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Abstract

Little is known about the possible influence that past glacial events have had on the phylo-
geography and population structure of avian predators in the Arctic and sub-Arctic. In this
study, we use microsatellite and mitochondrial control region DNA variation to investigate
the population genetic structure of gyrfalcons (Falco rusticolus) throughout a large portion
of their circumpolar distribution. In most locations sampled, the mtDNA data revealed
little geographic structure; however, five out of eight mtDNA haplotypes were unique to a
particular geographic area (Greenland, Iceland, or Alaska) and the Iceland population dif-
fered from others based on haplotype frequency differences (Fg;). With the microsatellite
results, significant population structure (Fgp, principal components analysis, and cluster
analysis) was observed identifying Greenland and Iceland as separate populations, while
Norway, Alaska and Canada were identified as a single population consistent with contem-
porary gene flow across Russia. Within Greenland, differing levels of gene flow between
western and eastern sampling locations was indicated with apparent asymmetric dispersal
in western Greenland from north to south. This dispersal bias is in agreement with the dis-
tribution of plumage colour variants with white gyrfalcons in much higher proportion in
northern Greenland. Lastly, because the mtDNA control region sequence differed by only
one to four nucleotides from a common haplotype among all gyrfalcons, we infer that the
observed microsatellite population genetic structure has developed since the last glacial
maximum. This conclusion is further supported by our finding that a closely related spe-
cies, the saker falcon (Falco cherrug), has greater genetic heterogeneity, including mtDNA
haplotypes differing by 1-16 nucleotide substitutions from a common gyrfalcon haplotype.
This is consistent with gyrfalcons having expanded rapidly from a single glacial-age refu-
gium to their current circumpolar distribution. Additional sampling of gyrfalcons from
Fennoscandia and Russia throughout Siberia is necessary to test putative gene flow between
Norway and Alaska and Canada as suggested by this study.
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largely consistent with dispersal capabilities, presence of

Introduction potential barriers, and the influence of Quaternary climatic
In arctic and subarctic vertebrates, varying amounts of fluctuations on population history (Pamilo & Savolainen
intraspecific genetic differentiation have been documented, 1999; Weider & Hobak 2000; Newton 2003; Hewitt &

Nichols 2005). For example, the occupancy of separate ice-
Correspondence: Jeff A. Johnson, Fax: 734763 4080; E-mail: free refugia during glacial periods would allow divergence
jeffaj@umich.edu among taxa and the accumulation of unique traits through
William A. Burnham passed away on 16 October 2006 selection and drift (see Stewart & Lister 2001; Hewitt 2004).
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Similarly, as populations expanded into large areas previ-
ously glaciated or unsuitable, rapid differentiation and
divergence could also occur between populations as local
adaptive responses develop through selection and drift,
assuming that further immigration was limited (Hewitt
1996; Newton 2003).

For the gyrfalcon (Falco rusticolus), very little is known
about its overall geographic differentiation and how past
climactic changes may have influenced its current distribu-
tion. This species and the snowy owl (Nyctea scandiaca) are
the only two large avian predators that inhabit the Arctic
and sub-Arctic with a circumpolar distribution, and to our
knowledge neither taxa have been studied at the population
level while using genetic methods. Latitudinal breeding
range for gyrfalcons extends from 54°N on the Kamchatka
Peninsula in Russia and Hudson Bay in Canada to as far
north as 82°N in Peary Land, Greenland, with populations
generally distributed across six areas: Alaska, Canada,
Greenland, Iceland, Fennoscandia, and Russia (Fig. 1; Koch
1925; Johnsen 1953; Cade 1982; Potapov & Sale 2005).

Given its extensive geographic distribution, it is unusual
that no subspecies are currently recognized for gyrfalcons;
yet, this species is polytypic and previously as many as 40
different subspecies have been described (Vaurie 1961;
Snow 1974; Cade et al. 1998; Potapov & Sale 2005). Taxonomic
designations used most often in the past include five to seven
subspecies largely based on plumage colour. Gyrfalcons
from northern Greenland and northeastern Canada are
mostly white and white to semiwhite or silver, respectively
(i.e. candicans); those from central to southern Greenland
and North America are semiwhite or silver to grey to dark
grey or black (i.e. obsoletus); those from Iceland are light
grey to grey (i.e. islandus); in Fennoscandia and western
Russia they are mostly grey (i.e. rusticolus); and in Siberia
they are typically grey to light grey or white (i.e. intermedius,
uralensis, grebnitzkii). These plumages, however, do not
strictly conform to geography, with each ‘colour morph’ or
‘variant’, occurring in many of the same areas (Todd &
Friedmann 1947; Vaurie 1961; Cade et al. 1998; Flann 2003;
Potapov & Sale 2005) and different plumage variants have
been observed between mates and among offspring at the
same eyrie or nest (Todd & Friedmann 1947; Todd 1963;
White & Cade 1971). However, there are geographic areas
such as those in northern Greenland and Iceland that do
have a high percentage of similarly coloured gyrfalcons
observed among breeding individuals. These geographic
differences in colour could be the result of adaptive
responses to local environments, such as for camouflage or
because of metabolic costs associated with pigment syn-
thesis (Potapov & Sale 2005; but see Cade 2006). However,
local fixation of alleles associated with these differences
would require restricted gene flow between populations,
and little information exists on gyrfalcon immigration
or dispersal patterns over long distances and between

geographical areas (Cade et al. 1998; Potapov & Sale 2005).

We used microsatellite and mitochondrial DNA (mtDNA)
variation to investigate demographic history and gene flow
among gyrfalcon populations throughout a large portion
of their range in Alaska, Canada, Greenland, Iceland, and
Norway. By using both types of markers, we can investigate
temporal demographic processes that have helped shape
the distribution of this species and determine whether dif-
ferences in the frequency of colour variants are associated
with connectivity between populations. Mitochondrial
DNA sequence data can be useful for uncovering historical
genealogical relationships among populations (i.e. phylo-
geography & the influence of multiple glacial refugia),
while multilocus microsatellite data are useful for investi-
gating more recent demographic processes associated with
population structure (i.e. dispersal & gene flow; see Sunnucks
2000; DeYoung & Honeycutt 2005; Anne 2006).

We have included genetic data from a closely related
species, the saker falcon (Falco cherrug), to provide a measure
of interspecific differentiation for comparison with gyrfalcon
intraspecific differentiation. The saker falcon has a more
southern distribution, occurring from central and eastern
Europe into central Asia through Mongolia, and breeding
from approximately 35° to 60°N (Cade 1982; Snow &
Perrins 1998; Ferguson-Lees & Christie 2001). Although
the breeding ranges of the two falcon species do not overlap,
they do appear to possess a recent common history based
on studies documenting a shared mtDNA control region
haplotype between these two taxa (Nittinger ef al. 2005,
2007). By including saker falcons in this study, we can
investigate the temporal aspect associated with the diver-
gence of these two taxa, and in so doing provide a more
thorough account of the demographic history associated
with gyrfalcons.

Materials and methods

Sampling and DNA extractions

Blood or feather samples were collected from individual
gyrfalcons (n = 165) at seven different geographic locations
throughout Alaska, Greenland, Canada, and Iceland
(Fig. 1). In Greenland, four geographic areas were sampled
consisting of Thule, Kangerlussuaq, Scoresbysund, and
Maniitsoq, and single geographic areas were sampled in
each of the remaining three countries (see Fig.1). All
locations were sampled between 2001 and 2004 with the
exception of Canada (1991-1992). Gyrfalcon samples were
collected during the breeding season for all locations
except Maniitsoq and Scoresbysund, where birds were
collected during fall migration (September-November).
Given their geographic locations, samples collected in
Scoresbysund likely represent gyrfalcons from northeast
Greenland, while those from Maniitsoq, located much
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Kangerlussuaq

Fig. 1 Geographic distribution of gyrfalcons.
'\"-»1 Grey shading indicates the breeding dis-
tribution, while the broken line represents
the southern edge of their wintering
distribution. Sampling locations are shown
with the size of each ellipse representing
the approximate geographic area sampled.

Iceland

further south may include a mixture of individuals from a
much larger geographic area (Fig. 1). In locations sampled
during the breeding season, one sample from each eyrie
was included in the analyses, but in order to increase
sample sizes at two locations (Thule & Kangerlussuaq), we
included multiple samples collected at the same eyrie from
different years. To control for sampling the same individual
over multiple years, we only included individuals from the
same eyrie that possessed different mtDNA haplotypes,
which is a conservative approach given the low variability
in mtDNA haplotypes (see results). The gyrfalcon samples
from Norway (n=13) have been described elsewhere
(Nesje et al. 2000) and samples (1 = 3) were obtained from
M. Nesje to calibrate the two microsatellite data sets. To
provide a degree of interspecific differentiation that can
be useful for comparative purposes, 20 individuals of a
closely related taxon, the saker falcon (Falco cherrug), were
sampled in the United Arab Emirates (UAE). These samples
were collected during winter migration and likely represent
individuals from multiple breeding origins. DNA was
extracted from both blood and feather tissues using a
DNeasy Tissue Extraction Kit (QIAGEN Inc.).
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Genotyping and sequencing

Eight microsatellite loci originally developed for the
peregrine falcon (Falco peregrinus; Fpl3, Fp54, Fp79-4,
Fp82-2, fp89, Fp92-1, & Fp107; Nesje et al. 2000) and the
gyrfalcon (Fr34; Nesje & Roed 2000) were used for the
microsatellite analyses. All microsatellite loci were dinu-
cleotide repeats, and locus Fp107 had an imperfect core
repeat. The polymerase chain reaction (PCR) amplifications
were performed using the following reagents in a 10-uL
reaction: 50 ng total genomic template, 0.5 um fluorescently
labelled forward and unlabelled reverse primer, 1x buffer
solution (Invitrogen), 1.0 mm MgCl, (except loci fp89,
fp107, & fr34 required 1.5 mM and fp82-2 required 2.0 mm),
0.4 mm of each dNTP, and 0.5 U of Tag polymerase
(Invitrogen). The PCR conditions consisted of one denaturing
cycle at 94 °C for 4 min, followed by 30 cycles at 94 °C for
40's, 40 s at annealing temperature (55 °C for all primers
except fp13, fp79-4, and fp92-1 at 52 °C, and fp54 at 58 °C),
and a 40-s extension step at 72 °C. This was followed by an
extension step at 72 °C for 5 min. Amplified products were
diluted and run on an ABI 3730 automated sequencer.
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For the mtDNA analysis, 6 to 31 individuals were
sequenced from each of the sampling locations used in the
microsatellite analysis, with the exception of Norway where
individual samples where not available for sequencing.
Two primer pairs, 14532 L (5-CCCACACATCAAACCAGA-
ATG)/15646H (5-CTGACCGAGGAACCAGAGG) and
15573 L (5-CACGAGGTTCGGACTACTGCCGTTGCA)/
16090H (5-AGATAAGATAACGGGATGGGTGT) were
used to amplify approximately 1540 bp of mtDNA
sequence consisting of 298 bp and 69 bp of cytochrome b
(cyt b) and tRNAthr, respectively, and 1173 bp of the 5’ end
of the control region (CR), including all of domains I and II
and approximately 88 bp of domain III (identified by con-
served sequence block, CSB-1). Primer names correspond
to the position of the 3" nucleotide in the published peregrine
falcon mtDNA genome (Mindell efal. 1999; GenBank
Accession no: NC_000878). PCR amplification was per-
formed in 25-uL reaction volumes using 50 ng/uL genomic
template, containing 0.5 um of each primer, 1.9 mm
(14532 L/15646H) or 1.2 mm (15573 L/16090H) MgCl,, 1x
buffer solution (Invitrogen), 0.8 mm of each dNTP, and
1.25 U of Tag polymerase. The PCR conditions were one
denaturing cycle at 94 °C for 2 min, followed by 35 cycles
at 94 °C for 25 s, 60 °C for 25 s, and an extension step for
1 min at 72 °C. This was followed by an extension step at
72 °C for 7 min. Primers 15573L/16090H had PCR con-
ditions that followed a touchdown procedure: annealing
temperature from 70 to 60 °C (-2°/two cycles) +58 °C for
24 cycles. PCR products were directly sequenced in both
directions with ABI Big Dye Terminator chemistry. All
sequences were aligned using SEQUENCHER 4.2.2, and
verified for accuracy. Unique sequences are in GenBank
(accession nos EF517337-EF517355).

Statistical analyses

Microsatellite genotypes were tested for linkage equili-
brium and departure from Hardy-Weinberg equilibrium
within each population at each locus using the computer
program GDA (Lewis & Zaykin 2001). Sequential Bonferroni
corrections were applied to correct for multiple simultaneous
comparisons (Rice 1989). Mean number of alleles per locus
(allelic diversity) and mean heterozygosity values were
also calculated using GpA. Measures of allelic richness
were calculated using the program FsTAT version 2.9.3.2
(Goudet 1995) to control for differences in the number of
alleles among populations that differ in sample size (Leberg
2002). Mitochondrial DNA control region diversity was
determined by calculating population estimates of haplo-
type diversity (), nucleotide diversity (r), and Tajima’s D
using the program pNasP version 4.00 (Rozas et al. 2003).
To investigate population genetic structure with both
microsatellite and mtDNA among sampling locations,
pairwise Fg; values were calculated following Weir &

Cockerham (1984) as implemented in ARLEQUIN version 3.1
(Excoffier et al. 2005). Microsatellite pairwise Rgy. (Slatkin 1995)
values were also calculated using the program RgiCcALC
(Goodman 1997), however, our results with Fg; and Rg;
were qualitatively similar (Pearson’s r = 0.931, P < 0.001)
and therefore we only report Fg; values here. Differences in
population structure between sampling locations were
tested using 10 000 permutations among populations with
Fisher’s exact test. To visualize the genetic relationships
among sampling locations, a multivariate ordination
was conducted for the microsatellite data using PCAGEN
(www.unil.ch/izea/softwares/pcagen.html) with 10 000
randomization steps. In addition, the relationship between
mtDNA haplotypes was visualized with a parsimony
network estimated using the program tcs version 1.17
(Clement et al. 2000).

We also investigated spatial genetic structure using the
Bayesian method of Pritchard et al. (2000) and Falush ef al.
(2003), implemented in the program STRUCTURE version
2.1. This method identifies genetically distinct clusters (K)
based on allele frequencies across loci. The most likely
value of K is assessed by comparing the likelihood of the
data for different values of K. Calculations were conducted
with a burn-in period of 100 000, followed by 500 000
iterations. Each simulation was performed four times
using an ancestry model incorporating admixture, indivi-
dual alphas for each population, and a model of correlated
allele frequencies that did not include prior information on
population origin (see Falush et al. 2003).

The program BaYEsass version 1.3 (Wilson & Rannala
2003) was used to estimate recent immigration rates, m (i.e.
proportion of migrants), among gyrfalcon breeding loca-
tions while using the microsatellite data. This Bayesian
method does not require the populations to be in either
migration drift or Hardy-Weinberg equilibrium, the violation
of which can have important implications on the accuracy
of migration estimates with other methods that require
equilibrium conditions (Whitlock & McCauley 1999; Kinn-
ison ef al. 2002). The Markov chain Monte Carlo (MCMC)
method used in this program was run for 20 x 106 iter-
ations with sampling every 2000 iterations, of which the first
106 iterations were discarded as burn-in. Based on preliminary
runs using different delta values (i.e. maximum parameter
change per iteration) ranging from 0.05 to 0.35, our final runs
used delta values of 0.20, 0.15, and 0.24 for the parameters
estimated for allele frequency, migration, and inbreeding,
respectively, to ensure optimal mixing and maximize log-
likelihood values (see BAYESASs documentation). Because
of low sample size in the Canada population and the results
given from other methods (e.g. Fg; & STRUCTURE) indicat-
ing no genetic subdivision between the Alaska and Canada
sampling locations, we combined these two locations as a
single population with all other sampling locations kept
separate. Initial trial runs with Alaska and Canada as
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Table 1 Microsatellite diversity for gyrfalcon and saker falcon sampling locations

Sampling location n Mean alleles/locus Allelic richness H, Hy
Gyrfalcons
Alaska 28 3.8(0.9) 3.1(0.7) 0.455 (0.069) 0.493 (0.073)
Canada 9 3.0(0.8) 2.9(0.7) 0.396 (0.079) 0.414 (0.091)
Iceland 25 3.5(1.0) 3.0(0.7) 0.428 (0.081) 0.444 (0.084)
Norway 13 3.5(1.0) 3.2(0.6) 0.454 (0.028) 0.522 (0.069)
Greenland
Thule 31 2.6 (0.5) 2.3(0.3) 0.404 (0.055) 0.406 (0.062)
Kangerlussuaq 16 3.0(0.7) 2.7(0.5) 0.352 (0.094) 0.432 (0.092)
Scoresbysund 38 3.1(0.7) 2.6 (0.4) 0.412 (0.060) 0.451 (0.072)
Maniitsoq 18 2.9(0.5) 2.7(0.4) 0.438 (0.068) 0.470 (0.071)
Saker falcons
UAE 20 5.4(1.3) 4209 0.469 (0.087) 0.570 (0.096)

n, number of individuals sampled; H, observed heterozygosity; Hy, expected heterozygosity; standard error is given in parentheses.

separate populations confirmed this approach as estimates
of m between these two location were relatively high and
the proportion of nonmigrants within each were close to 2/3
(the minimum bound estimate; see program documentation).
Four independent runs differing in the initial seed value
were conducted to ensure convergence.

Results

Genetic diversity

Seven of the eight microsatellite loci were polymorphic in
all gyrfalcon sampling locations (see Appendix). Locus
Fp89 was monomorphic in Kangerlussuaq from Greenland,
but polymorphic in all other sampling locations. After
adjusting for multiple comparisons (1 =80), significant
departures from Hardy-Weinberg equilibrium in the form
of heterozygote deficiencies were observed in two loci
among three sampled populations (Fp107, Alaska; Fp54,
Norway; and Fp54, saker falcons). One pairwise comparison
testing for linkage disequilibrium was significant in a single
sampling location (Thule, Fp82-2 & Fr34) after correcting
for multiple comparisons (n = 280). Given the lack of
significant linkage disequilibrium across all sampling
locations, we conclude that the loci can be treated as
independent from each other.

A total of 45 microsatellite alleles were observed among
all geographic locations for gyrfalcons across eight loci,
ranging from a maximum of 31 alleles in Alaska to a mini-
mum of 21 alleles in Thule, while saker falcons possessed
a total of 47 alleles across all loci (see Appendix). Four
alleles were unique to Iceland, a single allele was unique to
both Norway and Alaska, and saker falcons had 13 unique
alleles that were not observed among gyrfalcons. Mean
number of alleles per locus varied among sampling loca-
tions, with a high of 3.8 in Alaska and a low of 2.6 in Thule

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

(Table 1). Allelic richness was lowest in Thule, with all
Greenland sampled areas ranging from 2.3 to 2.7, while
all other gyrfalcon sampling locations ranged from 2.9
to 3.2%. Observed heterozygosity (H;,) was also similar
among sampled locations (Table 1). Saker falcons sampled
in UAE had higher allelic diversity and H, estimates than
those obtained for each sampled gyrfalcon population.

Of the 1540 nucleotides scored for mtDNA, 10 nucleotide
positions were variable among gyrfalcons, 24 among saker
falcons, and a total of 30 were variable between gyrfalcons
and saker falcons (all transitions; Table 2). All of the
observed nucleotide variability among gyrfalcons was
within domain I of the CR, while variability was observed
throughout the entire sequence among saker falcons. Three
copies of an 80-bp tandem repeat were observed within
domain I (bases 401-641; Table 2) of both gyrfalcon and
saker falcon individuals. A single fixed nucleotide difference
located in cyt b (position 59; Table 2) distinguished the two
falcon species. A total of eight and 11 haplotypes were
observed among gyrfalcons and saker falcons, respectively.
Number of haplotypes per location for gyrfalcons ranged
from two in Scoresbysund and Iceland to a maximum
of five in Kangerlussuaq (Table 3). Gyrfalcon haplotype
diversity (1) ranged from 0.239 in Scoresbysund to 0.800 in
the Maniitsoq sampling location, while saker falcon / was
0.868. Nucleotide diversity () was consistently low across
all gyrfalcon locations (0.000-0.001), and polymorphism
within each sampling location was consistent with neutral
expectations (Tajima’s D = -1.367-1.531, P > 0.05).

Population structure

Gyrfalcon populations on islands (i.e. Greenland & Iceland)
appear distinct relative to mainland populations, as
significant pairwise differentiation (Fg) for microsatellite
data was observed while controlling for multiple comparisons
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Table 2 Nineteen mtDNA haplotypes (Hap.) observed among gyrfalcon (A-H) and saker falcon (I-S) samples. See Fig. 2 for geographic
information for each haplotype. Vertical numbers indicate the positions of variable nucleotides within 1540 bp of sequence (cyt b, bases 1-
298; tRNA, bases 299-367; CR domain I, bases 368-1002; CR domain II, bases 1003-1477; CR domain III, bases 1478-1540). Dots under
nucleotide positions indicate an identical nucleotide as given with haplotype A

Hap. 59 144 182 239 336 386 465 551 674 694 709 743 749 771 805 810 813 818 820 822 854 870 872 1191 1196 1332 1346 1349 1434 1481
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Table 3 Mitochondrial cyt b/CR (1540 bp) genetic diversity for gyrfalcon and saker falcon sampling locations. 7, number of individuals

sampled; standard error values are given in parentheses

Sampling location n No. of haplotypes Haplotype diversity (1) Nucleotide diversity (r) Tajima’s Dt
Gyrfalcons
Alaska 20 4 0.647 (0.020) 0.001 (0.000) 0.039
Canada 9 3 0.556 (0.055) 0.001 (0.000) 0.715
Iceland 20 2 0.521 (0.009) 0.000 (0.000) 1.531
Greenland
Thule 31 3 0.563 (0.009) 0.001 (0.000) -0.567
Kangerlussuaq 16 5 0.667 (0.028) 0.001 (0.000) -0.545
Scoresbysund 30 2 0.239 (0.017) 0.001 (0.000) -0.136
Maniitsoq 6 4 0.800 (0.070) 0.001 (0.000) -1.367
Saker falcons
UAE 20 11 0.868 (0.014) 0.005 (0.000) 0.812
tAll values P > 0.05.

(Table 4). In contrast, the majority of pairwise comparisons
between sampling locations on Norway, Alaska and Canada
were not significant, with the exception of that between
Norway and Alaska possessing a low but significant Fg;
value. Within Greenland, significant population structure
was observed between eastern and western sampling
locations (Scoresbysund vs. Thule & Kangerlussuaq), while
no significant differences were observed for the Scores-
bysund and Kangerlussuaq populations when compared
to Maniitsoq, a location sampled in southwestern Greenland
during the winter migration period. Similarly, no

differentiation was observed between the two western
locations sampled during the breeding season (Thule &
Kangerlussuaq). In contrast to the microsatellite data, only
the Iceland population showed significant mtDNA
pairwise differences from the other gyrfalcon populations
(Table 4). When each gyrfalcon population was compared
to saker falcons collected in UAE, significant genetic
subdivision (Fgr) was observed with both genetic markers
in the majority of cases, with the exception of Maniitsoq,
which was likely due to a low sample size in that
population for this marker (n = 6; Table 4).
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Table 4 Pairwise population Fg; values for microsatellite (below the diagonal) and mtDNA (above the diagonal) analyses. Mitochondrial
DNA data was not available for the Norway population. Significant values after correcting for multiple comparisons are indicated in bold
and with asterisks

Thule Scoresb. Kanger. Maniitso Iceland Canada Alaska Norwa Saker falcons
& q y
Thule — 0.1233 0.0913 0.1060 0.2936***  —0.0005 -0.0006 — 0.4497***
Scoresbysund 0.0447** — -0.0199 —-0.0482 0.2935%** 0.2351 0.1605 — 0.4364***
Kangerlussuaq ~ 0.0322 0.0963** — -0.1169 0.2211%** 0.0953 0.1314 — 0.3469***
Maniitsoq 0.0385* 0.0232 0.0363 — 0.2520 0.0988 0.1481 — 0.2617
Iceland 0.2176***  0.2505*** 0.1454*** 0.2072%**  — 0.3314* 0.3105*** — 0.4225***
Canada 0.1705***  0.1461*** 0.0951* 0.0651* 0.2154***  — —0.0543 — 0.2967*
Alaska 0.1033***  0.0970*** 0.0865*** 0.0528***  0.2362*** 0.0478 — — 0.3938***
Norway 0.1357***  0.0928*** 0.0813** 0.0641** 0.1950*** 0.0580 0.0425* - —
Saker falcons 0.2097***  0.2157*** 0.1677*** 0.1459***  0.1685*** 0.1257*** 0.1356***  0.1623***
*P <0.01, **P < 0.001, **P < 0.0001.
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@ Kangerussuag
(]:D Scoresbysund

Greenland

O Saker falcons
O ‘missing' haplotype

Fig. 2 Parsimony network based on gyrfalcon and saker falcon
mtDNA haplotypes, lettered A through S. Each circle represents a
single haplotype where the size of the circle corresponds to the
number of individuals observed with that particular haplotype. Solid
lines represent most parsimonious connections between haplotypes
with a probability higher than 95%. Each connection between
haplotypes corresponds to a single point-mutation, and open
squares represent intermediate haplotypes ‘missing’ in the sample
but necessary to make connections between sampled haplotypes.

Little variability in the mtDNA sequence data was
observed among gyrfalcon samples with haplotypes
forming a starlike pattern in the parsimony network
(Fig. 2). A few haplotypes were unique to particular geo-
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Fig. 3 PCA showing the genetic relationships among gyrfalcon
and saker falcon sampling locations. PCA axis 1 explains 44.6%
(P = 0.01) of the variance and PCA axis 2 explains 26.6% (P = 0.03).
PCA axes 3 & 4 (not shown) explain 12.2% (P > 0.05) and 7.0%
(P>0.05) of the variance, respectively. Locations within each

& Maniitson dotted ellipse represent identified population clusters from
. T STRUCTURE (see Fig. 4).

. Alaska

O Canada

graphic locations, yet these haplotypes differed by only
one to four nucleotides from a common haplotype shared
by all gyrfalcon sample locations. For saker falcons, two
haplotype clusters were observed and separated by at least
12 nonsampled fixed nucleotide steps in the network. In
one of these clusters, seven saker falcons had a haplotype
(L) that differed by a single nucleotide position from the
most common gyrfalcon haplotype (A; see Fig. 2).
Principal component analysis (PCA) using the microsatel-
lite data showed a clear separation between gyrfalcons and
saker falcons, and between Iceland and other gyrfalcon
sampling locations (Fig. 3). Two clusters were observed
among the remaining sample locations, with Greenland
forming a single cluster and Alaska, Canada and Norway
forming a second cluster. A location sampled during the winter
nonbreeding period in Greenland (i.e. Maniitsoq) was inter-
mediate between these two clusters in the PCA. Population
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Table 5 Proportion of membership for
each sampling location to each cluster
(K =4) using the program STRUCTURE.

Proportion of membership (for K = 4)

Sampling location Cluster 1 Cluster 2 Cluster 3 Cluster 4 Boxes represent clustered populations.
Average likelihood values for K=1

Thule 0.011 0.924 0.031 0.034 through 6 over four independent runs

Scoresbysund 0.015 0.855 0.047 0.083 were -3286.0, —-3056.8, —2985.0, —2899.3,

Kangerlussuaq 0.024 0.703 0.154 0.119 -3040.4, and -2955.8, respectively

Maniitsoq 0.039 0.771 0.023 0.167

Iceland 0.043 0.080 0.853 0.023

Canada 0.056 0.206 0.050 0.689

Alaska 0.062 0.247 0.028 0.663

Norway 0.077 0.234 0.072 0.617

Saker falcons

0.867 0.057 0.030 0.047

scores were plotted on two principal axes (PC1 and PC2),
which cumulatively explained 71.2% of the total genetic
diversity (PC1: 44.6%, P =0.01, PC2: 26.6%, P =0.03;
Fig. 3).

Four population clusters (K =4) were identified using
the program sTRUCTURE (Table 5). Both Iceland gyrfalcons
and saker falcons had comparable high assignment pro-
portions (85% & 87%, respectively) in separate clusters, with
few individuals identified with mixed ancestry (Fig. 4). All
Greenland sample locations, including Maniitsoq, clustered
together with relatively high assignment proportions (70—
92%), with low assignment proportions also for Alaska,
Canada, and Norway (21-25%) in this same cluster (Table 5).
The fourth cluster consisted of individuals from Alaska
(66%), Canada (69%), and Norway (62%), with diminutive
assignment proportions (3—-17%) also identified for Green-
land in this cluster.

Migration rates

Based on estimates from BAYESASs, recent immigration
rates among the majority of sampled locations are quite
low (m<0.03) with a high proportion of individuals
derived from their own population (>0.95; Table 6),
suggesting that most areas are isolated from each other, at
least with respect to first- and second-generation immigrants
(see Wilson & Rannala 2003). Within Greenland, however,
we do observe two cases with relatively high proportions

Fig. 4 Assignment of individual falcons
using STRUCTURE based on sample location
and K = 4. Colors correspond to one of four
population clusters indicated in Table 5.
Each bar represents a single individual
sample and presented in groups based on
sampling location.

of immigrants (m = 0.24) between sampling locations, both
of which are significantly different from zero. This movement
appears asymmetric with birds from Thule, in northwest
Greenland, immigrating into both the Scoresbysund and
Kangerlussuaq populations in northeast and central-west
Greenland, respectively, with essentially no movement
(m < 0.005) indicated in the opposite direction for both
cases (Table 6). Immigration rates between Scoresbysund
and Kangerlussuaq are low (m = 0.004 & 0.027) with lower
95% confidence intervals essentially zero (< 0.000) for both
directions.

Discussion

Significant population genetic structure exists between the
two island gyrfalcon populations (i.e. Greenland & Iceland)
and between each of these two islands and the mainland
regions (i.e. Canada, Alaska & Norway); however, the extent
of this genetic differentiation varies based on the type of
genetic marker (microsatellite or mtDNA) and the particular
method used to discern this differentiation. The ability to
identify and define biological “populations’ is crucial for
making informed decisions concerning conservation and
management (Waples & Gaggiotti 2006), and the recognition
of particular limitations associated with methods used to
describe populations has important implications (Neigel
2002; Pearse & Crandall 2004; Manel et al. 2005; Palsbell
et al. 2007).
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Table 6 Migration rates among gyrfalcon populations using the program BAYEsass. Values shown are the means of the posterior
distributions of m, the migration rate into each population, and their respective 95% confidence intervals in parentheses. Values along the
diagonal (in bold) are the proportion of individuals derived from the source population each generation. Migration rates greater than 0.100
are underlined. CA/AK, Canada and Alaska combined into a single population

Migration from

Migration into Thule Scoresb. Kanger. Iceland CA/AK Norway
Thule 0.985 0.005 0.002 0.003 0.003 0.003
(0.947-1.000) (0.000-0.032) (0.000-0.016) (0.000-0.017) (0.000-0.019) (0.000-0.015)
Scoresbysund 0.241 0.737 0.004 0.007 0.006 0.005
(0.159-0.308) (0.677-0.816) (0.000-0.022) (0.000-0.032) (0.000-0.028) (0.000-0.026)
Kangerlussuaq 0.244 0.027 0.686 0.016 0.016 0.011
(0.147-0.316) (0.000-0.097) (0.667-0.733) (0.000-0.076) (0.000-0.074) (0.000-0.058)
Iceland 0.003 0.003 0.003 0.985 0.003 0.003
(0.000-0.019) (0.000-0.020) (0.000-0.018) (0.948-1.000) (0.000-0.020) (0.000-0.019)
CA/AK 0.011 0.005 0.007 0.004 0.966 0.007
(0.000-0.053) (0.000-0.028) (0.000-0.031) (0.000-0.024) (0.906-0.997) (0.000-0.036)
Norway 0.007 0.011 0.007 0.008 0.021 0.946
(0.000-0.042) (0.000-0.067) (0.000-0.043) (0.000-0.050) (0.000-0.177) (0.774-0.999)

Population structure

While the microsatellite data do suggest significant genetic
structure differences between Greenland and Iceland
populations relative to all sampled mainland gyrfalcon
populations (Canada, Alaska & Norway; Tables 4-6), only
Iceland is distinct based on the Fq; analyses of the mtDNA
(Table 4). This difference in inference based on different
genetic markers could be due to either sex-biased dispersal
with females dispersing further than males (e.g. Piertney
et al. 2000) or lack of resolution and retention of ancestral
polymorphisms through incomplete lineage sorting (e.g.
Omland et al. 2006) limiting the power to detect population
structure with the mtDNA marker used in this study
(Taylor & Dizon 1996; Bossart & Prowell 1998). With this
data set, the latter scenario seems more probable because
genetic differentiation was observed between areas separated
by obvious dispersal barriers (i.e. oceans) despite the low
mtDNA variability observed among all gyrfalcons (see also
Roques & Negro 2005; Brown ef al. 2007). A single mtDNA
haplotype was found in high frequency among all sampled
areas, and the remaining seven haplotypes differed from
this common haplotype by one to four nucleotide sub-
stitutions (Fig. 2, Table 2). A number of these less common
haplotypes, however, were unique to particular geographic
areas such as Greenland and Iceland suggesting that
dispersal is limited between these areas.

Within Iceland a large percentage of adult gyrfalcons are
known to occupy their breeding territories year-round
with no evidence suggesting dispersal outside of Iceland
(Nielsen 1986; Nielsen & Cade 1990a; Cade et al. 1998; Potapov
& Sale 2005). White colour variants have been recorded
during the winter in Iceland; however, these birds most
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likely are migrants from Greenland as the only gyrfalcons
observed breeding in Iceland are grey to light grey in colour
(Pétursson et al. 1993; O. Nielson, personal communica-
tion). Indeed, a juvenile female white gyrfalcon trapped in
Scoresbysund and fitted with a satellite transmitter was
documented travelling to Iceland during winter migration,
then returning to the Scoresbysund area in the spring, as it
continued its migration north along the coast of northeast
Greenland (K. Burnham, unpublished data). These obser-
vations agree with our genetic results with both markers
indicating that the population of gyrfalcons on Iceland shows
significant differentiation from all other populations.
Similarly, the sampled locations in Greenland, when
compared to all other areas, were significantly different based
on the microsatellite data. The limited dispersal data for
gyrfalcons in Greenland based on ringing efforts and satellite
telemetry suggest that gyrfalcons migrate to the southern end
of the island during winter (Potapov & Sale 2005; K. Burnham,
unpublished data). Occasionally, Greenland gyrfalcons also
migrate to Iceland (see above), but these individuals do not
appear to breed in Iceland given our genetic results. Potapov
& Sale (2005) have also suggested based on plumage colour
that ‘grey’ gyrfalcons wintering in the Faeroes and British
Isles likely originated from Greenland; however, there is no
evidence to support this claim as these birds could have also
migrated from Iceland or Fennoscandia based on plumage
colouration alone. The program STRUCTURE does suggest
some admixture between Greenland and Norway (Fig. 4;
Table 5); although, no recent migration events were
indicated between these two areas by BAYEsAss (Table 6).
Additional samples from Fennoscandia will help clarify
these relationships as the Norwegian population was rep-
resented by a relatively small sample (n = 13; see below).
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Individuals with satellite transmitters have also been
documented migrating from around Maniitsoq in Greenland
to Canada and Thule (K. Burnham, unpublished data). There-
fore, it is not surprising to see the gyrfalcons sampled from
Maniitsoq during the fall migration period to be intermediate
between breeding populations of these two areas in the
PCA (Fig. 3; also including Alaska & Norway) and to include
individuals with mixed ancestry or relatively high assignment
probabilities to other areas (Fig. 4). However, despite these
similarities, if recent immigration does occur between
Greenland and Canada, it is not sufficient to be shown here,
as breeding populations within Greenland are significantly
different relative to all other sampled areas based on our
microsatellite DNA analyses using Fg (Table 4) and the
program BAYESASs (Table 6) suggesting high breeding-site
fidelity for these two areas. It would be worthwhile to
investigate potential connectivity between Greenland and
northeast Canada with additional samples from Baffin and
Ellesmere Islands because the Canada samples used in this
study were from central north Canada (63°N, 104°W).

Within Greenland, significant genetic differentiation (Fgy)
was observed between western (Thule & Kangerlussuaq)
and northeastern (Scoresbysund) regions based on the
microsatellite data. In the extreme northwest, or around
Thule, most of the juvenile and adult gyrfalcons observed
(n =170 birds) during the breeding seasons between 1993
and 2005 were white in plumage (>99%), while further
south in central west Greenland near Kangerlussuaq adult
gyrfalcons (n=112) observed between 1998 and 2005
breeding seasons were white (52%) to off-white or silver
(13%) to grey (36%) with a few dark grey individuals
also observed (K. Burnham, unpublished data; see also
Potapov & Sale 2005). In east Greenland in Scoresbysund,
birds trapped (1 = 119) during fall migration in 2004 and
2005 were predominately white in colour, similar to
Thule, with a few grey gyrfalcons (~2%) also observed (K.
Burnham, unpublished data). As such, the distributions
of colour variants appear to reflect a reduced level of
connectivity with other sampled populations outside of
Greenland, with the north (Thule & Scoresbysund) appear-
ing more isolated than that observed further south. For
example, Kangerlussuaq, although significantly different,
had lower levels of population differentiation (Fgy; Table 4)
with Canada and Alaska, all of which have similar colour
variants relative to Thule or Scoresbysund in the north.

This relationship between the distribution of colour vari-
ants and levels of genetic differentiation within Greenland
was also reflected in our results from the programs sTrRuC-
TURE and BAYEsAsS. Both of these methods suggest that
northern Greenland, particularly Thule, is more isolated rela-
tive to central-west Greenland, and analyses with STRUCTURE
indicate low levels of gene flow between Kangerlussuaq
and the Alaska, Canada, and Norway cluster (Fig. 4). Fewer
individuals sampled in northern Greenland were identified

with mixed ancestry, indicating a possible dispersal bias or
a source-sink relationship. This is further supported by our
results from the program BAYESASS, suggesting asymmetric
migration with gyrfalcons from the Thule population dis-
persing south to Kangerlussuaq and not in the opposite
direction. In contrast with our Fg analysis, relatively high
migration from Thule to Scoresbysund was indicated using
BAYESASS. We cannot discern with our sampling whether
this connectivity is around the icecap from the north or the
south, and it is not known whether gyrfalcons disperse
across the icecap. Given that we did not identify recent
migration between Scoresbysund and Kangerlussuaq
using BAYESASS, suggests that connectivity between Thule
and Scoresbysund may be around the icecap to the north
instead of the south. Gyrfalcons are known to breed in the
extreme north in Peary Land within Greenland (Koch 1925;
Johnsen 1953) and this could provide the connectivity
between these two areas as shown with our genetic results.

Outside of Greenland and Iceland, little geographic
structure was observed. Gene flow between Alaska and
Canada is not surprising given the presence of contiguous
nesting habitat throughout this region and the lack of obvi-
ous dispersal barriers. The suggested genetic connectivity
between these two areas with those in Norway, however,
was unexpected because of the large geographic distance
separating these areas. Data do exist, however, based on
satellite telemetry identifying birds in Alaska migrating
into Russia during the winter (C. McIntyre, unpublished
data; see also del Hoyo et al. 1994, pg. 237); although, we do
not know whether any gyrfalcons from Alaska remain in
Russia to breed, or vise versa.

The absence of significant genetic differentiation between
Norway and both Alaska and Canada sample locations does
not necessarily imply contemporary gene flow, as multiple
explanations for homogeneity are possible (Taylor & Dizon
1996; Bossart & Prowell 1998; Waples & Gaggiotti 2006;
Palsbell et al. 2007). For example, sample size, number of loci,
and amount of genetic polymorphism among loci can have
a strong effect on the results from assignment-based methods
such as those incorporated in the program STRUCTURE
(Manel et al. 2005; Waples & Gaggiotti 2006). Depending
on the particular assignment method and the sample sizes,
reasonable assignment success is associated with a minimal
level of differentiation with performance decreasing as Fg
decreases (Berry ef al. 2004; Hauser et al. 2006; Latch et al.
2006; Waples & Gaggiotti 2006). In addition, the ability to
detect migrants between populations is greatest when
populations are genetically divergent; however, in such
cases, gene flow is relatively rare and therefore difficult to
detect unless the actual migrants or their direct descendents
are sampled. Results from BAYESASs suggest no recent
migration between Norway and Alaska/Canada, although
this method assumes that all populations that are exchang-
ing migrants have been sampled (Wilson & Rannala 2003).
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Therefore, given the large geographic distance between
Norway and Alaska, unsampled ‘ghost’ populations may
have influenced our estimates of migration rates (see
Slatkin 2005), and more samples from Fennoscandia and
particularly Siberia are required to further investigate gene
flow between these two widely distributed geographic
areas. Similarly, it would also be worthwhile to obtain
samples from southeast Greenland to further investigate
the connectivity around the southern portion of the island.

Demographic history

The presence of geographic structure among gyrfalcon
populations, particularly for the Greenland and Iceland
populations, corresponds to general phylogeographic
patterns observed among a number of codistributed arctic
and subarctic taxa. These include lemmings (Dicrostonyx
spp., Fedorov & Goropashnaya 1999; Fedorov & Stenseth
2002), rock ptarmigan (Lagopus mutus; Holder et al. 1999),
root vole (Microtus oeconomus; Brunhoff et al. 2003), and
arctic hares (Lepus spp.; Waltari et al. 2004; Waltari & Cook
2005), all of which also serve as the primary prey of
gyrfalcons (Muir & Bird 1984; Nielsen & Cade 1990b;
Cade et al. 1998; Booms & Fuller 2003; Nystrom ef al. 2006).
Although there is evidence among mtDNA haplotype groups
or clusters in the above taxa that current geographic
distributions were influenced by multiple glacial refugia,
the mtDNA data in this study do not support a historical
association with multiple refugia for gyrfalcons. The starlike
pattern observed in the haplotype network (Fig. 2) and the
overall low variability of mtDNA do, however, suggest a
recent expansion from a single small glacialage population
(Slatkin & Hudson 1991; Neigel 2002). If so, the local
differentiation reported here likely developed via drift and
strong philopatry, reinforced by barriers to dispersal (e.g.
large bodies of water between Greenland, Iceland, & the
mainland) as indicated by our microsatellite data. This
pattern has also been observed with other arctic taxa such
as walrus (Odobenus rosmarus, Andersen et al. 1998), rock
ptarmigan (Lagopus mutus, Holder et al. 1999), polar bear
(Ursus maritimus, Paetkau etal. 1999), and muskoxen
(Ovibos moschatus, Van Coeverden de Groot 2001).
Similarly, in a recent study on the pink-footed goose,
Anser brachyrhynchus, Ruokonen ef al. (2005) proposed that
despite evidence suggesting minimal contemporary con-
nectivity between populations based on ringing data, low
levels of mtDNA haplotype diversity (h) in Iceland and
Greenland were an indication of a recent colonization
event within the last 2500 years from an eastern population
(Svalbard) in the north Atlantic that had much higher
levels (5x) of mtDNA variability. They do not discount
the possibility of historic glacial refugia for this species in
Iceland or Greenland, but they do suggest that given their
relatively high estimates of long-term female effective
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population size (5400-7700), northern refugia alone are
unlikely to have played a significant role for this species
and that the expansion from much larger areas in the south
is a more likely explanation (see also Bennike 1999).

Gyrfalcon populations in Iceland and Greenland, with
the exception of the Scoresbysund sampling location, have
levels of mtDNA haplotype diversity comparable to our
other sampled areas (Table 3), and, likewise, all sampled
locations, including Scoresbysund, had similar levels of
microsatellite diversity (Table 1). These results argue
against a recent expansion into Greenland and Iceland
from an older population of much larger size (see Hewitt
1999; Nichols et al. 2001; Hewitt & Nichols 2005). Given the
low haplotype and nucleotide diversity in all surveyed
gyrfalcon locations, however, a rapid expansion to all
contemporary locations from a small founder population
cannot be discounted (e.g. Buehler & Baker 2005).

When gyrfalcons were compared to a close relative, the
saker falcon, higher levels of both mtDNA and microsatel-
lite diversity estimates were observed in the saker falcon
population. A number of historic demographic scenarios
may have been responsible for this difference between
these taxa. Multiple mtDNA clades for saker falcons
have been identified that do not correspond to geography
(Nittinger et al. 2005, 2007), and sister relationships among
gyrfalcons and saker, lanner (Falco biarmicus), and lagger
(Falco jugger) falcons remain unresolved (Wink et al. 2004;
Nittinger et al. 2005, 2007). Among these taxa, Nittinger
et al. (2005, 2007) documented no shared mtDNA control
region haplotypes with the exception of a single common
haplotype observed among all four falcon species and a
less frequent haplotype observed between lagger falcons
and gyrfalcons. As suggested by Nittinger ef al. (2005, 2007),
ancestral saker falcon and gyrfalcon populations could
have existed in separate glacial refugia and subsequently
hybridized when the distribution of both species expanded
following the end of the last glacial period.

In this study, we did not identify any shared haplotypes
between saker falcons and gyrfalcons. This inconsistency
between studies could be due to differences in sequence
length as Nittinger ef al. (2005, 2007) used a smaller section
of the mtDNA control region (412-418 bp) than used in
this study (1540 bp), and we also observed a fixed nucle-
otide difference between taxa within cytb (Table 3; see also
Wink et al. 2004), a mtDNA region that was not included
in the Nittinger ef al. studies. Therefore, it seems more
likely based on our results that two ancestral saker falcon
populations once existed, possibly in separate glacial refugia,
and introgression occurred following glacial retreat (see also
Hofreiter ef al. 2004; Weir & Schluter 2004). Following this
scenario, gyrfalcons could have originated recently through
a small founder event from an ancestor of one of these pop-
ulations prior to their intermixing, given that only a single
cluster of haplotypes have been observed among gyrfalcons.
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Although we cannot determine which of the above sce-
narios is correct because of differences in sampling between
studies, they both do suggest that gyrfalcons expanded
rapidly from a single population during the late Pleistocene
to occupy their current circumpolar distribution. Gyrfalcon
fossils have been described from the late Pleistocene in
both southern Europe (Tyrberg 1998) and western United
States (Emslie 1985) consistent with both of these demo-
graphic scenarios. Further, an extinct falcon (Falco antiquus)
and proposed common ancestor of gyrfalcons and saker
falcons has been described from the late middle Pleistocene
in southern Europe, where it is thought to have originated
and expanded eastward through Asia into North America
(Potapov & Sale 2005). A more thorough sampling of all
representative taxa in this group including additional
methodological approaches is necessary to better ascertain
the evolutionary relationships among these falcons.

Conclusions

Gyrfalcons inhabit a harsh and extreme environment making
research on their life history difficult. By utilizing genetic
methods, we were able to investigate population level
connectivity that would have been difficult to determine at
the same scale using more traditional methods such as
banding records or telemetry. The majority of historic
taxonomic designations (five to seven subspecies) based
on plumage colour and geography (cf. Vaurie 1961) are not
supported by our genetic results. We do find support,
however, for distinctive Greenland and Iceland gyrfalcon
populations, both of which had a higher frequency of single
colour variants, whereas minimal genetic differentiation
between Norway, Alaska and Canada was observed
suggesting a single large population among the latter three
sampled locations. Within Greenland, the observed
asymmetrical dispersal from Thule to Kangerlussuaq
would allow local adaptation, and the high proportion of
white gyrfalcons observed in northern Greenland may be
due to a selective advantage for this plumage colour.
Whether this difference is associated with differences
in prey preference (e.g. Dalén et al. 2005), the result of
physiological constraints (e.g. Potapov & Sale 2005), or
from genetic drift deserves more attention (see also Storz
2005; Cade 2006; Gray & McKinnon 2007). This inform-
ation should prove useful for conservation as recent
abundance estimates in Greenland suggest that gyrfalcons
are in decline, while the number of peregrine falcons
(Falco peregrinus) has increased and expanded northward
into areas where it has been previously undocumented
(K. Burnham, unpublished data; see also Hitch & Leberg
2007). Therefore, as climate change increases, the viability
of gyrfalcon populations may be of concern (Berteaux
et al. 2004; Callaghan et al. 2004; Hewitt & Nichols 2005),
with changes in their distributions and genetic variability

providing early warnings of climate change and its influence
on arctic biodiversity.
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Appendix Microsatellite allele frequencies for each locus and sampling location

Sampling locations

Locus Allele Thule Kanger Scoresby. Maniitsoq Canada Alaska Iceland Norway Saker falcons

(n) 31 16 38 18 9 28 25 13

Fp13 104 0.177 0.250 0.105 0.250 0.500 0.232 0.640 0.231 0.750
Fp13 106 0.823 0.750 0.895 0.750 0.500 0.768 0.360 0.769 0.175
Fp13 108 0 0 0 0 0 0 0 0 0.075
(n) 31 16 38 18 9 28 25 13 20
Fp54 92 0.016 0.063 0 0 0.111 0.107 0.060 0.231 0.075
Fp54 106 0 0 0 0 0.056 0.089 0 0.192 0.150
Fp54 108 0.032 0 0 0.278 0.056 0.054 0 0 0.150
Fp54 110 0.016 0.031 0.132 0.194 0.167 0.232 0.140 0.039 0.375
Fp54 112 0.339 0.250 0.276 0.278 0.111 0.036 0.180 0 0.125
Fp54 114 0 0 0.013 0 0 0.036 0 0 0.025
Fp54 116 0.419 0.375 0.447 0.139 0 0.125 0.060 0.192 0
Fp54 118 0 0.031 0.053 0 0 0 0.080 0.115 0.025
Fp54 120 0 0 0.013 0 0.056 0 0 0 0
Fp54 122 0 0.063 0.013 0.056 0 0 0 0.077 0
Fp54 124 0 0 0 0 0.111 0.089 0 0 0.025
Fp54 126 0.177 0.188 0.053 0.056 0 0.143 0.180 0.115 0
Fp54 128 0 0 0 0 0.333 0.089 0 0 0
Fp54 136 0 0 0 0 0 0 0.020 0 0
Fp54 138 0 0 0 0 0 0 0.060 0.039 0.050
Fp54 140 0 0 0 0 0 0 0.220 0 0

(n) 29 16 37 18 9 28 23 13 20
Fp79-4 148 0 0 0 0 0 0 0 0 0.050
Fp79-4 150 0 0 0 0 0 0 0 0 0.075
Fp79-4 152 0 0 0 0 0 0 0 0 0.150
Fp79-4 154 0 0 0 0 0 0.018 0.152 0 0.375
Fp79-4 156 0.931 0.906 0.919 0917 0.833 0.554 0.848 0.808 0.275
Fp79-4 158 0.069 0.094 0.081 0.083 0.167 0.393 0 0.154 0
Fp79-4 160 0 0 0 0 0 0.036 0 0 0.050
Fp79-4 162 0 0 0 0 0 0 0 0 0.025
Fp79-4 166 0 0 0 0 0 0 0 0.039 0

(n) 31 16 38 18 8 28 25 13 20
Fp82-2 139 0 0 0 0 0 0 0 0 0.025
Fp82-2 141 0 0 0 0 0 0 0 0 0.100
Fp82-2 143 0.452 0.188 0.368 0.361 0.063 0.214 0.040 0.115 0.175
Fp82-2 145 0 0 0 0 0 0 0 0.039 0.050
Fp82-2 147 0.548 0.313 0.368 0.444 0.500 0.625 0.080 0.423 0.175
Fp82-2 149 0 0.094 0.079 0.028 0.125 0 0.100 0 0.075
Fp82-2 151 0 0.031 0 0 0 0 0.180 0 0.125
Fp82-2 153 0 0 0 0 0 0 0 0 0.025
Fp82-2 155 0 0.375 0.184 0.167 0.313 0.161 0.540 0.385 0.075
Fp82-2 157 0 0 0 0 0 0 0 0.039 0.100
Fp82-2 161 0 0 0 0 0 0 0 0 0.050
Fp82-2 165 0 0 0 0 0 0 0 0 0.025
Fp82-2 183 0 0 0 0 0 0 0.040 0 0
Fp82-2 187 0 0 0 0 0 0 0.020 0 0

(n) 31 16 38 18 9 28 25 13 20
Fp89 126 0.855 1.000 0.632 0.806 0.944 0.893 0.780 0.808 0.950
Fp89 128 0.145 0 0.368 0.194 0.056 0.107 0.220 0.192 0.050
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Appendix Continued

Sampling locations

Locus Allele Thule Kanger Scoresby. Maniitsoq Canada Alaska Iceland Norway Saker falcons

(n) 31 16 38 18 8 28 25 13 20
Fp92-1 107 0.194 0.219 0.237 0.222 0 0 0 0 0
Fp92-1 113 0.742 0.750 0.724 0.722 0.875 0.804 0.520 0.423 0.750
Fp92-1 115 0 0 0 0 0 0 0 0.1538 0.025
Fp92-1 117 0 0 0 0 0 0 0 0 0.050
Fp92-1 121 0.065 0.031 0.040 0.056 0.125 0.161 0.480 0.423 0.125
Fp92-1 123 0 0 0 0 0 0.018 0 0 0.050
Fp92-1 125 0 0 0 0 0 0.018 0 0 0
(n) 31 16 38 18 9 28 25 13 20
Fp107 211 0 0 0 0 0 0.214 0 0.154 0.150
Fp107 212 0.355 0.438 0.605 0.639 0.889 0.607 0.080 0.731 0.425
Fp107 213 0.645 0.563 0.395 0.361 0.111 0.179 0.920 0.115 0.425
(n) 31 16 38 18 8 28 25 9 20
Fr34 153 0.436 0.344 0.618 0.500 0.250 0.464 0.160 0.389 0.550
Fr34 157 0.565 0.656 0.382 0.500 0.750 0.536 0.840 0.611 0.450
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