 0.010) (~0.002, 0.004) (0.009, 0.015)

*Significant heterozygote deficiency (H,,,) indicates population growth and heterozygote excess (H,, ) indicates a population decline; non-

significant population estimates indicate population equilibrium (Eq).
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Gene flow estimated from assignment (total number of migrants, m) in BayesAss and the

coalescent model (number of migrants per generation N m or Nm) in MIGRATE between Common Eiders
breeding on the Near (Agattu, Alaid/Nizki, and Attu) and Rat (Amchitka) island groups in the Aleutian
Islands, Alaska, calculated from 12 microsatellite loci, two nuclear introns, and the mtDNA control re-
gion. Parameter estimates are listed for each population pair, as well as the directionality of gene flow
between population pairs (east and west) assigned from 95% confidence intervals (in parentheses).

Proportion of

nonmigrants or 0 Immigration Emigration Direction
Microsatellites (m)
Near Islands 0.98
(0.96-1.00)
—Rat Islands 0.72 0.01 0.28 East
(0.67-0.80) (0.00-0.04) (0.20-0.33)
Microsatellites (N,m)
Near Islands 0.958
(0.880-1.053)
—Rat Islands 1.608 7.5 2.5 West
(1.473-1.756) (6.2-9.1) (2.2-3.5)
Nuclear introns (N 1)
Near Islands 0.010
(0.009-0.012)
—Rat Islands 0.008 14.2 32.8 East
(0.006-0.011) (10.5-18.4) (20.9-51.9)
mtDNA (me)
Near Islands 0.008
(0.007-0.011)
—Rat Islands 0.010 5.0 0.7 West
(0.007-0.015) (2.3-10.5) (0.1-3.0)

Gene flow among islands estimated with mtDNA
sequence data in MIGRATE revealed asymmetrical gene flow
between Agattu and Attu, higher from Agattu to Attu (Nm =
17.3,95% CI 5.4—65.1) than vice versa (me =0.7,95% CI1 0.4—
2.7). Gene flow between Alaid/Nizki and Attu appeared sym-
metrical on the basis of overlapping 95% confidence limits
(Attu to Alaid/Nizki Nym =17, 95% CI 0.1-13.2; Alaid/Nizki
to Attu Nym = 1.0, 95% CI10.1-9.6).

The full model had likelihoods significantly higher than
those of the restricted model across all marker types, indicat-
ing significant asymmetric gene flow has occurred among
Common Eiders of the Aleutian Island archipelago for the
two-population model [microsatellites In L(full) = —75.8, In
L(test) =-258.7, P <0.001; introns In L(full) = 4.3, In L(test) =
-36.3, P < 0.001; mtDNA In L(full) = 83.4, In L(test) = 77.7,
P = 0.02] as well as the four-population model [mtDNA
In L(full) =22.3, In L(test) =-282.3, P <0.001].

DISCUSSION

POPULATION GENETIC STRUCTURE

Although most inter-island comparisons based on mtDNA
control region suggested some spatial genetic structure, we
observed few, if any, significant differences at autosomal
and Z-linked nuclear loci. Lack of genetic structuring based

on nuclear DNA estimates coupled with less partitioning
in mtDNA for males than for females is consistent with the
Common Eider’s breeding biology. While female eiders are
highly philopatric, males disperse among colonies (Goudie
etal. 2000); in the Netherlands, breeding males disperse up to
1700 km, and young males disperse up to 1200 km (Swennen
1990). Pair formation occurs during nonbreeding months,
and male eiders follow females back to breeding sites (Goudie
et al. 2000). Although little is known about the Common
Eider’s winter biology in the Aleutian Islands, pair formation
likely occurs within groups of eiders composed of resident
females from the particular island group where they breed and
males from any island group within the Aleutian Archipel-
ago (Gibson and Byrd 2007; M. Petersen, pers. obs.). Given
large dispersal distances reported for other populations,
male Common Eiders could easily disperse throughout the
Aleutian Archipelago, leading to genetic similarity within
the nuclear genome among islands and island groups. How-
ever, we found significant inter-island differences in males’
mtDNA, and differences in the Z-linked locus Smol were
marginally significant. Despite an inference of continuing
gene flow based on autosomal markers, sex-linked loci sug-
gest that males may exhibit fidelity to island groups, though
we can infer site fidelity only in the previous generation (see
Lanctot et al. 1999).
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High genetic substructuring among islands based on
mtDNA estimates may be attributable, in part, to a bottleneck
effect coupled with females’ high degree of philopatry. Intro-
duction of the fox reduced bird populations throughout the
Aleutians. In 1975, just several hundred Common Eiders were
observed on Alaid/Nizki and Attu (Byrd et al. 1994, Gibson
and Byrd 2007), and no nests were observed on Nizki (Byrd
et al. 1994). Once foxes were removed in 1976, Common Ei-
der populations quickly rebounded, with over 2500 birds
observed on Alaid/Nizki within 10 years after fox removal
(Byrd et al. 1994, Gibson and Byrd 2007) and more than 200
nests observed on Nizki in 1992 (Byrd et al. 1994). The de-
crease in population sizes from fox introductions coupled with
females’ high philopatry could have accelerated the develop-
ment of genetic structure among islands due to genetic drift.
This is exemplified by the high levels of genetic differentia-
tion in mtDNA (@, up to 0.807) observed between Common
Eider populations 440 km apart.

Nonsignificant differences between birds of Attu and
those of the other Near Islands and the genetic signature of
a population decline on Attu are consistent with the longer
presence of foxes on Attu (until 2000) and collection dates of
our samples. Given that fox removal was not completed from
most of the Near Islands we sampled until the 1970s, and
from Attu until 2000, it is likely that an insufficient number
of generations had passed for the accumulation of mutations
to generate the high levels of mtDNA population structur-
ing observed among islands (Avise 2004, Pruett et al. 2010).
The lack, based on mtDNA, of spatial genetic structure and
asymmetry in gene flow among Attu and the other Near Is-
lands suggests that the Common Eider’s reestablishment was
likely not solely through recruitment from within each is-
land but was also facilitated by dispersal from neighboring
islands within the island group. Gene-flow estimates suggest
that the Common Eider population on Attu was likely aug-
mented, in part, by birds immigrating from Agattu, which
was fox-free for 30 years prior to the removal of foxes from
Attu. Given that samples from Attu were collected prior to
and shortly after the last fox was removed from the island,
gene-flow estimates likely reflect recent effective disper-
sal among the Near Islands before all islands in the group
were fox-free. If eider populations on nearby islands were
sufficiently large after their recovery, females may have dis-
persed to unoccupied habitat on Attu; this is supported by
recent observations of the eiders’ rapid reestablishment on
Attu (J. Williams, pers. obs.).

Levels of population structure in mtDNA higher than
in nuclear DNA could be attributed to differences in the rate
of lineage sorting between the genomes. With mtDNA the
effective population size is smaller than with nuclear DNA.
Therefore, when mutation and selection are held constant, ge-
netic drift has a greater influence on mtDNA than on nuclear
DNA (Avise 2004), which translates into higher estimates of

population subdivision. However, all of the inter-island com-
parisons yielded F; values at the microsatellite loci had lower
than expected after the four-fold difference in the effective
size of the genomes was accounted for (Zink and Barrow-
clough 2008), suggesting male-mediated gene flow homog-
enizing allelic frequencies in the nuclear genome. The effects
of incomplete lineage sorting and sex-biased gene flow on
genetic structure are not mutually exclusive, and both likely
played a role in the degree of spatial genetic structure we ob-
served. However, given the high rates of females’ philopatry
and males’ dispersal reported for the Common Eider else-
where, differences in the degree of genetic structure between
the genomes are likely more attributable to sex-biased gene
flow than to incomplete lineage sorting.

GENE FLOW

The directionality of gene flow among the islands sampled in
the Aleutian Archipelago appears to have changed through
evolutionary time. Gene flow estimated in BAYESASS implies
net eastward dispersal of Common Eiders between the Near
and Rat Island groups that may be attributable to the fox’s per-
sistence through the archipelago. Foxes persisted longer on
the Near Islands than at Amchitka in the Rat Islands, and once
foxes were eradicated from those islands, seabird and water-
fowl populations quickly rebounded (Byrd et al. 2005, Gibson
and Byrd 2007). Therefore, the genetic signal that we detected
with the short-term estimates of gene flow in BAYESASS may
be a result of the increased reproductive output during the re-
covery of the Near Island populations that resulted in Com-
mon Eiders expanding east to the Rat Islands.

The westerly (microsatellites and mtDNA) coupled with
an easterly (introns) gene flow between island groups based on
the coalescent model may have resulted from a double coloni-
zation of the Aleutian Island chain post-Pleistocene. Asymme-
try of gene-flow estimates, along with the biases in direction,
are consistent with estimates for populations sampled through
most of the Common Eider’s distribution (Sonsthagen et al.
2011). Few trans-Beringian taxa have colonized the region
from two directions; only four of 13 taxa studied by Waltari
et al. (2007) colonized Beringia from both the west and the
east. In all other cases the colonization was from the west (Asia
to North America). Data from Russia, coupled with current in-
formation from mainland Alaskan populations, and additional
sampling of eiders throughout the archipelago are needed for
further insight into the direction, number, and timing of the
Common Eider’s colonizations of the Aleutian Islands.

COMPARISON WITH OTHER ALEUTIAN AVIFAUNA

In contrast to the Common Eider, other Aleutian avifauna
typically exhibit spatial genetic structure at microsatellite and nu-
clear intron loci (Marbled Murrelet, Brachyramphus marmotatus,
Friesen et al. 2005; Rock Ptarmigan, Lagopus mutus, Holder
etal. 2004, Pruett et al. 2010; Song Sparrow, Melospiza melodia,



Pruett and Winker 2005b, Pruett et al. 2008). The eider’s behav-
ioral characteristics likely play a role in the degree of structure
observed. Although many of the above species similarly exhibit
some level of philopatry (and its attendant breeding-site fidel-
ity) typical of arctic seaducks, Common Eiders form large win-
ter aggregations where intermixing of island populations is likely
(Goudie et al. 2000). Restrictions or barriers to dispersal, such
as large water crossings, may represent a serious limitation on
dispersal for some species such as the Song Sparrow and Rock
Ptarmigan but likely do not inhibit natal or breeding dispersal of
the Common Eider. Furthermore, the volcanic dynamism of the
Aleutian Archipelago may also play a role in the distribution of
genetic boundaries within the islands’ avifauna. Along the chain,
volcanoes erupt frequently; nine of the 27 listed historically
active volcanoes have had at least one major eruption since 1990
(DeGange et al. 2010). Such eruptions have undoubtedly peri-
odically redistributed populations among islands and promoted
genetic similarity within island groups of species with strong dis-
persal abilities, such as the Common Eider.

Researchers have hypothesized that in the Pleisto-
cene the Aleutian Islands were a cryptic unglaciated refu-
gium for several arctic species (Pruett and Winker 2005a,
b, 2008, Holder et al. 2004, Pruett et al. 2010). Long-term
persistence within such refugia promotes diversification and
genetic differentiation within a species (Hewitt 1996) and
may explain the high levels of inter-island genetic differen-
tiation observed in other taxa. Growth estimates based on
the coalescent were positive for the Aleutian population as a
whole, a pattern consistent with post-Pleistocene coloniza-
tion (Waltari and Cook 2005, Sonsthagen et al. 2011). Within
the Aleutian Archipelago Common Eiders do not appear to
have accumulated genetic differences (i.e., private alleles)
unique to island groups, which would be expected from re-
tention and isolation within a refugium. Population declines
(on some islands) and extirpations (from other islands) asso-
ciated with the fox and subsequent dispersal among islands
during population recovery may have erased the genetic leg-
acy of the Pleistocene. Within the Aleutians, however, haplo-
types have not diverged widely, being located terminally on
a network generated from haplotypes representing popula-
tions sampled throughout the Common Eider’s distribution
(Sonsthagen et al. 2011). Thus, although the Aleutian Islands
may have served as a Pleistocene refugium for some arctic
species, resulting in distinct lineages endemic to each island
group, the Common Eider was apparently not one of them
(Sonsthagen et al. 2011).
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