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Abstract
An understanding of the genetic structure of populations in the wild is essential for 
long- term conservation and stewardship in the face of environmental change. 
Knowledge of the present- day distribution of genetic lineages (phylogeography) of a 
species is especially important for organisms that are exploited or utilize habitats that 
may be jeopardized by human intervention, including climate change. Here, we 
 describe mitochondrial (mtDNA) and nuclear genetic (microsatellite) diversity among 
three populations of a migratory bird, the greater white- fronted goose (Anser  albifrons), 
which breeds discontinuously in western and southwestern Alaska and winters in the 
Pacific Flyway of North America. Significant genetic structure was evident at both 
marker types. All three populations were differentiated for mtDNA, whereas micros-
atellite analysis only differentiated geese from the Cook Inlet Basin. In sexual repro-
ducing species, nonrandom mate selection, when occurring in concert with fine- scale 
resource partitioning, can lead to phenotypic and genetic divergence as we observed 
in our study. If mate selection does not occur at the time of reproduction, which is not 
uncommon in long- lived organisms, then mechanisms influencing the true availability 
of potential mates may be obscured, and the degree of genetic and phenotypic diver-
sity may appear incongruous with presumed patterns of gene flow. Previous investiga-
tions revealed population- specific behavioral, temporal, and spatial mechanisms that 
likely influence the amount of gene flow measured among greater white- fronted 
goose populations. The degree of observed genetic structuring aligns well with our 
current understanding of population differences pertaining to seasonal movements, 
social structure, pairing behavior, and resource partitioning.
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1  | INTRODUCTION

A firm understanding of population genetic structure is a corner-
stone of informed conservation management for wildlife species 
(Avise, 2000; Palsbøll, Bérubé, & Allendorf, 2006). This is espe-
cially true of widely distributed species that may be composed of 

populations connected by varying degrees of ecological or evolu-
tionary dispersal (Pruett et al., 2008). Ecological dispersal (natal and 
breeding dispersal) can be measured directly through observation 
and marking studies, and evolutionary dispersal (gene flow) can be 
measured via genetic investigations. While preferably, both mea-
sures of within- species connectivity should be used (Alvarado, Fuller, 
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& Smith, 2014; Lecomte, Gauthier, Giroux, Milot, & Bernatchez, 
2009), such measurements can be complex and logistically diffi-
cult. This is particularly true for migratory birds, given their often 
extensive population ranges and tremendous dispersal potential. 
Overcoming such difficulties is paramount for species breeding in 
the Arctic, as habitats there are changing in relation to rapidly warm-
ing northern climates (Pearson et al., 2013), and species ranges and 
migratory patterns are predicted to change over time (Sorte & Jetz, 
2010). Securing baseline information on population structure for 
hunter- harvested Arctic species, such as northern waterfowl, is of 
added importance given the potential for overharvesting, which can 
reduce genetic diversity through elimination of unique genetic units 
(Allendorf & Hard, 2009).

We therefore undertook a population genetic study of the greater 
white- fronted goose (Anser albifrons) in the Pacific Flyway of North 
America (Figure 1). The greater white- fronted goose, a migratory spe-
cies with a Holarctic distribution, is harvested by sport and subsistence 
hunters throughout much of its range, especially in North America. In 
the Pacific Flyway, white- fronted geese nest in three areas of Alaska: 
the Yukon–Kuskokwim Delta (YKD) of western Alaska, the Bristol Bay 
Lowlands (BBL) in southwestern Alaska, and the Cook Inlet Basin (CIB) 
of south central Alaska (Figure 2a). Previous investigations of white- 
fronted geese in the Pacific Flyway revealed differences among geese 
sampled from these three breeding locales with respect to morphology 
(Ely et al., 2005; Orthmeyer, Takekawa, Ely, Wege, & Newton, 1995), 
distribution (Ely & Takekawa, 1996), and timing of migration and repro-
duction (Ely, 2008; Ely & Takekawa, 1996), such that the three locales 
are considered to comprise discrete nesting populations. The popula-
tions are allopatric during the summer nesting season, but overlap in 
distribution during the nonbreeding season (Ely & Takekawa, 1996; 
Ely, 2008; Figure 2a). The populations also differ with respect to tim-
ing of migration (BBL geese migrate earlier in spring and fall than the 
other two populations) and nesting (BBL and CIB geese nest earlier 
than YKD geese; Ely & Takekawa, 1996; Ely et al., 2005, 2007). Due 
to concerns mentioned above, we assessed the population genetic 

structure of geese from these three nesting locales by using genotypic 
data from nuclear microsatellite loci and sequence data from mito-
chondrial DNA (mtDNA) control region.

Studies of other Arctic nesting geese in North America have 
found varying levels of within- species population differentiation, 
including instances of deep divergences consistent with species- 
level differences, and hybridization. For example, fragment data 
from nuclear microsatellites showed substantial population struc-
turing in Canada goose (Branta canadensis) populations nesting in 
high latitudes in Alaska and western North America, but also found 
deep cleavages in mtDNA haplotypes between what were previ-
ously called the large-  and small- bodied Canada goose lineages, 
findings that contributed to taxonomic revision of the group into 
two species, the Canada goose and the cackling goose (B. hutchni-
sii), respectively (Banks et al., 2004; Paxinos et al., 2002; Scribner 
et al., 2003). Leafloor, Moore, and Scribner (2013) demonstrated 
historical hybridization between cackling and Canada geese in high- 
latitude Canada. Avise, Alisauskas, Nelson, and Ankney (1992) found 
two major clades of mtDNA in the snow goose (Chen caerulescens), 
and Quinn (1992) found that within one clade, mtDNA was con-
cordant with geographic location, while no such concordance was 
found within the other clade. Ross’ goose, C. rossii, is considered a 
sister species of the snow goose and the two species are thought to 
frequently hybridize (Weckstein, Afton, Zink, & Alisauskas, 2002). 
While within- flyway spatial genetic structure is evident for both the 
Canada and cackling goose (Scribner et al., 2003), genetic struc-
ture in snow geese did not correlate with flyway (Shorey, Scribner, 
Kanefsky, Samuel, & Libants, 2011).

Although greater white- fronted geese from the three locales sam-
pled in our study occupy a single migratory flyway, we nevertheless 
anticipated some degree of population genetic differentiation given 
that mtDNA is maternally inherited and most species of waterfowl 
exhibit female natal philopatry (Greenwood, 1980). Evidence of popu-
lation genetic structuring also seemed likely as the three populations 
vary in body size (Ely et al., 2005; Orthmeyer et al., 1995), with the dis-
tinctly larger structural size of Tule geese (CIB population) likely con-
tributing to resource partitioning (CIB geese are adapted to feed on 
aquatic marsh plants; Ely, 2008), and reproductive isolation through 
sexual imprinting mechanisms. We also expected gene flow among 
the populations to be lowest between CIB and the other populations, 
given the likelihood that the populations are allopatric during the time 
of mate selection. If pair formation occurs during spring or summer, 
then despite autumn and winter sympatry, gene flow among popula-
tions would be impeded, with CIB geese likely being the most isolated. 
Genetic structure may also be evident if mate choice is affected by 
population differences in timing of migration and nesting; this is espe-
cially likely in capital breeders such as geese, which rely on rapid accu-
mulation of reserves for breeding and migration during a very short 
period in spring (Ely & Takekawa, 1996). Here, we present the results 
from the first population genetic study of greater white- fronted geese, 
explore possible mechanisms leading to observed patterns, and exam-
ine how our findings differ from studies of ducks and species of geese 
with different life history features.

F IGURE  1 Mixed molting group of greater white- fronted geese 
(Anser albifrons) near the Innoko River, Alaska, USA
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2  | METHODS

2.1 | Sample collection

Blood, feather, or eggshell membranes were collected from greater 
white- fronted geese at three different locales in Alaska within the 

Pacific Flyway (BBL, n = 18; YKD, n = 36; and CIB, n = 61; Figure 2a) 
between 1989 and 2006. Blood samples were stored in blood pres-
ervation buffer (Longmire et al., 1988) and feather and egg mem-
branes were placed in envelopes and stored at room temperature. 
All samples are archived at the Molecular Ecology Laboratory, Alaska 
Science Centre (ASC), U.S. Geological Survey (USGS) in Anchorage, 

F IGURE  2  (a) Distribution of greater white- fronted geese (Anser albifrons) in the Pacific Flyway, showing breeding, migration, and wintering 
locations of geese from the three primary breeding areas (after Ely, 2008). (b) Unrooted 95% parsimony network showing the relationships of 33 
haplotypes from 365 base pair sequences of the mtDNA control region from greater white- fronted geese from three Pacific Flyway populations. 
The size of the circles is proportionate to number of individuals. Small black circles represent intermediate haplotypes that were not sampled. 
(c) Output of STRUCTURE analysis using LOCIPRIOR (r < 1) for greater white- fronted geese from three different breeding areas in Alaska. 
Sampling location was used as a prior (see Section 2)
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Alaska, where detailed sample information is also available (http://doi.
org/10.5066/F71G0JGN). Geese were captured and banded under 
the auspices of the U.S. Fish and Wildlife Service Region 7, and the 
USGS, Alaska Science Centre, under Federal Permit # MB789758.

2.2 | Laboratory techniques

Genomic DNA was extracted from blood, muscle, feather, or egg-
shell membranes using a “salting out” procedure (Medrano, Aasen, & 
Sharrow, 1990) with modifications for blood and muscle (Sonsthagen, 
Talbot, & White, 2004) and feathers and eggshell membranes (Talbot 
et al., 2011). Genomic DNA concentrations were quantified using fluo-
rometry and diluted to 50 ng/ml working solutions. Initially 12 individ-
uals were screened at 26 loci known to be variable in other waterfowl 
species. Eight presumably unlinked polymorphic loci with dinucleotide 
repeat motifs and in Hardy–Weinberg equilibrium were selected for 
further analysis: BCA6, BCA9, BCA11 (Buchholz, Pearce, Pierson, & 
Scribner, 1998), CRG (Wilson, Gust, Petersen, & Talbot, 2016), Aaμ1 
(Fields & Scribner, 1997), OXY13 (Muñoz- Fuentes, Gyllenstrand, 
Negro, Green, & Vila, 2005), TSP1.20.09, and TSP.1.20.46 (John, 
Ransler, Quinn, & Oyler- Mccance, 2006). Polymerase chain reaction 
(PCR) amplification and electrophoresis followed standard protocols 
(Sonsthagen et al., 2004). Ten percent of the samples were amplified 
and genotyped in duplicate for the eight microsatellite loci for qual-
ity control. There were no differences between initial and duplicate 
amplifications and genotypes. Microsatellite genotype data are acces-
sioned at the USGS, ASC data repository (https://doi.org/10.5066/
F71G0JGN).

We also amplified a portion of domain I and domain II of the 
mitochondrial DNA (mtDNA) control region using the primer pair 
WFGL1M (5′–ACTAACCGCGAACTCCCAAA–3′) and H542 (Sorenson 
& Fleischer, 1996), yielding a 365 base pair sequence product for all 
individuals. Ruokonen, Kvist, and Lumme (2000) showed that approx-
imately half of the variable sites in lesser white- fronted goose (A. ery-
thopus) in the mtDNA control region are within control region domain 
I. Using the methods in Lanctot et al. (1999) and using previously 
published sequences, we verified the amplified fragment was mito-
chondrial in origin. PCR amplifications, cycle- sequencing protocols, 
and postsequencing processing followed Sonsthagen et al. (2004). 
All sequences have been submitted to GenBank (accession numbers: 
KY704180-KY704263).

2.3 | Genetic diversity

We calculated allelic richness, the inbreeding coefficient (FIS), observed 
and expected heterozygosities, Hardy–Weinberg equilibrium (HWE), 
and linkage disequilibrium (LD) for each microsatellite locus and popu-
lation in FSTAT ver. 2.9.3 (Goudet, 1995). We used ARLEQUIN ver. 
3.5.1.2 (Excoffier & Lischer, 2010) to estimate haplotype diversity (h—
the probability that two randomly chosen haplotypes are different), 
and nucleotide diversity (π—the average number of nucleotide differ-
ences per site between two randomly chosen DNA sequences) for 
the mtDNA control region sequence data. An unrooted phylogenetic 

tree for mtDNA control region was constructed in NETWORK 4.6.1.3 
using the median joining method (Bandelt, Forster, & Röhl, 1999), 
to illustrate possible reticulations in the gene tree as a result of 
 homoplasy or recombination.

2.4 | Population subdivision

The degree of subdivision among breeding areas was assessed by 
calculating pairwise FST and RST for microsatellite data, and ΦST for 
mtDNA data using ARLEQUIN, and adjusting for multiple compari-
sons using Bonferroni correction (α = 0.05) for microsatellite data. For 
sequence data, pairwise ΦST was calculated using the best- fit nucleo-
tide substitution model, as identified in MODELTEST 3.06 (Posada 
& Crandall, 1998) under Akaike’s information criterion (AIC; Akaike, 
1974). Because the upper possible FST value for a set of microsat-
ellite loci is usually <1.0 (Hedrick & Goodnight, 2005), we used 
RECODEDATA, version 1.0 (Meirmans, 2006), to calculate the upper-
most limit of FST for a given data set.

We also used a Bayesian- clustering program, STRUCTURE 2.2.3 
(Pritchard, Stephens, & Donnelly, 2000), to determine the level of 
population structure in the autosomal microsatellite data set without 
providing a priori information on the geographic origin of the individ-
uals. If no structure was observed, we used the LOCPRIOR option 
as this model is able to detect population structure in data sets with 
a weak signal of structure not detectable under standard models 
(Hubisz, Falush, Stephens, & Pritchard, 2009). The analysis was run 
for K = 1–10, where K is the number of populations, using an admix-
ture model with 100,000 burn- in iterations and 1,000,000 Markov 
chain Monte Carlo (MCMC) iterations. The analyses were repeated 
ten times for each K to ensure consistency across runs. We used the 
∆K method of Evanno, Regnaut, and Goudet (2005) and evaluated the 
estimate of the posterior probability of the data given K, Ln P(D), to 
determine the most likely number of groups at the uppermost level of 
population structure.

2.5 | Historical population demography

Evidence for fluctuations in historical population demography was 
evaluated for eight microsatellite loci using BOTTLENECK 1.2.02 
(Cornuet & Luikart, 1996). BOTTLENECK compares the number of 
alleles and gene diversity at polymorphic loci under the infinite allele 
model (IAM; Maruyama & Fuerst, 1985), stepwise mutation model 
(SMM; Ohta & Kimura, 1973), and two- phased model of mutation 
(TPM; Di Rienzo et al., 1994). Parameters for the TPM were set at 
79% SMM with a variance of 9% (Garza & Williamson, 2001; Piry, 
Luikart, & Cornuet, 1999), with 1,000 simulations performed for each 
population. Significance was assessed using a Wilcoxon sign- rank test, 
which determines whether the average of standardized differences 
between observed and expected heterozygosities is significantly dif-
ferent from zero (Cornuet & Luikart, 1996). Significant heterozygote 
deficiency relative to the number of alleles indicates recent population 
growth, whereas heterozygote excess relative to the number of alleles 
indicates a recent population bottleneck (Cornuet & Luikart, 1996). 

http://doi.org/10.5066/F71G0JGN
http://doi.org/10.5066/F71G0JGN
https://doi.org/10.5066/F71G0JGN
https://doi.org/10.5066/F71G0JGN
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BOTTLENECK compares heterozygote deficiency and excess rela-
tive to number of alleles, not to HWE expectation (Cornuet & Luikart, 
1996).

Demographic histories based on mtDNA sequence data were eval-
uated using two approaches: standard qualitative test statistics and 
coalescent- based estimations. To test for genetic signatures of recent 
effective population size changes, we calculated Fu’s Fs (Fu, 1997) and 
Tajima’s D (Tajima, 1989) on the basis of the site- frequency spectrum 
of segregating sites. Negative values of Tajima’s D or Fu’s Fs result when 
there is an excess of low- frequency polymorphisms, which can result 
from rapid population expansion or selective sweep acting on linked 
polymorphisms. Conversely, a positive value for either test statistic 
can be indicative of a population decline. We used a coalescent model 
in LAMARC 2.1.8 (Kuhner, 2006) to calculate the population- growth- 
rate parameter (g) for mtDNA from each population independently. 
We used a Bayesian analysis with 1,000,000 recorded genealogies 
sampled every 50 steps, with a burn- in of 100,000 (10%) genealogies. 
Priors were flat with the upper limit for growth set to 15,000.

2.6 | Estimation of gene flow

Estimates of contemporary (short term), recent (long term), and his-
torical gene flow among sampled sites were calculated using two dif-
ferent models: assignment methodology in BayesAss v3.0 (Wilson & 
Rannala, 2003) and a steady- state two- island model of population 
differentiation in MIGRATE (Beerli & Felsenstein, 1999, 2001). These 
programs also differ in the temporal scale in which they estimate 
migration rates. BayesAss estimates migration (m) over the last sev-
eral generations using allelic frequency data and does not assume that 
populations are in migration–drift or HWE. MIGRATE, in contrast, 
estimates recent (<10,000 years for microsatellites) and historical 
(mtDNA) migration rates (Nem and Nfm), respectively (Wang, 2010), 
where effective population sizes (θ) are based on the coalescence and 
populations are assumed in migration–drift equilibrium. Therefore, 
gene flow estimates are averaged over the past n generations, where 
n equals the number of generations the populations have been at 
equilibrium (Beerli & Felsenstein, 1999, 2001). In addition, the pri-
mary mutation mechanism between microsatellite repeat units and 
nucleotide substitutions in mtDNA differ (Hancock, 1999); mtDNA 
loci have a slower rate of mutation (4.8 × 10−8 substitutions/site/year; 
Peters, Gretes, & Omland, 2005) and thus a deeper coalescence than 
nuclear microsatellite loci (mutation rate 10−2–10−5; Hancock, 1999). 
Therefore, results based on mtDNA sequence data provide a relatively 
more historical genetic signature than microsatellite fragment data.

BayesAss was initially run with the default delta values for allelic 
frequency (P), migration rate (m), and inbreeding (F). Subsequent runs 
incorporated different delta values to ensure that proposed changes 
between chains at the end of the run were between 20% and 40% 
of the total chain length to maximize log likelihood values and ensure 
the most accurate estimates (Wilson & Rannala, 2003). Final delta 
values used were ΔA = 0.40 (38% acceptance rate), Δm = 0.15 (37%), 
and ΔF = 0.80 (33%). We performed five independent runs (20 mil-
lion iterations, 2 million burn- in, and sampling frequency of 2,000) 

with different random seeds to ensure convergence across runs. 
Convergence was also assessed by examining the trace file program 
Tracer v1.6 to ensure proper mixing of parameters (Rambaut, Suchard, 
Xie, & Drummond, 2014).

MIGRATE was run with a full migration model, θ (4Neμ, composite 
measure of effective population size and mutation rate), and all pair-
wise migration parameters were estimated individually from the data. 
Gene flow was estimated using a maximum- likelihood search param-
eters; 10 short chains (5,000 trees used out of 1,500,000 sampled), 
ten long chains (15,000 trees used out of 5,250,000 sampled), and 
five static heated chains (1.0, 1.33, 2.0, 4.0, and 1,000,000; swapping 
interval = 1). Full models were run ten times to ensure the conver-
gence of parameter estimates.

3  | RESULTS

3.1 | Effects of sampling time periods

Because genetic samples from CIB and YKD were sampled over a 
number of years, we used a chi- square test to determine if the allelic 
frequencies differed across sampling periods (Raymond & Rousset, 
1995; Rousset, 2008). The YKD samples were divided into an early 
time period (1989, 1990, and 1992; n = 30) and a late time period 
(2006; n = 6). CIB samples were also broken down into early (1995, 
1997; n = 36) and late (2000; n = 25) collections. We found no dif-
ferences across time for either YKD geese (χ² = 17.25, df = 16, 
p = .37), or CIB geese (χ² = 12.95, df = 16, p = .67). This result was 
not unexpected, as geese have a long generation time (5–8 years; 
Dillingham, 2010) and a long life span (>6 years), so our main sam-
pling period (1989–2000) spanned only a few generations, which 
would reduce the potential effects of genetic drift on allelic and hap-
lotype frequencies.

3.2 | Genetic diversity and population structure

Thirty- three unique haplotypes were observed among Pacific Flyway 
populations (n = 84) characterized by 33 variable sites (Figure 2b). 
Nineteen of the 36 haplotypes (53%) were represented by a single 
individual (i.e., private), and only three haplotypes were shared among 
populations. Moderate- to- high levels of haplotype (h = 0.768–0.957) 
and nucleotide diversity (π = 0.0095–0.0215) were observed across 
populations, with the CIB and BBL populations having the lowest 
observed levels of genetic diversity (ps < .0001; Table 1).

In 115 greater white- fronted geese examined, the number of 
alleles per autosomal microsatellite locus ranged from 3 to 13, with an 
average of 7.0 alleles per locus. Molecular diversity indices were sim-
ilar across populations with allelic richness (r) ranging from 4.8 to 5.4 
(Table 1). Observed heterozygosity ranged from 58.4% to 61.4% for 
each population with an overall value of 59.6%. The inbreeding coef-
ficient (FIS) ranged from 0.050 to 0.082 across sampled sites with an 
overall mean of 0.063; no FIS value differed significantly from zero. All 
populations were in HWE, and no signature of linkage disequilibrium 
was detected between any pair of loci.
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High genetic structure was observed at mtDNA control region 
(ΦST = 0.335, p < .001 and FST = 0.157, p < .001) with all pairwise 
comparisons showing significant differentiation (Table 2). Similarly, 
microsatellite loci exhibited a signature of population differentiation 
(RST = 0.130, p < .001 and FST = 0.020, p < .001). We estimated the 
upper limit of FST as 0.359 and 0.938 for RST; thus, the standardized 
FST and RST is 0.056 and 0.139, respectively, which accounts for the 
maximum possible level of genetic structure based on our data set. 
In contrast to mtDNA sequence data, however, only the CIB (Tule) 
population was differentiated from the other populations based on 
autosomal loci (Table 2). In agreement, the STRUCTURE analysis, 
using sampling location as a prior (r > 1), suggested that the most likely 
number of populations is two, with the CIB population comprising one 
genetic cluster and other populations assigned to the second cluster 
(Figure 2c). The likely number of populations identified without local-
ity priors, however, was K = 1.

3.3 | Recent and historical demography

All populations showed evidence of recent population decline or bot-
tleneck (heterozygote excess; Table 3) based on the IAM. There was 
no evidence of significant heterozygosity excess or deficit in any of 
the populations under the SMM and TPM, indicating population equi-
librium. Signatures based on mtDNA were consistent with long- term 
population stasis and a lack of clear demographic expansion for all 
populations in the Pacific Flyway. In agreement, neither Tajima’s D 
nor Fu’s Fs were significantly negative for the mtDNA control region 
(Table 1), and the 95% confidence interval around the metric for pop-
ulation growth (g) overlapped or approached zero (LAMARC estimates 
are biased upward), consistent with a stable population size (Table 3).

3.4 | Gene flow

Although confidence intervals overlapped, there was weak asymmet-
rical contemporary and recent gene flow observed among sampled 
populations (Figure 3). On average, the directionality of gene flow was 

TABLE  2 Pairwise and overall values of FST, RST, and ΦST 
calculated from eight microsatellite loci and 365 bp of mtDNA 
control region for Pacific Flyway populations of greater white- 
fronted geese (Anser albifrons) in Alaska

Autosomal 
Microsatellite mtDNA

FST RST FST ΦST

Bristol Bay

Cook Inlet 0.024 0.252 0.221 0.580

YK Delta 0.000 0.003 0.117 0.203

Cook Inlet

YK Delta 0.024 0.119 0.134 0.217

Overall 0.020 0.130 0.157 0.335

Numbers in bold are significant.

T
A
B
LE
 1
 

Es
tim

at
es

 o
f g

en
et

ic
 d

iv
er

sit
y 

of
 P

ac
ifi

c 
Fl

yw
ay

 g
re

at
er

 w
hi

te
- f

ro
nt

ed
 g

ee
se

 (A
ns

er
 a

lb
ifr

on
s) 

in
cl

ud
in

g;
 a

ve
ra

ge
 n

um
be

r o
f a

lle
le

s, 
al

le
lic

 ri
ch

ne
ss

 (r
), 

ob
se

rv
ed

 a
nd

 e
xp

ec
te

d 
he

te
ro

zy
go

sit
ie

s 
(H

o/
H

e),
 in

br
ee

di
ng

 c
oe

ff
ic

ie
nt

 (F
IS

), 
an

d 
sa

m
pl

e 
si

ze
 (n

) c
al

cu
la

te
d 

fr
om

 e
ig

ht
 m

ic
ro

sa
te

lli
te

 lo
ci

, a
s 

w
el

l a
s 

nu
m

be
r o

f h
ap

lo
ty

pe
s, 

ha
pl

ot
yp

e 
di

ve
rs

ity
 (h

), 
nu

cl
eo

tid
e 

di
ve

rs
ity

 (π
), 

Ta
jim

a’
s 

D
 a

nd
 F

u’
s 

F,
 c

al
cu

la
te

d 
fr

om
 3

65
 b

p 
of

 m
tD

N
A

 c
on

tr
ol

 re
gi

on

Po
pu

la
tio

n

A
ut

os
om

al
 M

ic
ro

sa
te

lli
te

s
m

tD
N

A

n
N

o.
 A

lle
le

s
ra

H
o/

H
e

F IS
n

N
o.

 H
ap

lo
ty

pe
s

Po
ly

m
or

ph
ic

 si
te

s
h 

(S
D

)
π 

(S
D

)
Ta

jim
a 

D
Fu

’s 
F s

Br
ist

ol
 B

ay
18

5.
29

5.
30

64
.0

/6
4.

1
0.

00
1

17
7

13
0.

79
4 

(0
.0

78
)

0.
01

06
7 

(0
.0

06
30

)
0.

04
0.

37

Co
ok

 In
le

t
61

4.
93

4.
82

63
.7

/6
4.

0
0.

00
4

40
12

18
0.

76
8 

(0
.0

60
)

0.
00

94
8 

(0
.0

05
49

)
−0

.5
8

−1
.6

1

YK
 D

el
ta

36
5.

46
5.

44
62

.1
/6

4.
2

0.
03

3
27

17
24

0.
95

7 
(0

.0
21

)
0.

02
15

4 
(0

.0
11

52
)

0.
85

−3
.4

2

a A
lle

lic
 R

ic
hn

es
s 

(r)
 b

as
ed

 o
n 

sa
m

pl
e 

siz
e 

of
 1

5 
fr

om
 B

ris
to

l B
ay

, A
la

sk
a.



2962  |     ELY Et aL.

from either CIB or BBL into YKD based on mtDNA and microsatel-
lite data. Under the BayesAss model for microsatellites, gene flow has 
been restricted into the CIB over the past several generations (i.e., 
contemporary gene flow), with approximately 3.1% of the population 
of migrant origin (Figure 3; panel a). This asymmetrical gene flow was 
also observed in MIGRATE for mtDNA, with generally more individu-
als emigrating from the CIB into the YKD than vice versa. In contrast 
to the restricted gene flow in and out of CIB, the BayesAss model 
indicated a higher rate of genetic exchange between BBL and YKD.

4  | DISCUSSION

We found strong differences in mtDNA haplotype frequencies 
among the three populations (ΦST = 0.355) with lower but significant 

differentiation in allelic frequencies involving CIB (RST = 0.130) which 
is concordant with morphological differences within the Pacific 
Flyway (Ely et al., 2005; Orthmeyer et al., 1995). Although a certain 
degree of differentiation is expected, as natal site fidelity is com-
mon in female waterfowl (Greenwood, 1980), the amount of genetic 
structure indicates that gene flow is at least partially impeded among 
these populations. Further, this divergence is in general not extremely 
recent (O’Reilly, Canino, Bailey, & Bentzen, 2004; Slatkin, 1995); RST 
values are larger than overall FST values, largely due to high RST/FST 
ratios between CIB and the other populations (Table 2). This suggests 
that mutation is beginning to play a role in addition to dispersal and 
genetic drift in the differentiation between geese nesting in CIB, rela-
tive to the other populations. While it is possible that interdemic gene 
flow was initially restricted due to Pleistocene era isolation events 
(Ploeger, 1968), extant genetic structure in these seasonally sympatric 

Microsatellites mtDNA

IAM TPM SMM θ g (95% CI)

Bristol Bay Het exc 
(p = .00098)

Eq Eq 0.012 
(0.003–0.047)

54.4 (−292.7 to 
717.9)

Cook Inlet Het exc 
(p = .00293)

Eq Eq 0.014 
(0.006–0.034)

14.9 (−195.9 to 
329.0)

YK Delta Het exc 
(p = .00977)

Eq Eq 0.084 
(0.034–0.098)

197.5 (34.2–433.1)

TABLE  3 Analysis of historical 
fluctuations in population demography of 
greater white- fronted geese (Anser 
albifrons) sampled in Alaska based on eight 
microsatellite loci using the infinite allele 
model (IAM), stepwise mutation model 
(SMM), and two- phase model of mutation 
(TPM) and population- growth- rate 
parameter (g) for mtDNA control region

F IGURE  3 Rates of gene flow among 
three populations of greater white- fronted 
geese (Anser albifrons) breeding in Alaska. 
(a) Contemporary gene flow (microsatellite 
analysis based on BayesAss); (b) Recent 
gene flow (microsatellite analysis using 
MIGRATE); and (c) Historical gene flow 
(analysis of mtDNA control region using 
MIGRATE). Numbers above arrows 
represent gene flow rates (proportion of 
individuals for BayesAss and number of 
migrants per generation for MIGRATE) in 
the direction of arrow. Numbers in brackets 
are 95% confidence intervals. Arrow 
thickness is scaled according to values
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populations is likely maintained by behavioral and ecological mecha-
nisms affecting mate choice.

4.1 | Isolating mechanisms: timing and location of 
mate choice

The degree of genetic structuring we found may be related to behav-
ioral attributes which can influence population structure (Charpentier 
et al., 2012; Toews & Brelsford, 2012; Van Doornik, Berejikian, & 
Campbell, 2013). Mate selection in particular has a strong influence 
on gene flow, and many population genetics models assume that indi-
viduals in a population mate randomly, although this is not always 
true in natural populations (Bearhop et al., 2005; Thibert- Plante & 
Gavrilets, 2013). Nonrandom mate selection can arise through a vari-
ety of passive and active mechanisms, which has been well studied 
in birds (Gowaty & Mock, 1985). Birds are predominantly socially 
monogamous (Lack, 1968), and northern- breeding species generally 
pair and breed annually on nesting areas in spring or early summer. 
In long- lived species with prolonged pair bonds such as geese, mate 
selection and reproduction may occur at different times and locations, 
which is especially likely in migratory species. For such species, knowl-
edge of when and where pair formation takes place relative to the 
distribution of subunits of the population (i.e., proximity of potential 
mates) is more critical to understanding gene flow than knowing when 
actual breeding occurs. If mate selection is restricted to a specific time 
period in the annual cycle, the spatial distribution of potential mates 
during this “window” could have a profound effect on interdemic gene 
flow and eventual population structure. Individuals can be spatially 
segregated on a local scale by selecting sites which are favorable, and 
on a microscale by selecting specific habitats within a site. When spa-
tial preferences act in concert with temporal differences in site use 
then even in the absence of active processes such as assortative mat-
ing, segments of a population may passively associate or disassoci-
ate, thereby greatly increasing the probability of nonrandom pairing. 
Cooke, Finney, and Rockwell (1976) referred to the effect of the rela-
tive availability of different phenotypes on mate choice as the “preva-
lence” hypothesis.

Although there have been few detailed studies on the timing of 
pairing in geese, it is apparent that there are differences among spe-
cies in when individuals select mates (Ely & Scribner, 1994). These 
differences in turn can explain different patterns of genetic structure 
found among geese species. For example, genetic structuring in lesser 
snow goose (Anser caerulescens caerulescens) populations nesting on 
Wrangel Island, Russia (north and south wintering populations), and 
Banks Island, Canada (approximately 2,000 km apart), show a signa-
ture suggestive of winter pairing (Shorey et al., 2011). Populations that 
used common wintering sites (Banks Island and southern Wrangel 
Island) were more genetically similar than the two sympatric- nesting 
Wrangel Island populations which winter allopatrically. Our data on 
greater white- fronted geese show a reverse pattern, as pairing in 
greater white- fronted geese occurs during spring or summer (Warren, 
Fox, Walsh, & O’Sullivan, 1992) when the populations in this study 
are separate. The two populations that were genetically the most 

distinct for both mtDNA and nuclear markers are sympatric during 
winter (YKD and CIB), but largely allopatric during spring and summer, 
whereas the genetically most similar populations (BBL and YKD) over-
lapped more in distribution during late winter and spring compared 
to CIB geese (Figure 2a; Ely & Takekawa, 1996; Ely, 2008) suggesting 
increased potential for interpopulation pairing. Population isolation 
during spring and summer pairing may also contribute to the high 
degree of population structuring observed in Canada geese (Scribner 
et al., 2003).

Despite the spatial overlap, Ely and Takekawa (1996) showed that 
YKD and BBL geese were temporally segregated during much of their 
annual cycle with BBL geese migrating earlier in spring and nesting 
earlier in Alaska than YKD geese. Ely and Takekawa (1996) suggested 
that the staggered breeding chronologies reduced the possibility of 
interpopulation pairing and likely impeded gene flow, which has sub-
sequently been suggested as an isolating mechanism in other species 
(Bearhop et al., 2005; Friesen et al., 2007). CIB geese are similar to 
BBL geese in that they are also early spring migrants and early nesters 
(peak of hatch in early June versus late June for YKD geese); it is thus 
likely that they too are out of reproductive synchrony with YKD geese. 
Although breeding timing is similar between CIB and BBL geese, there 
is little if any overlap in spring migration pathways, and breeding areas 
are separated by >400 km. Our mtDNA results confirm a distinction 
among all three groups, although nuclear data show no significant dif-
ferences between YKD and BBL geese, albeit only based on a limited 
number of nuclear markers.

4.2 | Isolating mechanisms: ecological divergence

Reproductive isolation achieved through divergent selection on 
populations in contrasting environments can lead to speciation 
(Grant & Grant, 2006; McKinnon et al., 2004; Nosil, 2012; Ryan, 
Bloomer, Moloney, Grant, & Delport, 2007; Schluter, 2001, 2009; 
Stuart et al., 2014), and there is ample evidence to suggest that 
habitat segregation occurs among Pacific Flyway populations 
of greater white- fronted geese. Differences in site preference 
is facilitated by the larger body size and robust bill of CIB geese 
which makes them better adapted than YKD or BBL geese for eat-
ing submerged aquatic marsh foods including the fibrous tubers of 
alkali bulrush (Ely, 2008). During winter, geese from the CIB (aka 
“Tule geese” or “timber goose based on the habitats it frequents; 
Swarth & Bryant, 1917) tend to remain in small, nonmixed flocks 
or segregated on the outer edge of flocks of YKD geese feeding 
on natural wetlands in the Sacramento Valley of California (Bauer, 
1979; Delacour & Ripley, 1975; Hobbs, 1999). During spring, CIB 
geese feed primarily on submerged portions of aquatic plants in the 
Klamath Basin, and in southern Oregon (Ely, 2008; Wege, 1984). In 
contrast, YKD geese feed predominantly on agricultural crops dur-
ing winter and spring (Ely & Raveling, 2011), as do BBL geese when 
they return to the Sacramento–San Joaquin Delta of California from 
Mexico in late winter (Ely & Raveling, 1989; Ely & Takekawa, 1996). 
Historically YKD and BBL geese in California likely fed on the seed 
heads and stalks of annual and perennial grasses, while the diet of 
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CIB geese probably consisted of wetland plant species. Wetland 
losses in California, which have exceeded 90% since European set-
tlement in the 1800s (Garone, 2011), have likely led to a decline in 
the potential for resource partitioning (and consequently increased 
gene flow) within greater white- fronted geese. Differences among 
Pacific Flyway greater white- fronted goose populations in site selec-
tion during spring and summer, when pair formation is thought to 
occur, is a corollary to the circumstance in three- spine sticklebacks 
(Gasterosteus aculeatus) where two morphs feed in different habi-
tats and also prefer different substrates for spawning, which further 
restricts gene flow (Schluter, 2009).

If body size is also an attribute under selection for pairing, as has 
been shown for Canada geese (MacInnes, 1966), and lesser snow geese 
(Ankney, 1977), then body size could act as a phenotypic characteris-
tic under selection for both local adaptation and mate selection (i.e., a 
“magic trait”; Gavrilets, 2004; Servedio, 2000). The large body size and 
robust bill of CIB geese make them better adapted than YKD or BBL 
geese for eating submerged aquatic marsh foods including the fibrous 
tubers of alkali bulrush (Ely, 2008). Patten, Rotenberry, Zuk, and Shaw 
(2004) reported a similar situation for song sparrows whereby popu-
lations that foraged in denser habitats had different vocal character-
istics, the latter of which influences mate choice. Such dual selection 
could explain the potentially rapid (post- Pleistocene) divergence of 
Pacific Flyway populations of greater white- fronted geese.

4.3 | Behavior, culture, and imprinting

Our finding of significant population structuring within a single 
migratory flyway could be related to social drivers other than pair 
bonding behavior. Social characteristics, including prolonged family 
bonds, have been cited as a strong force in the genetic structuring of 
higher vertebrates, including killer whales (Foote, Newton, Piertney, 
Willerslev, & Gilbert, 2009; Hoelzel et al., 2007; Pilot, Dahlheim, & 
Hoelzel, 2010), and primates (Morin et al., 1994). Geese are similar to 
these species in that social aggregation and signaling is used to locate 
food. In geese, like other birds, flocking behavior facilitates food find-
ing, while family dominance enhances food acquisition once at a feed-
ing site (Boyd, 1953; Raveling, 1970). Also, site use and food prefer-
ences may be culturally transmitted in geese (Harrison et al., 2010), as 
young of many goose species remain with their parents throughout 
their first year of life, and in some species, including greater white- 
fronted geese, offspring from previous years associate in extended 
family groups well into adulthood (Ely, 1993; Warren, Fox, Walsh, & 
O’Sullivan, 1993). The influence of family behavior on the population 
structure of geese was described by Mayr (1942), who attributed the 
pronounced races and inbreeding of small populations of Canada 
geese to both geographic isolation and family- mediated social segre-
gation. The importance of goose family behavior on genetic popula-
tion structure was also reported by Cooke (1978) who showed that 
lesser snow geese select mates that have the same phenotypes as 
their siblings and parents.

Extended parental care can also affect population structure by 
providing added opportunity for offspring to imprint on parental 

phenotype. Sexual imprinting, whereby young birds learn species- 
specific characteristics that inform mate selection (Irwin & Price, 
1999), can play an important role in sympatric speciation (Higashi, 
Takimoto, & Yamamura, 1999; Kozak, Head, & Boughman, 2011). As 
sexual imprinting can influence mate choice later in life, and mate pref-
erences can be transmitted across generations through cultural trans-
mission, there is a mechanism for the evolution of mate preferences 
and restricted interdemic gene flow. Irwin and Price (1999) noted the 
importance of imprinting in speciation and concluded that the “role 
of behavior and learning in completing the speciation process is rela-
tively overlooked.” The fact that sexual selection is operative in geese 
is supported by the evidence for assortative pairing in several species 
including lesser snow geese (Cooke, 1978; Cooke et al., 1976; Sutton, 
1931), Canada geese (MacInnes, 1966), and brant (Abraham, Ankney, 
& Boyd, 1983). Winter site fidelity (e.g., Wilson, Norriss, Walsh, Fox, 
& Stroud, 1991), and year- round associations of geese from the same 
breeding unit, as has been reported for Canada geese (Raveling, 
1979; but not shown for greater snow geese—Desnoyers, Gauthier, 
& Lefebvre, 2012) may further restrict gene flow by effectively reduc-
ing the pool of individuals available as mates. Similarly, the temporal 
and spatial segregation we have documented among populations of 
greater white- fronted geese increases the probability of young birds 
associating with other geese phenotypically (and genetically) similar to 
their parents, and eventually pairing with such individuals.

The behavior, cultures, and imprinting behavior of geese and 
swans (Tribe Anserini) is in contrast to most species of ducks 
(Oxyurini, Tadorinini, Aythinim, Anatini, Mergini; Anderson, Rhymer, 
& Rohwer, 1992) and may explain some of the overall differences 
in population structuring between the groups. Many different tax-
onomic groups within northern Anseriformes have similar dispersal 
potential, patterns of migration, and extant and historical geographic 
distribution (the latter being pertinent to vicariance events that can 
lead to speciation; Ploeger, 1968). Despite these similarities, the 
northern Anserini (geese and swans) are generally more polytypic 
than similarly distributed ducks, as 45% (9/20) of such Anserini spe-
cies have recognized subspecies, compared to only 18% (9/49) of 
duck species (Appendix S1). Taxonomically classified polytypic sub-
species are usually more genetically structured (Sonsthagen, Talbot, 
Scribner, & McCracken, 2011; Wagner & Baker, 1986). Even though 
female philopatry is common in most waterfowl species (Anderson 
et al., 1992; Greenwood, 1980), and many population genetic studies 
of ducks have employed maternally inherited mtDNA markers (which 
are expected to reveal more population structure than biparentally 
inherited markers, particularly when females are philopatric), most 
species of ducks show extensive population admixture (Kraus et al., 
2011; Liu, Keller, & Heckel, 2012; Pearce et al., 2004; Wilson et al., 
2016). This is true even of duck populations that have broad Holarctic 
distributions similar to the greater white- fronted goose such as the 
northern Pintail (Anas acuta; Flint et al., 2010), and the mallard (Anas 
platyrynchus; Kraus et al., 2011). We propose that the more promi-
nent genetic structuring of Northern Hemisphere geese and swans 
compared to ducks is due, at least in part, to differences in the degree 
of assortative pairing as influenced by timing of mate selection, social 
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behavior (e.g., pair bond duration, degree of family structuring, and 
sexual imprinting) and, in some instances, morphologically mediated 
resource selection.

5  | CONCLUSIONS

The moderate- to- high degree of genetic structuring and relatively low 
estimates of gene flow indicate the three populations of greater white- 
fronted geese in the Pacific Flyway are at varying degrees of repro-
ductive isolation and may be considered to be an example of early 
stage or incomplete radiation (whereby a lineage rapidly diversifies 
with emerging branches evolving different traits that may be adap-
tive; Givnish & Sytsma, 2000; Foote et al., 2009; Flohr, Blom, Rainey, 
& Beaumont, 2013). Gene flow among the three populations may be 
impeded by ecological partitioning and behavioral mechanisms such 
as long- term pair bonds sexual imprinting, and a high degree of soci-
ality which likely influence sexual selection. Many of these complex 
behavioral attributes are specific to geese and swans, and not ducks 
generally (Anderson et al., 1992). Seventy years ago, Wright (1946), 
in a paper addressing the influence of behavior on population struc-
ture, coined the term “neighborhood” to define a situation when the 
location of potential parents is not random, but correlated. For migra-
tory birds with strong site fidelity, such neighborhoods are mobile 
and could in fact be considered “caravans.” For species with multiple 
drivers impeding gene flow such as greater white- fronted geese, such 
neighborhoods and caravans may be “exclusive.”

ACKNOWLEDGMENTS

We are thankful for the tremendous support of colleagues who 
collected samples for us at various locations in Alaska, including K. 
Bollinger, L. Hotchkiss, and D. Orthmeyer. Early project support from 
D. Derksen was invaluable. Laboratory assistance was provided by M. 
Cronin, K. Scribner, R. Fields, J. Gust, and A. Palmer. We appreciate the 
very helpful reviews of the manuscript by J. Pearce and S. Sonsthagen. 
Technological support was provided by the University of Alaska Life 
Science Informatics Computer Cluster (NIH P20RR016466). Any use 
of trade, firm, or product names is for descriptive purposes only and 
does not imply endorsement by the U.S. Government.

CONFLICT OF INTEREST

None declared.

REFERENCES

Abraham, K. F., Ankney, C. D., & Boyd, H. (1983). Assortative mating by 
brant. The Auk, 100, 201–203.

Akaike, H. (1974). A new look at statistical model identification. IEEE 
Transactions on Automatic Control, 19, 716–723.

Allendorf, F. W., & Hard, J. J. (2009). Human- induced evolution caused by 
unnatural selection through harvest of wild animals. Proceedings of the 
National Academy of Sciences, 106(Suppl. 1):9987–9994.

Alvarado, A. H., Fuller, T. L., & Smith, T. B. (2014). Integrative tracking meth-
ods elucidate the evolutionary dynamics of a migratory divide. Ecology 
and Evolution, 4, 3456–3469.

Anderson, M. G., Rhymer, J. M., & Rohwer, F. C. (1992). Philopatry, disper-
sal, and the genetic structure of waterfowl populations. In B. Batt, A. 
Afton, M. Anderson, C. D. Ankney, D. Johnson, J. Kadlec & G. Krapu 
(Eds.), Ecology and management of breeding waterfowl (pp. 365–395). 
Minneapolis, MN: University of Minnesota Press.

Ankney, C. (1977). Male size and mate selection in lesser snow geese. 
Evolutionary Theory, 3, 143–147.

Avise, J. C. (2000). Phylogeography: The history and formation of species. 
Cambridge, MA : Harvard University Press.

Avise, J. C., Alisauskas, R. T., Nelson, W. S., & Ankney, C. D. (1992). 
Matriarchal population genetic structure in an avian species with fe-
male natal philopatry. Evolution, 46, 1084–1096.

Bandelt, H.-J., Forster, P., & Röhl, A. (1999). Median- joining networks for 
inferring intraspecific phylogenies. Molecular Biology and Evolution, 16, 
37–48.

Banks, R. C., Cicero, C., Dunn, J. L., Kratter, A. W., Rasmussen, P. C., Remsen, 
J. V. Jr, … Stotz, D. F. (2004). Forty- fifth supplement to the American 
Ornithologists’ Union Check- list of North American Birds. The Auk, 121, 
985–995.

Bauer, R. D. (1979). Historical and status report of the Tule white-fronted 
goose. In R. L. Jarvis & J. C. Bartonek (Eds.), Management and biol-
ogy of Pacific Flyway geese (pp. 44–55. Corvallis, OR: Oregon State 
University Press.

Bearhop, S., Fiedler, W., Furness, R. W., Votier, S. C., Waldron, S., Newton, 
J., … Farnsworth, K. (2005). Assortative mating as a mechanism for 
rapid evolution of a migratory divide. Science, 310, 502–504.

Beerli, P., & Felsenstein, J. (1999). Maximum- likelihood estimation of migra-
tion rates and effective population numbers in two populations using a 
coalescent approach. Genetics, 152, 763–773.

Beerli, P., & Felsenstein, J. (2001). Maximum likelihood estimation of a mi-
gration matrix and effective population sizes in n subpopulations by 
using a coalescent approach. Proceedings of the National Academy of 
Sciences, 98, 4563–4568.

Boyd, H. (1953). On encounters between wild white- fronted geese in win-
ter flocks. Behaviour, 5, 85–128.

Buchholz, W., Pearce, J., Pierson, B., & Scribner, K. (1998). Dinucleotide 
repeat polymorphisms in waterfowl (family Anatidae): Characterization 
of a sex- linked (Z- specific) and 14 autosomal loci. Animal Genetics, 29, 
323–325.

Charpentier, M., Fontaine, M., Cherel, E., Renoult, J., Jenkins, T., Benoit, 
L., … Tung, J. (2012). Genetic structure in a dynamic baboon hybrid 
zone corroborates behavioural observations in a hybrid population. 
Molecular Ecology, 21, 715–731.

Clements, J.F., Schulenberg, T. S., Iliff, M. J., Sullivan, B. L., Wood, C. L., & 
Roberson, D. (2016). The eBird/Clements checklist of birds of the world: 
v2016. New York: Cornell University Press. http://www/birds.cornell.
edu/clementschecklist/download/.

Cooke, F. (1978). Early learning and its effect on population structure. 
Studies of a wild population of snow geese. Zeitschrift für Tierpsychologie, 
46, 344–358.

Cooke, F., Finney, G., & Rockwell, R. (1976). Assortative mating in 
lesser snow geese (Anser caerulescens). Behavior Genetics, 6,  
127–140.

Cornuet, J. M., & Luikart, G. (1996). Description and power analysis of two 
tests for detecting recent population bottlenecks from allele frequency 
data. Genetics, 144, 2001–2014.

Delacour, J., & Ripley, S. D. (1975). Description of a new subspecies of 
the white- fronted goose, Anser albifrons. American Museum Novitates, 
2565, 1–4.

Desnoyers, M., Gauthier, G., & Lefebvre, J. (2012). Stable associations 
within flocks of greater snow geese (Chen caerulescens atlantica): Do 
they exist beyond family bonds? The Auk, 129, 611–622.

http://www/birds.cornell.edu/clementschecklist/download/
http://www/birds.cornell.edu/clementschecklist/download/


2966  |     ELY Et aL.

Di Rienzo, A., Peterson, A., Garza, J., Valdes, A., Slatkin, M., & Freimer, N. 
(1994). Mutational processes of simple- sequence repeat loci in human 
populations. Proceedings of the National Academy of Sciences, 91, 
3166–3170.

Dillingham, P. (2010). Generation time and the maximum growth rate for 
populations with age- specific fecundities and unknown juvenile sur-
vival. Ecological Modelling, 221, 895–899.

Ely, C. R. (1993). Family stability in greater white- fronted geese. The Auk, 
110, 425–435.

Ely, C. R. (2008). Maintenance of population structuring in sympatric- 
wintering populations of greater white- fronted geese Anser albifrons: 
Behavior, ecology and landscapes. Vogelwelt, 129, 310–316.

Ely, C. R., Bollinger, K. S., Densmore, R. V., Rothe, T. C., Petrula, M. J., 
Takekawa, J. Y., & Orthmeyer, D. L. (2007). Reproductive strategies of 
northern geese: Why wait? The Auk, 124, 594–605.

Ely, C. R., Fox, A. D., Alisauskas, R. T., Andreev, A., Bromley, R. G., Degtyarev, 
A., … Walsh, A. (2005). Circumpolar variation in morphological charac-
teristics of greater white- fronted geese Anser albifrons. Bird Study, 52, 
104–119.

Ely, C. R., & Raveling, D. G. (1989). Body composition and weight dynam-
ics of wintering greater white- fronted geese. The Journal of Wildlife 
Management, 53, 80–87.

Ely, C. R., & Raveling, D. G. (2011). Seasonal variation in nutritional char-
acteristics of the diet of greater white- fronted geese. The Journal of 
Wildlife Management, 75, 78–91.

Ely, C. R., & Scribner, K. T. (1994). Genetic diversity in arctic- nesting 
geese: Implications for management and conservation. Transactions 
of the North American Wildlife and Natural Resources Conference, 59,  
91–110.

Ely, C. R., & Takekawa, J. Y. (1996). Geographic variation in migratory be-
havior of greater white- fronted geese (Anser albifrons). The Auk, 113, 
889–901.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clus-
ters of individuals using the software STRUCTURE: A simulation study. 
Molecular Ecology, 14, 2611–2620.

Excoffier, L., & Lischer, H. E. (2010). Arlequin suite ver 3.5: A new series 
of programs to perform population genetics analyses under Linux and 
Windows. Molecular Ecology Resources, 10, 564–567.

Fields, R., & Scribner, K. (1997). Isolation and characterization of novel 
waterfowl microsatellite loci: Cross- species comparisons and research 
applications. Molecular Ecology, 6, 199–202.

Flint, P. L., Ozaki, K., Pearce, J. M., Guzzetti, B., Higuchi, H., Fleskes, J. P., 
… Derksen, D. V. (2010). Breeding- season sympatry facilitates genetic 
exchange among allopatric wintering populations of northern pintails 
in Japan and California. Condor, 111, 591–598.

Flohr, R. C., Blom, C. J., Rainey, P. B., & Beaumont, H. J. (2013). Founder 
niche constrains evolutionary adaptive radiation. Proceedings of the 
National Academy of Sciences, 110, 20663–20668.

Foote, A. D., Newton, J., Piertney, S. B., Willerslev, E., & Gilbert, M. T. P. 
(2009). Ecological, morphological and genetic divergence of sym-
patric North Atlantic killer whale populations. Molecular Ecology, 18, 
5207–5217.

Friesen, V., Smith, A., Gomez-Diaz, E., Bolton, M., Furness, R., González-
Solís, J., & Monteiro, L. (2007). Sympatric speciation by allochrony 
in a seabird. Proceedings of the National Academy of Sciences, 104, 
18589–18594.

Fu, Y.-X. (1997). Statistical tests of neutrality of mutations against popu-
lation growth, hitchhiking and background selection. Genetics, 147, 
915–925.

Garone, P. (2011). The fall and rise of the wetlands of California’s great Central 
Valley. Berkeley: University of California Press.

Garza, J., & Williamson, E. (2001). Detection of reduction in population size 
using data from microsatellite loci. Molecular Ecology, 10, 305–318.

Gavrilets, S. (2004). Fitness landscapes and the origin of species (MPB-41). 
Princeton, NJ: Princeton University Press.

Givnish, T. J., & Sytsma, K. J. (2000). Molecular evolution and adaptive radia-
tion. New York, USA: Cambridge University Press.

Goudet, J. (1995). FSTAT (version 1.2): A computer program to calculate 
F- statistics. Journal of Heredity, 86, 485–486.

Gowaty, P., & Mock, D. (Eds.) (1985). Avian Monogamy. Lawrence, KS: Allen 
Press Inc.

Grant, P. R., & Grant, B. R. (2006). Evolution of character displacement in 
Darwin’s finches. Science, 313, 224–226.

Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in birds 
and mammals. Animal Behaviour, 28, 1140–1162.

Hancock, J. M. (1999). Microsatellites and other simple sequences: 
Genomic context and mutational mechanisms. In D. Goldstein & C. 
Schlotterer (Eds.), Microsatellites: Evolution and applications (pp. 1–9). 
New York: Oxford University Press.

Harrison, X. A., Tregenza, T., Inger, R., Colhoun, K., Dawson, D. A., 
Gudmundsson, G. A., … Bearhop, S. (2010). Cultural inheritance drives 
site fidelity and migratory connectivity in a long- distance migrant. 
Molecular Ecology, 19, 5484–5496.

Hedrick, P. W., & Goodnight, C. (2005). A standardized genetic differentia-
tion measure. Evolution, 59, 1633–1638.

Higashi, M., Takimoto, G., & Yamamura, N. (1999). Sympatric speciation by 
sexual selection. Nature, 402, 523–526.

Hobbs, J. (1999). Wintering ecology of tule white-fronted geese. Ms Thesis, 
Sacramento State University, Sacramento, CA, USA.

Hoelzel, A. R., Hey, J., Dahlheim, M. E., Nicholson, C., Burkanov, V., & Black, 
N. (2007). Evolution of population structure in a highly social top pred-
ator, the killer whale. Molecular Biology and Evolution, 24, 1407–1415.

Hubisz, M. J., Falush, D., Stephens, M., & Pritchard, J. K. (2009). Inferring 
weak population structure with the assistance of sample group infor-
mation. Molecular Ecology Resources, 9, 1322–1332.

Irwin, D. E., & Price, T. (1999). Sexual imprinting, learning and speciation. 
Heredity, 82, 347–354.

John, J. S., Ransler, F. A., Quinn, T. W., & Oyler-Mccance, S. J. (2006). 
Characterization of microsatellite loci isolated in trumpeter swan 
(Cygnus buccinator). Molecular Ecology Notes, 6, 1083–1085.

Kear, J. (2005). Ducks, geese, and swans. Oxford: Oxford University Press.
Kozak, G. M., Head, M. L., & Boughman, J. W. (2011). Sexual imprinting 

on ecologically divergent traits leads to sexual isolation in sticklebacks. 
Proceedings of the Royal Society of London B: Biological Sciences, 278, 
2604–2610.

Kraus, R. H., Zeddeman, A., van Hooft, P., Sartakov, D., Soloviev, S. A., 
Ydenberg, R. C., & Prins, H. H. (2011). Evolution and connectivity in 
the world- wide migration system of the mallard: Inferences from mito-
chondrial DNA. BMC Genetics, 12, 99.

Kuhner, M. K. (2006). LAMARC 2.0: Maximum likelihood and Bayesian esti-
mation of population parameters. Bioinformatics, 22, 768–770.

Lack, D. L. (1968). Ecological adaptations for breeding in birds. London: 
Metheun & Company Ltd.

Lanctot, R., Goatcher, B., Scribner, K., Talbot, S., Pierson, B., Esler, D., & 
Zwiefelhofer, D. (1999). Harlequin duck recovery from the Exxon Valdez 
oil spill: A population genetics perspective. The Auk, 116, 781–791.

Leafloor, J. O., Moore, J. A., & Scribner, K. T. (2013). A hybrid zone between 
Canada geese (Branta canadensis) and cackling geese (B. hutchinsii). The 
Auk, 130, 487–500.

Lecomte, C., Gauthier, G., Giroux, J.-F., Milot, E., & Bernatchez, L. (2009). 
Tug of war between continental gene flow and rearing site philopatry 
in a migratory bird: The sex- biased dispersal paradigm reconsidered. 
Molecular Ecology, 18, 593–602.

Liu, Y., Keller, I., & Heckel, G. (2012). Breeding site fidelity and winter ad-
mixture in a long- distance migrant, the tufted duck (Aythya fuligula). 
Heredity, 109, 108–116.

Longmire, J. L., Lewis, A. K., Brown, N. C., Buckingham, J. M., Clark, L. M., 
Jones, M. D., … Ray, F. A. (1988). Isolation and molecular characteriza-
tion of a highly polymorphic centromeric tandem repeat in the family 
Falconidae. Genomics, 2, 14–24.



     |  2967ELY Et aL.

MacInnes, C. (1966). Population behavior of eastern arctic Canada geese. 
The Journal of Wildlife Management, 30, 536–553.

Maruyama, T., & Fuerst, P. A. (1985). Population bottlenecks and nonequi-
librium models in population genetics. II. Number of alleles in a small 
population that was formed by a recent bottleneck. Genetics, 111, 
675–689.

Mayr, E. (1942). Systematics and the origin of species, from the viewpoint of a 
zoologist. New York: Columbia University Press.

McKinnon, J. S., Mori, S., Blackman, B. K., David, L., Kingsley, D. M., 
Jamieson, L., … Schluter, D. (2004). Evidence for ecology’s role in spe-
ciation. Nature, 429, 294–298.

Medrano, J., Aasen, E., & Sharrow, L. (1990). DNA extraction from nucle-
ated red blood cells. BioTechniques, 8, 43.

Meirmans, P. G. (2006). Using the AMOVA framework to estimate a stan-
dardized genetic differentiation measure. Evolution, 60, 2399–2402.

Morin, P. A., Moore, J. J., Chakraborty, R., Jin, L., Goodall, J., & Woodruff, D. 
S. (1994). Kin selection, social structure, gene flow, and the evolution 
of chimpanzees. Science, 265, 1193–1201.

Muñoz-Fuentes, V., Gyllenstrand, N., Negro, J. J., Green, A. J., & Vila, C. 
(2005). Microsatellite markers for two stifftail ducks: The white- 
headed duck, Oxyura leucocephala, and the ruddy duck, O. jamaicensis. 
Molecular Ecology Notes, 5, 263–265.

Nosil, P. (2012). Ecological speciation. Oxford: Oxford University Press.
Ohta, T., & Kimura, M. (1973). A model of mutation appropriate to estimate 

the number of electrophoretically detectable alleles in a finite popula-
tion. Genetical Research, 22, 201–204.

O’Reilly, P., Canino, M., Bailey, K., & Bentzen, P. (2004). Inverse relation-
ship between Fst and microsatellite polymorphism in the marine fish, 
walleye pollock (Teragra chalcogramma): Implications for resolving weak 
population structure. Molecular Ecology, 13, 1799–1814.

Orthmeyer, D. L., Takekawa, J. Y., Ely, C. R., Wege, M. L., & Newton, W. 
E. (1995). Morphological differences in Pacific Coast populations of 
greater white- fronted geese. Condor, 97, 123–132.

Palsbøll, P. J., Bérubé, M., & Allendorf, F. W. (2006). Identification of man-
agement units using population genetic data. Trends in Ecology and 
Evolution, 22, 11–16.

Patten, M. A., Rotenberry, J. T., Zuk, M., & Shaw, K. (2004). Habitat selec-
tion, acoustic adaptation, and the evolution of reproductive isolation. 
Evolution, 58, 2144–2155.

Paxinos, E. E., James, H. F., Olson, S. L., Sorenson, M. D., Jackson, J., & 
Fleischer, R. C. (2002). mtDNA from fossils reveals a radiation of 
Hawaiian geese recently derived from the Canada goose (Branta 
canadensis). Proceedings of the National Academy of Sciences, 99, 
1399–1404.

Pearce, J. M., Talbot, S. L., Pierson, B. J., Petersen, M. R., Scribner, K. T., 
Dickson, D. L., & Mosbech, A. (2004). Lack of spatial genetic struc-
ture among nesting and wintering king eiders. The Condor, 106,  
229–240.

Pearson, R. G., Phillips, S. J., Loranty, M. M., Beck, P. S. A., Damoulas, T., 
Knight, S. J., & Goetz, S. J. (2013). Shifts in Arctic vegetation and as-
sociated feedbacks under climate change. Nature Climate Change, 3, 
673–677.

Peters, J. L., Gretes, W., & Omland, K. E. (2005). Late Pleistocene diver-
gence between eastern and western populations of wood ducks (Aix 
sponsa) inferred by the ‘isolation with migration’ coalescent method. 
Molecular Ecology, 14, 3407–3418.

Pilot, M., Dahlheim, M. E., & Hoelzel, A. R. (2010). Social cohesion among 
kin, gene flow without dispersal and the evolution of population ge-
netic structure in the killer whale (Orcinus orca). Journal of Evolutionary 
Biology, 23, 20–31.

Piry, S., Luikart, G., & Cornuet, J. (1999). BOTTLENECK: A computer pro-
gram for detecting recent reductions in the effective population size 
using allele frequency data. Journal of Heredity, 90, 502–503.

Ploeger, P. L. (1968). Geographical differentiation in Arctic Anatidae as a 
result of isolation during the last glacial. Ardea, 56, 1–159.

Posada, D., & Crandall, K. A. (1998). Modeltest: Testing the model of DNA 
substitution. Bioinformatics, 14, 817–818.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population 
structure using multilocus genotype data. Genetics, 155, 945–959.

Pruett, C. L., Arcese, P., Chan, Y. L., Wilson, A. G., Patten, M. A., Keller, 
L. F., & Winker, K. (2008). The effects of contemporary processes in 
maintaining the genetic structure of western song sparrows (Meolspiza 
melodia). Heredity, 101, 67–74.

Quinn, T. W. (1992). The genetic legacy of mother goose- phylogenetic 
patterns of lesser snow goose Chen caerulescens caerulescens maternal 
lineages. Molecular Ecology, 1, 105–117.

Rambaut, A., Suchard, M., Xie, D., & Drummond, A. (2014). Tracer v1.6. 
Retrieved from http://beast/bio.ed/ac.uk/Tracer

Raveling, D. G. (1970). Dominance relationships and agonistic behavior of 
Canada geese in winter. Behaviour, 37, 291–318.

Raveling, D. G. (1979). Traditional use of migration and winter roost sites by 
Canada geese. The Journal of Wildlife Management, 43, 229–235.

Raymond, M., & Rousset, F. (1995). Population genetics software for exact 
tests and ecumenicism. Journal of Heredity, 86, 248–249.

Rousset, F. (2008). Genepop’007: A complete reimplementation of the 
Genepop software for Windows and Linux. Molecular Ecology Resources, 
8, 103–106.

Ruokonen, M., Kvist, L., & Lumme, J. (2000). Close relatedness between 
mitochondrial DNA from seven Anser goose species. Journal of 
Evolutionary Biology, 13, 532–540.

Ryan, P. G., Bloomer, P., Moloney, C. L., Grant, T. J., & Delport, W. (2007). 
Ecological speciation in South Atlantic island finches. Science, 315, 
1420–1423.

Schluter, D. (2001). Ecology and the origin of species. Trends in Ecology and 
Evolution, 16, 372–380.

Schluter, D. (2009). Evidence for ecological speciation and its alternative. 
Science, 323, 737–741.

Scribner, K. T., Talbot, S. L., Pearce, J. M., Pierson, B. J., Bollinger, K. S., 
& Derksen, D. V. (2003). Phylogeography of Canada geese (Branta 
canadensis) in western North America. The Auk, 120, 889–907.

Servedio, M. R. (2000). Reinforcement and the genetics of nonrandom mat-
ing. Evolution, 54, 21–29.

Shorey, R. I., Scribner, K. T., Kanefsky, J., Samuel, M. D., & Libants, S. V. 
(2011). Intercontinental gene flow among western arctic populations 
of lesser snow geese. Condor, 113, 735–746.

Slatkin, M. (1995). A measure of population subdivision based on microsat-
ellite allele frequencies. Genetics, 139, 457–462.

Sonsthagen, S. A., Talbot, S. L., Scribner, K. T., & McCracken, K. G. (2011). 
Multilocus phylogeography and population structure of common eiders 
breeding in North America and Scandinavia. Journal of Biogeography, 
38, 1368–1380.

Sonsthagen, S. A., Talbot, S. L., & White, C. M. (2004). Gene flow and ge-
netic characterization of northern goshawks breeding in Utah. Condor, 
106, 826–836.

Sorenson, M. D., & Fleischer, R. C. (1996). Multiple independent transpo-
sitions of mitochondrial DNA control region sequences to the nucleus. 
Proceedings of the National Academy of Sciences, 93, 15239–15243.

Sorte, F. A., & Jetz, W. (2010). Avian distributions under climate change: 
Towards improved projections. The Journal of Experimental Biology, 213, 
862–869.

Stuart, Y., Campbell, T., Hohenlohe, P., Reynolds, R., Revell, L., & Losos, J. 
(2014). Rapid evolution of a native species following invasion by a con-
gener. Science, 346, 463–466.

Sutton, G. M. (1931). The blue goose and lesser snow goose on 
Southampton Island, Hudson Bay. The Auk, 48, 335–364.

Swarth, H. S., & Bryant, H. C. (1917). A study of the races of the white- 
fronted goose (Anser albifrons) occurring in California. University of 
California Publications in Zoology, 17, 209–222.

Tajima, F. (1989). The effect of change in population size on DNA polymor-
phism. Genetics, 123, 597–601.

http://beast/bio.ed/ac.uk/Tracer


2968  |     ELY Et aL.

Talbot, S. L., Palmer, A. G., Sage, G. K., Sonsthagen, S. A., Swem, T., Brimm, 
D. J., & White, C. M. (2011). Lack of genetic polymorphism among 
peregrine falcons Falco peregrinus of Fiji. Journal of Avian Biology, 42, 
415–428.

Thibert-Plante, X., & Gavrilets, S. (2013). Evolution of mate choice and 
the so called magic traits in ecological speciation. Ecology Letters, 16, 
1004–1013.

Toews, D. P., & Brelsford, A. (2012). The biogeography of mitochondrial and 
nuclear discordance in animals. Molecular Ecology, 21, 3907–3930.

Van Doornik, D. M., Berejikian, B. A., & Campbell, L. A. (2013). Gene flow 
between sympatric life history forms of Oncorhynchus mykiss located 
above and below migratory barriers. PLoS ONE, 8, e79931.

Wagner, C. E. V., & Baker, A. J. (1986). Genetic differentiation in popula-
tions of Canada geese (Branta canadensis). Canadian Journal of Zoology, 
64, 940–947.

Wang, I. (2010). Recognizing the temporal distinctions between landscape 
genetics and phylogeography. Molecular Ecology, 19, 2605–2608.

Warren, S. M., Fox, A., Walsh, A., & O’Sullivan, P. (1992). Age of first pair-
ing and breeding among Greenland white- fronted geese. Condor, 94, 
791–793.

Warren, S., Fox, A., Walsh, A., & O’Sullivan, P. (1993). Extended parent- 
offspring relationships in Greenland white- fronted geese (Anser albi-
frons flavirostris). The Auk, 110, 145–148.

Weckstein, J. D., Afton, A. D., Zink, R. M., & Alisauskas, R. T. (2002). 
Hybridization and population subdivision within and between Ross’ 
geese and lesser snow geese: A molecular perspective. Condor, 104, 
432–436.

Wege, M. L. (1984). Distribution and abundance of Tule geese in California 
and southern Oregon. Wildfowl, 35, 14–20.

Wilson, R. E., Gust, J. R., Petersen, M. R., & Talbot, S. L. (2016). Spatial ge-
netic structure of long- tailed ducks (Clangula hyemalis) among Alaska, 
Canadian, and Russian breeding populations. Arctic, 69, 65–78.

Wilson, H., Norriss, D., Walsh, A., Fox, A., & Stroud, D. (1991). Winter site 
fidelity in Greenland white- fronted geese Anser albifrons flavirostris, 
implications for conservation and management. Ardea, 79, 287–294.

Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migration 
rates using multilocus genotypes. Genetics, 163, 1177–1191.

Wright, S. (1946). Isolation by distance under diverse systems of mating. 
Genetics, 31, 39–59.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.

How to cite this article: Ely CR, Wilson RE, Talbot SL. Genetic 
structure among greater white- fronted goose populations of 
the Pacific Flyway. Ecol Evol. 2017;7:2956–2968. https://doi.
org/10.1002/ece3.2934

https://doi.org/10.1002/ece3.2891
https://doi.org/10.1002/ece3.2891

