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1 | INTRODUCTION

Genetic signatures of connectivity between island and mainland
populations have been the subject of numerous studies in evolu-
tionary and conservation biology. In fact, foundational evolutionary
models of the new modern synthesis were formulated specifically
considering islands and island-mainland scenarios (Wright, 1931,
1932). Due to geographical isolation and reduced migration, island
populations can often evolve independently from other island and
mainland populations, and are thus often characterized by unique
traits, or even recent speciation events (e.g., Amouret et al., 2016;
Gross, 2006). However, island populations may suffer from low ge-
netic variation, and thus be more prone to inbreeding depression
or extinction, both due to “founder effect” bottlenecks during col-
onization and as a result of increased genetic drift in small isolated
populations (e.g., Frankham, 1995; James et al., 2016). The reduced
genetic variation may result in less evolvability, and the populations
may not be able to adapt to local conditions (Sgro et al., 2011).
Variation within both island and mainland species at high lat-
itudes have been shaped by Ice Age glacial periods, with the last
glacial maximum 20-25 thousand years ago seeing glacial sheets
covering large region of northern Europe and the islands in the North
Atlantic, such as Iceland and Greenland (Geirsdéttir et al., 2007).
Genetic variation in many terrestrial species in this region reflect
these historical changes, where populations diverged in allopatry
at southern refugia during the glacial periods and after expansion
following the retreat of glaciations. As a result, there may be little
variation within population but sharp boundaries at secondary con-
tact zones (e.g., Hewitt, 2001), and even subspecies which are fre-
quent at high latitudes (Botero et al., 2014). This is true for several
species of birds despite high dispersal capacity and migratory be-
haviour. However, birds often exhibit strong philopatry that greatly
shapes realized dispersal (Greenwood & Harvey, 1982). For example,
several subspecies of birds, characterized by morphological differ-
ences are restricted solely to Iceland or to the island and its imme-
diate neighbouring countries (Petersen, 1998). Whether observed

from each other and are characterized by inbreeding and little variation. Temporal
differences also highlight a pattern of regional populations persisting despite the po-
tential for admixture. All sampled populations generally showed a decline in effective
population size over time, which may have been shaped by four historical events: (1)
Isolation of refugia during the last glacial period 110-115,000years ago, (2) popula-
tion divergence following the colonization of the deglaciated areas ~10,000years ago,
(3) human population expansion, which led to the settlement in Iceland ~1100years

ago, and (4) human persecution and exposure to toxic pollutants during the last two

conservation genetics, dispersal, inbreeding, phylogeography, population size, temporal

differentiation has resulted from historical changes prior to island
colonization (e.g., allopatric divergence in glacial refugia followed by
dispersal), or whether selection to new island conditions have been
the key driving force is unclear, but insights can be gained by analysis
of contemporary and historical genomic variation.

The white-tailed eagle (Haliaeetus albicilla, Linnaeus, 1758) is a
large and long-lived raptor with an average lifespan of 17-25years
(del Hoyo et al., 1992; Hailer et al., 2006). The species range spans
central and northern Asia, as well as most of Europe, extending out
to the islands of Iceland and southwestern Greenland. It is consid-
ered to be a habitat generalist with a high dispersal potential (c.f.
Hailer et al., 2007) and being an apex raptor it is an important indica-
tor of environmental health (Badry et al., 2022). Habitat destruction
and the expansion of humans into their territories during the last
millennia (Kremer, 1993) may have restricted the population sizes
of eagles via, for example, settlement of coastal sites and islands in
the North Atlantic (Batt et al., 2015; Jackson et al., 2018). During
the 19th and 20th centuries the white-tailed eagle experienced
severe population declines and became locally extinct in several
countries in western Europe, including Denmark and the British
Isles (Ehmsen et al., 2011; Langguth et al., 2013; Love & Ball, 1979;
Treinys et al., 2016). These population declines resulted primarily
from human persecution (Bijleveld, 1974; Love & Ball, 1979) and the
toxic effects of organochlorines and neurotoxins during the 20th
century (Helander et al., 1982, 2002; Skarphédinsson, 2003). Some
of these negative effects have been mitigated by conservation pro-
grammes introduced in the late 20th century to help reintroduce the
species to its former areas, for example as implemented in the UK
(e.g., Royal Society for the Protection of Birds, 2023), and by the re-
duction of harmful substances in the environment such as persistent
organic pollutants (POPs) (EPA, 2001). A decline in human densities
in more rural areas, i.e., urbanization, in the late twentieth century
may also have favoured the re-establishment of eagles in now less
impacted coastal territories. Currently the species is categorized as a
least-concern species by the International Union for Conservation of
Nature (IUCN), and its census population size has been reported to
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be growing (Birdlife International, 2020), although still endangered
in some countries.

Despite recent increases in census counts, the reduction in ge-
netic variation and population size may have reduced the potential
of white-tailed eagles to adapt to environmental changes, and de-
creased the efficacy of selection to purge deleterious mutations
from the collective gene pool (e.g., Hoban et al., 2020). Recent stud-
ies have shown that genetic diversity has been decreasing globally
since the industrial revolution (Leigh et al., 2019), and concerns have
been raised that this has been neglected in management and conser-
vation policy (Hoban et al., 2021). Prior studies on genetic variation
in mitochondria and microsatellites have not assessed temporal vari-
ation in white-tailed eagles. Assessment of spatial variation among
the white-tailed eagle populations in northern Europe revealed
no obvious signs of bottlenecks, possibly as the span of individual
population bottleneck events has been short in comparison to the
bird's lifespan (Hailer et al., 2006). Similarly, mitogenomic variation
in the white-tailed eagle samples studied here, revealed two distinct
lineages within countries, despite small population sizes and low
haplotypic diversity (Hansen et al., 2022). However, a full genome
analysis of a single white-tailed eagle individual from Greenland sug-
gested that a severe reduction in N, coincided with the beginning
of the last glacial period, around 110 thousand years (kyr) ago, and
that the population size was small and stable from last glacial max-
imum (c. 25-30 kyr) to end of the last glacial period (10 kyr ago)
(Nadachowska-Brzyska et al., 2015).

Previous demographic studies based on the mitochondrial con-
trol region of the white-tailed eagle (Hailer et al., 2007; Honnen
et al., 2010; Langguth et al., 2013), as well as the entire mitoge-
nome (Hansen et al., 2022), have revealed two major genetic clus-
ters within the species range, one in western Europe and the other
in eastern Europe and Asia, which were shaped by refugia during
the last glacial period of the present Ice Age. The mtDNA study by
Hailer et al. (2007) reported minor variation in the populations in
Greenland and Iceland and suggested a shared recent matrilineal or-
igin with populations in north-western Europe, with high diversity
in Estonia. A more recent analysis of the mitogenome data set re-
vealed a more complex pattern, with polyphyletic lineages in Iceland,
Greenland, and Norway, and where the recently established popula-
tion in Denmark showed signs of admixture between the two main
clusters (Hansen et al., 2022).

The white-tailed eagle has strong intergenerational site fidelity,
and there are no reports of migrants between Greenland, Iceland,
and mainland Europe (Birdlife International, 2020; Lyngs, 2003). The
populationin Greenlandis classified asa subspecies, (H. albicilla groen-
landicus Brehm, CL, 1831) due to its comparatively larger body size
(Salomonsen, 1979). The number of breeding pairs in Greenland has
increased in recent decades, from less than 75 pairs (Hansen, 1979)
to around 200 pairs today (Boertmann & Bay, 2018). Similarly, the
population in Iceland plummeted to around 20 pairs before conser-
vation efforts were enacted in 1914, but did not increase in numbers
until a ban on fox poisoning was introduced in 1964 although at a
slow rate (Petersen, 1998; Skarphédinsson, 2013). In a 2022 study
of 92 territorial pairs only 38 chicks fledged (Natturufraedistofnun

islands, 2022). The Norwegian population, presently the largest in
Europe, consists of around 2000 breeding pairs (Jais, 2020). As in
several other countries in Europe, the Danish population became ex-
tinct at the beginning of the 20th century but was re-established in
1995 from expanding neighbouring areas, and by 2020 it numbered
133 breeding pairs (Skelmose & Larsen, 2021). In Estonia, prior to the
19th century there was a large population consisting of c. 400-500
breeding pairs (Lohmus, 1998), but by the end of the 19th century;, it
had declined to only 20 pairs (Randla & Oun, 1980). Today however,
it has recovered to an estimated 290-330 pairs (Elts et al., 2019).

In this study, whole genomes from historical (up to 130years old)
and contemporary samples from the two isolated island populations
in Greenland and Iceland are studied and compared with samples
from the mainland populations in Norway and Denmark. Three con-
temporary samples from Estonia, and a single historical specimen
from Turkey are also included. We specifically evaluate the impact of
population size and bottlenecks on the Iceland and Greenland popu-
lations in comparison with the large mainland population in Norway
and the recently established population in Denmark as well as the
historical samples. The historical samples coincide with the onset of
a reported reduction in population size (~100-200years ago). Our
key aims are to examine population structure across the sampled
region, as well as to evaluate the differences between the island and
mainland populations with respect to diversity, inbreeding, and his-
torical demography of these populations back to the last interglacial

period.

2 | MATERIALS AND METHODS

Tissue was obtained from 92 specimens, of which 63 were contem-
porary samples (42 blood, 12 toepads and 9 skin/muscle tissue sam-
ples), and 29 were historical toepad samples from the north Atlantic
islands, Greenland (N = 20) and Iceland (N = 27), as well as from
two sites in mainland Europe (Denmark, N = 16 and Norway, N = 25)
(Table 1, Table S1, and Figure 1). Furthermore, three contemporary
samples from Estonia and one historical sample from Turkey were
included for reference. The historical specimens were originally
sampled between 1885 and 1937, except for two Icelandic speci-
mens that were from 1950, while all contemporary individuals were
sampled post-1990 (full individual sampling information presented
in Table S1). A description of specimen origin, handling, as well as
DNA extraction and sequencing can be found in the Supporting
Information.

The base quality in all raw sequence data was checked using
FastQC (Babraham Bioinformatics, 2010). Adapters were removed
using AdapterRemoval version 2 with standard settings, provid-
ing adapter sequences for samples and the arguments --collapse
and -trimns (Schubert et al., 2016). The trimmed sequences were
mapped to the confamilial golden eagle (Aquila chrysaetos) genome
(GCA_900496995.3) using bwa aln, samse, and sampe, with the
flags -q 15 and -k 1 (Li & Durbin, 2009). The golden eagle was de-
liberately chosen as the reference to minimize the potential of map-
ping biases (Gopalakrishnan et al., 2017) and because its assembly
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TABLE 1 Molecular diversity per country and overall, for contemporary (C) and historical (H) samples.

Country Time N He Ho
Greenland C 12 0.1537(0.191) 0.1649 (0.220)
H 8 0.1407 (0.190) 0.1609 (0.245)
Iceland C 25 0.1351 (0.185) 0.1407 (0.202)
H 2 0.0789 (0.179) 0.1482 (0.34¢)
Norway C 12 0.3014 (0.156) 0.317(0.201)
H 13 0.2855 (0.169) 0.3072(0.234)
Denmark C 11 0.2718 (0.172) 0.281(0.211)
H 5 0.2406 (0.205) 0.3091 (0.329)
Estonia c 3 0.2539 (0.196) 0.3052(0.297)
Turkey H 1 0.1458 (0.227) 0.2916 (0.455)
Overall - 92 0.2501 (0.145) 0.2112(0.136)

Note: Sample size (N). Expected and observed heterozygosity (Hg and H,

Mean

Fis Fy Fron IBS-distance
-0.0729 0.362(0.027) 0.349 (0.016)  0.124(0.004)
-0.1436 0.386 (0.016) 0.459 (0.226)  0.116(0.007)
-0.0415 0.456 (0.049) 0.435(0.050)  0.108 (0.008)
-0.8783 0.410(0.064)  NA? 0.094 (NA)
-0.0518 -0.22(0.042) 0.081(0.225)  0.256(0.014)
-0.0760 -0.21(0.047) 0.066 (0.406)  0.239 (0.050)
-0.0339 -0.089 (0.089) 0.145 (0.065)  0.232(0.032)
-0.2847 -0.23(0.14) 0.090(0.418)  0.238(0.017)
-0.2021 -0.19 (0.033) 0.070(0.018)  0.249 (0.0039)
NA -0.14 69 NA

0.1555 0.13(0.31) 0.196 (0.262) ~ 0.230(0.058)

, respectively) calculated per SNP per population, which were used to

calculate the inbreeding coefficient (FIS)‘ The inbreeding coefficient based on overall proportions of heterozygous sites (FH) and mean IBS-distance

between individuals are also reported. Standard deviations are displayed in parentheses.

?Fron for Historical Iceland were not included since those samples had >50% missing SNP data.

is more complete than that of the white-tailed eagle. The available
white-tailed eagle genomes originate from Greenland, UK, and
Germany, and thus are not equally related to all populations stud-
ied here and might introduce errors in the analyses, that is, ref-
erence bias (Gopalakrishnan et al., 2017, 2022). The golden eagle
genome has also been assembled to chromosome-level complete-
ness and annotated, thus enabling us both to identify and exclude
sex chromosomes in some downstream analyses and to identify
the genes present in regions under selection. Picard Tools (Broad
Institute, 2020) was used to remove duplicate reads. To account
for probably damaged bases, the base quality score was rescaled
with mapDamage 2.0 (Jonsson et al., 2013). Genotypes were called
using GraphTyper2 (Eggertsson et al., 2019) with standard settings.
The VCEF file for the 92 individuals was filtered using VCFtools,
BCFtools, and VCF-annotate: SNPs had to have a minor allele count
of one, quality of 1000, genotype quality 20, mapping quality 30,
max. missingness of 25%, and an allelic heterozygosity balance be-
tween 0.2 and 0.8. Individuals had to have a sequencing depth of
eight for a particular SNP to have it called. Only the known auto-
somes 1-26 (LR606181.1-LR606206.1) from the golden eagle ge-
nome were analysed in this study (these make up 84.43% of the
full published genome). Linkage filtration was accomplished with
PLINK 1.9 (Purcell et al., 2007).

The Ts/Tv ratio was examined using VCFtools TsTv-summary
(Danecek et al., 2011) to evaluate whether a bias is observed in the
historical samples and whether the transitions should be excluded.
MapDamage 2.0 (Jonsson et al., 2013) was used to investigate nu-
cleotide misincorporation (polymerase incorporation of nonendog-
enous nucleotides in a DNA sequence) between the historical and
contemporary samples, as historical and ancient samples are ex-
pected to have G-to-A and C-to-T substitutions at the 3’- and 5’end
due to post-mortem DNA damage (fragmentation and base modifi-
cation) (Jonsson et al., 2013).

As nest origin was known for the contemporary Icelandic speci-
mens, all specimens selected originated from different nests. To es-
timate relatedness, KING (Manichaikul et al., 2010) was run with the
settings --unrelated and --degree 3. No pair of individuals were found
to be related at third degree or higher, and thus all 92 individuals
were kept.

Diversity within each sample was evaluated based on the ob-
served and expected heterozygosity calculated on a per-individual
basis using VCFtools --het, and per-SNP per-population using
VCFtools --hardy (Danecek et al., 2011). Euclidean distances between
individuals within populations were also calculated as 1-identity by
state proportions (IBS distance) obtained with SNPrelate in R (Zheng
et al., 2012). The heterozygosity along the genome for each popula-
tion, obtained with VCFtools --hardy was inspected visually to assess
whether its distribution varied over the whole genome.

To look for signals of inbreeding in each population, the coef-
ficient F was calculated by comparing the observed and expected
estimates per loci averaged over the genome (from VCFtools --hardy,
for populations with a sample size of five or more to ensure adequate
power when calculating expected heterozygosity) as F s (Nei, 1977).
The inbreeding was also estimated based on the proportions of het-
erozygous sites (F,) (from VCFtools --het) as in PLINK, and by runs
of homozygosity (ROH) using PLINK homozyg (Fg.,,), defined as the
sum of ROH length for an individual divided by the total length of
the autosomes (McQuillan et al., 2008). The settings for ROH were:
homozyg-window-snp 10, homozyg-window-missing 10, homozyg-
window-het 1, homozyg-snp 30, homozyg-kb 500, homozyg-gap 1000,
homozyg-density 200. It has been shown that F, and especially Fpq,,
can reflect true inbreeding signatures (Forutan et al., 2018; Kardos
et al., 2015).

The population structure, admixture, and divergence were fur-
ther examined with a principal component analysis (PCA), admixture
plot, Weir and Cockerham's F¢; (Weir & Cockerham, 1984), and net

85U8017 SUOWILIOD BAIISD) 8|qeo!dde 8y} Aq pauiencb afe sejone VO ‘8sn Jo s 1oy Ariqi8uluO A8|1M UO (SUOTIPUOD-PUe-SLLIBYAL0D" A3 |1 AfeIq 1[eUT|UO//SdNY) SUORIPUOD Pue SWe | 8U188S *[£202/20/ST] uo AriqiTauliuo A |im ‘(1ue Xedo) Jue Siweld Aq 8589T 99W/TTTT OT/I0p/Woo A3 (1M AReid i jpuljuo//Sdiy Woiy papeojumod ‘0 ‘X#6259ET



HANSEN ET AL.

VOLECULAR ECOLOGY INVVST B eaVa

o,
Q

DK_C
DK_H
EESE
GL_C
GL_H
I1S_C
IS_H
NO_C
NO_H
- TU_H

®O00:

@ <

0 1.000 2.000 3.000 km
L Ea——

FIGURE 1 Maps of the sample sites and the species range. Locations of known sampling sites for the 92 white-tailed eagle individuals are
marked with specific colours per country. Dots represent contemporary samples, and diamonds represent historical samples. The map in the
corner shows the species distribution in orange. The red square is the part that makes up the larger map. GL_C, contemporary Greenland;
GL_H, historical Greenland; IS_C, contemporary Iceland; IS_H, historical Iceland; NO_C, contemporary Norway; NO_H, historical Norway;
DK_C, contemporary Denmark; DK_H, historical Denmark; EE_C, contemporary Estonia; TU_H, historical Turkey.

pairwise IBS distances between populations. To generate the PCA,
EIGENSOFT (Patterson et al., 2006; Price et al., 2006) was used with
standard settings, except the option numoutlieriter was set to 0, and
it was run with Isqproject. For Isqproject, 61 individuals were used
to make the initial PCA which the remaining 31 individuals were pro-
jected on. The 61 individuals had a maximum missingness of 13%
(see Table S1), which meant all sample groups (locality/time), except
historical Icelandic, were represented in the initial PCA using 61 in-
dividuals. A total of 218,115 variable sites were used in the analysis.
The ADMIXTURE (Alexander et al., 2009) analysis was run with 100-
fold cross-validation (-cv = 100) and with 200 iterations for K = 1-15.
The program was considered to have converged to a given K-value if
delta was below 107 for five iterations in a row. Weighted Fer was
calculated using standard settings in VCFtools. Pairwise Euclidean
distances of nonidentical-by-state (1-IBS) genotypes were calcu-
lated from IBS values obtained with SNPrelate (Zheng et al., 2012) in
R. The difference in IBS distances between temporal samples within
localities was tested with a Wilcoxon test (Sokal & Rohlf, 2012).
Net IBS distances (D g) were calculated separately between the

historical and the contemporary samples as D = du.-(d,.,. +djj)/2 (Nei
& Li, 1979), where d'.i is the average distance between individuals
from samples i and j and d;; and djj are the average distances within
samples. The probability of the observed outcome (p-value) was es-
timated by permuting the distances 100 times among each pair of
samples, and adjusted using the sequential Holms- Bonferroni pro-
cedure (Holm, 1977).

Following the analyses of structure and divergence, potential
selection or deviation from neutral equilibrium was examined by es-
timating Tajima's D (Tajima, 1989) per population, both for the con-
temporary and historical samples, using VCFtools in nonoverlapping
windows of 50K bases and calculating the mean and standard devi-
ations. Additional signatures of possible selection driving differen-
tiation at individual SNPs and/or gene regions were investigated by
looking for spikes or throughs in differentiation along the genome.
Weir and Cockerham's F was calculated along the genome in non-
overlapping windows of 100K bases between all pairs of population
samples, using VCFtools. The Estonia and Turkey samples were not
included as they were only represented by one temporal sample.
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Outlier estimation across all sampled populations, per SNP, was per-
formed with OutFLANK version 0.2 (Whitlock & Lotterhos, 2015).

Demographic changes over time were estimated with, SMC++
(Terhorst et al., 2017) for all autosomal data. First, by evaluating
the changes in effective population size using the estimate com-
mand, and second to date the divergence of the populations using
the split command. Fifty expectation maximization steps were
enough to reach convergence for all populations, and each popula-
tion analysis and divergence estimation was repeated 10 times. A
generation time of eight years was chosen to allow for comparison
to the work performed in Nadachowska-Brzyska et al. (2015), al-
though generation time may vary over time within species depend-
ing on population density (Araya-Ajoy et al., 2021). A mutation rate
of 3.2 x 1077 per site per year (Nadachowska-Brzyska et al., 2015)
was assumed. The changes in N, were also analysed using stairway
plot version 2 (Liu & Fu, 2015, 2020), with options ninput set at
200 and pct_training at 0.67. The stairway plot method has been
shown to most accurately reflect recent changes in effective pop-
ulation size, with SMC++ generally performing better over longer
time periods (Patton et al., 2019). Unfolded site-frequency spectra
(using the golden eagle reference genome [GCA_900496995.3])
for contemporary Iceland, contemporary and historical Greenland,
and contemporary and historical mainland populations were cal-
culated using easySFS (Overcast, 2022).

3 | RESULTS
3.1 | Quality of sequences

The ratios of transitions to transversions (Ts/Tv) were similar for
the contemporary (2.85) and historical individuals (2.9), suggesting
depurination was not significant across the historical samples. As
low damage was observed with the MapDamage recalculated qual-
ity scores (see below), and as we applied a minimum depth filter of
8, we elected to keep both transitions and transversions for further
analyses. After filtering was complete, the data set included 210,322
total SNPs. The mean depth including missing sites per individual
over all SNPs was 16.2 for the contemporary specimens (ranging
from 4.6 and 41.39) and 10.3 for the historical specimen (ranging
from 3.9 to 35.8) (Table S1). The total number of SNPs and mean
depth (without missing sites) for the analysed SNPs per individual,
with individual heritage information for the 92 individuals are sum-
marized in Table S1. The historical samples had, as expected due to
post-mortem damage, slightly more substitutions than the contem-
porary samples for both the 3’ and 5’ ends which could lead to over-
estimates of diversity, but it is limited just to the very end of the
reads. At the 3’ ends the historical samples had a mean substitution
rate of 0.031 at the first site and 0.024 at the tenth site. For the con-
temporary samples the corresponding numbers were 0.017 at the
first site and 0.023 at the tenth. The same pattern was seen at the 5’
ends for the first and tenth sites, respectively, in the historical sample

(0.031 and 0.023) and the contemporary sample (0.015 and 0.023)
(Figure S1). The substitution rate is increased by 0.01 on average for
the five bases at the end, so its impact on the overall heterozygosity
is small or about 0.1% (e.g., expected to be 2*0.01*0.99 *10/150) due
to those errors.

3.2 | Diversity within samples

The island populations (Greenland and Iceland), had substantially
lower diversity than the mainland populations: the average ob-
served heterozygosity per SNP for the island populations ranged
from 0.14 to 0.17, while the mainland averages are almost double
that, ranging from 0.28-0.32 (Table 1). The observed heterozygo-
sity per individual was 0.16 to 0.17, and in the mainland populations
range from 0.22-0.28 (Wilcox exact test, p <2.2 x 1072, Figure 2).
A similar difference between the island and mainland populations
was observed for the average IBS distance between individuals,
which ranged from 0.1-0.12 and from 0.23-0.26 for the island and
mainland populations, respectively (Table 1). The lowest diversity in
the contemporary populations was found in Iceland (0.1407 aver-
age observed heterozygosity and 0.108 IBS-distance, Table 1). The
largest temporal change in proportions of heterozygous sites across
individuals was observed within Iceland, where it decreased from
0.156 (SD = 0.017) to 0.139 (SD = 0.013) (Figure 2). Observed het-
erozygosity per site only showed a temporal reduction in Denmark
and Iceland (Table 1). IBS-distances were significantly larger within
the contemporary samples than within the historical samples, both
when comparing the averages and the ranks, again except for the
Danish and Icelandic samples (Wilcoxon test p-values: GL = 3.94
%x1078,1S=5.81 x1072,NO = 5.69 x 107>, DK = 8.64 x 107%).

Variation at each locus within populations showed little devia-
tion between the observed and expected values or deviation from
random mating in the mainland populations, and thus no evidence of
inbreeding (F,s). When considering the proportion of expected het-
erozygous sites per individual similar values were observed (0.252-
0.268) for all populations and sample ages. However, for the island
populations, a strong signature of inbreeding was observed. F, val-
ues for the island populations indicate large inbreeding, ranging from
0.362-0.456 (Table 1), with individual F¢ values in the contempo-
rary Icelandic population ranging from 0.384 to 0.595, which had
the highest observed mean F (0.456), with the second highest mean
F,s seen in the historical Icelandic sample (0.410). Contemporary
Greenland, conversely, had a lower mean F g (0.362) than historical
Greenland (0.386). Little or no inbreeding was found in the mainland
populations, ranging from -0.32-0.06 (Figure 2).

Fron displayed the same pattern of inbreeding as F,, (r = 0.98,
p <2.2 x107, Figure $2) when 14 individuals with >50% missing
data were excluded (reducing the data to 78 individuals), as this was
shown to affect the ROH length (r =.39, p= 1 x10™%, Figure S3). The
smaller populations of Iceland and Greenland exhibited higher val-
ues (0.349 and 0.435) than mainland samples (0.07-0.145) (Table 1).
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Contemporary Denmark showed the highest F..,, of the mainland
populations, which makes sense given its much more recent forma-
tion. The number of heterozygotic sites was independent of cov-
erage (r =-.08), but showed a weak correlation with missingness
(r=.31,p=.003).

The contemporary island populations both had elevated levels
of ROH, as did the historical population from Greenland (Figure 3).
A few historical individuals from all localities and one contemporary
Norwegian individual displayed extreme values and a large spread
of ROH. ROH length and depth of coverage for those 78 individ-
uals were uncorrelated (r =-.039, p= .73, Figure S4). Furthermore,
both contemporary and historical samples from Greenland and the
contemporary Icelandic sample show signs of having experienced an
older bottleneck as they have many ROH segments and long seg-
ments. The Icelandic and the contemporary Danish samples are also
located below the diagonal between the number and length of ROH
segments, further indicating recent consanguinity (Figure 3). Most
historical specimens from Norway and Denmark as well as the con-
temporary Norwegian and Estonian samples all show low levels of
number and length of ROH segments, ranging from 28-160 and 25-
265Mb, respectively (Figure 3).

3.3 | Population structure and historical
demographics

The assessment of divergence of samples from the different locali-
ties, based on Fg;, net IBS-distances (D g;) between the contempo-
rary and the historical samples separately, as well as the principal
component analysis (PCA, described below), revealed clear differen-
tiation. In accordance with the PCA plot in Figure 4, the largest con-
temporary F¢; values are between the island and mainland samples
(0.172-0.351, Table 2). The F¢; values between the contemporary
mainland samples are smaller (0.027-0.065) than between the two
island populations (0.16). The temporal comparisons within locality
display lower differentiation, with the largest temporal difference
found in Iceland and Denmark (FST, DIBS), with p-value in parenthe-
ses: Greenland 0.007, 0.002 (0); Iceland 0.096, 0.033 (0.01); Norway
0.014, 0.010 (0); and Denmark 0.069, 0.028 (0). The distance met-
rics for the historical populations follow the same pattern as the
contemporary ones, except for Fy for the small Icelandic popula-
tion which shows the same distance to Norway and Denmark as
it does to Greenland (~0.190), possibly due to the small size of the
historical Icelandic sample. Both pairwise F¢; and D g¢ show larger
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differentiation between the contemporary samples than between
the historical samples.

The EIGENSOFT PCA analysis, based on 218,115 variable
sites, resulted in a clear split between the mainland (Denmark and
Norway) and the two island populations (Greenland and lceland)
on the first PCA-axis (explaining 13.55% of the total variation),
but separated the two on the second PCA axis (explaining 4.58%)
(Figure 4a). The contemporary Danish population (excepting one
individual) is distinct from the rest of the mainland as well as the
historical Danish samples, while only a minor distinction is observed
between the contemporary and historical samples for all other pop-
ulations (Figure 4). An additional analysis of only mainland samples
showed similar clustering as when the second and third principal
components were compared in the full analysis (Figure 4b), where
both contemporary and historical Norwegian samples cluster to-
gether, contemporary Danish samples remain distinct, the historical
Turkish sample clusters with the historical Danish samples, but one
contemporary Danish sample clusters with the three contemporary
Estonian samples.

All runs of ADMIXTURE (K = 2-15) converged per the criteria of
delta being below 107 for five iterations in a row. Cross Validation
(CV) errors were similar for K values between 2-6. Although the best

supported value of K, according to a minimum CV error criteria, was
K =4, which split the populations up into the two distinct island pop-
ulations of Iceland and Greenland, a Norwegian population, and then
an admixed Danish, Estonian, and Turkish population (Figure 5a).
Although the K = 2 (Figure 5b) separates the island and the main-
land populations (similar to the first PCA-axis). At K = 3 (Figure 5c)
Norway separates from the rest of the mainland populations. For
K = 3-6 (Figure 5c-e), further splits are observed: the historical
Icelandic individuals get a separate signature from the contemporary
Icelandic, and the contemporary Danish population seems to be a
mixed population (perhaps containing something from an unsampled
origin) and contains one individual with a signature like the Estonian
individuals. The historical Danish and Turkish individuals display the
same signature.

A majority of the Tajima's D values in all populations are positive
and skewed to the right, especially for the island populations and
the historical Danish sample (Table 3 and Figure S5). A large fraction
of the Tajima's D values in the island populations, and especially in
Iceland, exceeds two standard deviations, indicating significant val-
ues, and the large proportion of positive Tajima D values reflects
larger mean nucleotide diversities than expected based on the num-
ber of segregating sites.
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The divergence between populations, as measured by per SNP
F¢; estimates, appeared homogeneous across all autosomal regions
of the genome (Figure S6). No outliers were identified by OutFLANK,
and the distribution of the F showed a lack of high F¢; SNPs, that is,
the observed frequencies of F¢; >0.3 were all fewer than expected
(Figure S7).

Analysis of the changes in N, over time with SMC++ and stairway
plot showed similar fluctuations in population sizes since the last in-
terglacial period, although SMC++ showed considerably lower pop-
ulation sizes (Figure 6). A large reduction in population size happened
during the Eemian period 110-150 kyr ago, but if a slightly shorter
generation time was used (seven years instead of eight) the drop oc-
curred right at the onset of the glaciation at the end of the Eemian
interglacial period. Following that drop, population sizes remained
rather stable until about 10,000 to 20,000years ago, during or just
after the last glacial maximum, when the population sizes dropped

again. This population reduction is not as evident in the SMC++ re-
sults as in the stairway plot output for the Danish population, which
remained rather stable until around 1000years ago when a drop was
observed along with the Norwegian population. A further inspec-
tion of the recent changes in the stairway plot shows a drop around
1700-3000years ago and a continual population decline during the
last 500years. Very low estimates of current N, were reported for
the contemporary populations. Both the island populations had a
median N, estimate of just two individuals, where Iceland had an
upper (97.5%) confidence level threshold of 10 while Greenland had
an upper threshold of 14. The mainland population estimates were
similarly low, with a median N, value of four in Denmark and five in
Norway, although both had higher upper thresholds of 25 and 42,
respectively. It should be noted that the effective recombination
rate (rho), estimated with SMC++, was considerably higher than the
effective mutation rate (theta) (0.0001, SE = 0) and varied between
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TABLE 2 Mean Fy; above the horizontal line, and distance based on Identity-by-State below (D,gc), with p-value above the diagonal.

Contemporary

Fyr GL IS NO DK EE
GL

IS 162

NO 173 .233

DK 172 221 .065

EE .260 .351 .027 .053

Dygs GL IS NO DK EE
GL .000 .000 .000 .000
IS .047 .000 .000 .000
NO .086 .084 .000 .000
DK .089 .086 .035 .000
EE .086 .085 .023 .029

Historical

Fsr GL IS NO DK
GL

IS .030

NO 134 -.059

DK .187 -.063 .003

TU .241 .292 -.081 -.096
Dygs GL IS NO DK
GL .010 .000 .000
IS .045 .050 .040
NO .085 .091 .040
DK .075 .079 .016

Note: Left only comparison of contemporary samples, right only comparison of historical. p-value, given for the IBS-distances above the diagonal are
based on 100 permutations. Abbreviations refer to country: GL, Greenland; IS, Iceland; NO, Norway; DK, Denmark; EE, Estonia; Tu, Turkey.

the populations. Estimates of rho were highest in the island pop-
ulations of Greenland and Iceland (0.01, SE = 0), lower in Norway
(0.007, SE = 6 x107°), and lowest in Denmark and Estonia (0.006,
SE=5x107).

Looking only at the populations as defined by the best supported
ADMIXTURE results (Iceland, Greenland, Norway, Mainland), aver-
age dates of divergence estimates from the SMC++ split command
showed that Iceland and Greenland had diverged from each other
4278 years ago (95% confidence interval [Cl]: 3470-5085), while the
two island populations together had diverged from Norway and the
mainland 7835years ago (95% Cl: 5536-10,133). The Norwegian
population became distinct from the other mainland populations
948 years ago (95% Cl: 276-1620).

4 | DISCUSSION

Despite their possible dispersal capabilities, white-tailed eagles
show clear population substructure in the North Atlantic, based
on genome-wide analysis. The main split between populations is
observed between the island populations (Iceland and Greenland)
and the mainland (Norway, Denmark, Estonia, Turkey), with the
island populations harbouring less genetic diversity than the main-
land populations. A split of Iceland bird populations from mainland
conspecifics has been found for other species, including species
with limited dispersal abilities, such as wrens (Troglodytes trog-
lodytes) (Amouret et al., 2016), and migratory birds, such as the
black-tailed godwit (Limosa limosa islandica) (Trimbos et al., 2014).
The two islands are also differentiated from each other, and the
Norwegian population appears well diverged from the other sam-
pled mainland populations. Interestingly, fine-scale clustering
(K = 6, Figure 5e) in the structure analysis splits the small popula-
tion within Iceland into two groups. The basis for this split is un-
clear and warrants further study.

Comparisons of contemporary and historical samples, on aver-
age dating back over 100years, show no major temporal changes
in population structure. The historical samples from the extinct
Danish populations (Ehmsen et al., 2011), appears admixed through-
out, showing the strongest association with the similarly admixed
Estonian and Turkey samples, along with only three of the 11 con-
temporary individuals from Denmark. The newly established con-
temporary Danish population is somewhat divergent and less mixed.
All analyses generally suggest that the connectivity between the
islands and the mainland has consistently remained low at least over
the last 10,000years.

The genome-wide pattern of the two island populations de-
scending from a shared ancestral population, distinct from the
remainder of the European mainland samples studied, contrasts
with the mitogenomic lineages in Greenland, Iceland, and Norway,
which are polyphyletic, each containing lineages from two distinct
mitogenomic clades (Hailer et al., 2007; Hansen et al., 2022). The
mitochondrial variation was shown to deviate from neutral expec-
tation (Hansen et al., 2022), possibly owing to selection on the W-
chromosome due to shared inheritance and linkage disequilibrium
between the W-chromosome and mitochondrial DNA in birds.
Despite clear divergence between the geographic populations, the
distribution of F¢; values are on the smaller side (~0.2) with respect
to their range. This, coupled with positive values of Tajima's D, indi-
cates higher variation within populations than expected based on the
number of segregating sites. It is unlikely that this is due to migration
or admixture as migration has been shown to be limited, but this
may reflect the impact of selection where heterozygous individuals
could have higher fitness, as they are less likely to be homozygous
for deleterious mutations, resulting in associative overdominance
at linked neutral sites. Such effects have been shown to be more
probable in small populations and would lead to overestimates of the
effective population sizes (Charlesworth & Jensen, 2021; Pélsson &
Pamilo, 1999). The lack of large F¢; values is furthermore noteworthy
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FIGURE 5 Admixture plots were obtained with ADMIXTURE for a different number of clusters (K). The best supported K, according

to a minimum CV error criteria, was K = 4, shown in (a). (b) K= 2, (c) K= 3, (d) K= 5, (e) K = 6, (f) K = 7. The value on the y-axis shows the
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Temporal
Country sample N_SNPs TajD mean (SD)
Iceland C 18,220 0.951 (1.110)
Iceland H 7814 1.374 (0.788)
Greenland C 18,531 0.754 (1.050)
Greenland H 17,697 0.776 (0.881)
Mainland C 20,811 1.224(0.613)
Mainland H 20,756 1.114 (0.617)
Norway C 20,714 0.898 (0.614)
Norway H 20,619 1.052 (0.608)
Denmark C 20,637 0.701 (0.681)
Denmark H 20,162 0.924 (0.544)
Estonia C 20,217 0.271(0.665)

TABLE 3 Results from the Tajima D

P (<=2, >0, >2) test.

0.001,0.785,0.181
0,0.889,0.105
0.002,0.763,0.104
0,0.780, 0.058
0,0.960, 0.082
0,0.950, 0.057
0,0.919,0.022
0,0.942,0.041
0,0.846,0.014

0, 0.940, 0.009
0,0.667,0.0006

Note: Mean Tajima's D (TajD) and sd in parentheses, and number of SNPs used in Tajima's D analysis
(N_SNPs). Proportion of sites along the genome being less than -2, above 0, or above 2.

as it may reflect the limited evolvability of these small island popula-
tions, despite being isolated and living in such distinct environments
as arctic Greenland and subarctic Iceland, in comparison with tem-
perate mainland Europe.

The observed level of inbreeding varied depending on the es-
timation approach used, whether it was based on per-SNP within
the population (F ), or per-individual (F,,, and Fgq,,), as the refer-
ence population varied. When it was based solely on individuals
from their own populations (F,¢), no inbreeding or deviation from
Hardy-Weinberg equilibrium was observed. However, when in-
breeding was estimated based on comparing each individual with
the variation within the total sample, a clear difference was ob-
served. Then the levels of inbreeding (F,,) for the island popula-
tions were comparatively very large (0.35-0.46), while staying
close to zero in the mainland populations, and much lower pro-
portions of heterozygous sites were observed in the islands than
in the mainland populations. The two coefficients based on the
individual genomic patterns F, and Fpq,,, known to reflect well the
“true” level of inbreeding (Forutan et al., 2018; Kardos et al., 2015)
gave similar outcomes and suggest substantial inbreeding in both
island populations. Generally, larger genetic distances between
individuals were observed in contemporary samples than in the
historical populations. Such changes could result from larger scat-
ter (i.e., drift) due to fewer heterozygous sites in the island pop-
ulations than in the mainland and longer runs of homozygosity
as have been seen for example, in studies of human populations
(Price et al., 2006). Similarly, genetic variance in quantitative traits
has been found to increase within populations with inbreeding,
where genetic factors segregate among different lines in linkage
disequilibrium (Wang et al., 1998), contrary to the more general
assumption that a population bottleneck should reduce gene di-
versity and genetic heterozygosity per loci in the population (Crow
& Kimura, 1970). All sampled populations show signs of a recent
bottleneck. However, the analyses of genetic variation reveal
strong signals of ancient bottlenecks and lower diversity in the
island populations than in the mainland populations.

Temporal comparisons within localities generally displayed simi-
lar genetic signatures, except for the samples from Denmark and, to
a lesser extent, Iceland. In Denmark, we find a difference between
the historical and contemporary samples in the PCA and the ad-
mixture composition. This is not surprising as the population went
extinct in Denmark and has since been reestablished (Skelmose &
Larsen, 2021), and thus the two temporal populations do not nec-
essarily share a direct recent common ancestor. This is consistent
with the pattern seen in a Japanese population of the closely related
golden eagle, where following a local collapse an influx of genetic
diversity from North America was observed (Sato et al., 2020). The
population in Iceland, which went through a strong recent bottle-
neck (Petersen, 1998; Skarphédinsson, 2003, 2013), also shows a
difference between the contemporary and historical samples as re-
vealed by the PCA, ADMIXTURE, and IBS comparison. Furthermore,
less heterozygosity and higher inbreeding are observed in the con-
temporary Icelandic sample compared to the historical sample.
Although this difference may be biased due to the small historical
sample size, missing data, and overestimation of heterozygosity due
to post-mortem damage, the signal is consistent for the different as-
sessments of diversity and is also supported by the effective popu-
lation size analysis that shows an ongoing decline. The post-mortem
damage was just restricted to 5bp at the ends of reads and had only
a minor potential effect on the heterozygosity. Thus, even though
the white-tailed eagle is long-lived, and the recent bottleneck is
moderately short (c. 150years), it has affected the variation within
the Icelandic population. Although no clear reduction is otherwise
observed in heterozygosity between the temporal samples, as has
been observed for several species since the industrial revolution
(Leigh et al., 2019), all populations exhibit considerable population
reductions for the last centuries and over larger time scales.

Effective population sizes were large during the interglacial
Eemian period 110-150 kyr ago and dropped around the onset
of the last glacial period. The populations remained relatively
stable until the last glacial maximum about 20-25 kyr ago, when
three other declines were reflected in the analysis. (1) During the
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FIGURE 6 Effective population size (a) "
estimates over time, including only
contemporary samples from Iceland

(N = 25), Greenland (N = 12), Norway
(N=12), and Denmark (N = 11).
Generation time is fixed at 8 years, and
mutation rate at 3.2 x 1077 per site per
year. Note that the scale of the y-axes
differ between each plot. (a) Results from
the SMC++ “estimate” analysis. Each
population analysis was replicated 10
times, and the result of each replicate is 10
represented as a single transparent line.

(b) Results from the stairway plot analysis.

Solid lines represent the median N, value

for each population, while dotted lines

represent the upper (97.5%) and lower 0
(2.5%) estimates for each population. Both

(a) and (b) show a temporal range on the

x-axis between 1000 and 200,000years Years ago
ago. Broken lines represent key (b)
paleogeographic events: a dashed line at 600
10,000vyears ago shows the end of the last

glacial period when Iceland and Greenland

became feasible habitats; a dotted line

at 25,000vyears ago shows roughly the

last glacial maximum; and finally two 400
dash-dotted lines between 110,000 and
150,000years ago show the range of the
last interglacial warming period (Eemian).
(c) A zoomed in view of the stairway plot
analysis showing the recent fluctuations in
N, over the last 3500years.
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last glacial maximum (Clark et al., 2009; Lisiecki & Raymo, 2005)
10-20 kyr ago, the Iceland and Greenland population sizes de-

creased substantially, during which time the metapopulation may
have become isolated in two or more refugia, as has previously
been suggested (Hailer et al., 2007; Hansen et al., 2022; Langguth
et al., 2013), possibly before the colonization of the islands. This
signature of diversification within multiple possible refugia can be
contrasted with the study by Pujolar et al. (2017) on pink-footed
geese (Anser brachyrhynchus), which despite a similar dispersal ca-
pacity as the white-tailed eagle shows a signature of only a single
surviving refugia population diversifying following the last glacia-
tion period.

This drop is not reflected for the Norwegian and Danish popu-
lations in the SMC++ output, whereas the main drop in the main-
land populations only occurred during the last 1-2 kyr, although the
stairway plot results estimate a Norwegian and Danish population
collapse around roughly the same time as the island populations.
Thus the split of the island ancestral population could have occurred
before the colonization of the islands at the end of the glaciation
period 10-15 kyr ago, as they may have been derived from an ex-
tinct lineage, for example, from the British isles or western Europe,
which had started to diverge from the mainland population during a
period of multiple glacial refugia. (2) A second drop apparent in the
stairway plot results happened for all populations between ~2-4 kyr
ago, which could indicate the establishment of the different pop-
ulations identified in the PCA, ADMIXTURE and IBS analysis after
the end of the last glacial period within the sampled localities (Clark
et al., 2009; Clark & Mix, 2002). Finally, (3) the most recent large-
scale drop in population size on the mainland around a thousand
years ago coincides with a period of human expansion in northern
Europe (Kremer, 1993), including settlement in Iceland around the
year 871 (Batt et al., 2015). White-tailed eagle bones have been
found in human settlements and may thus have been hunted by
humans (Price et al., 2018). Finally, other than these three major
declines in population size, we also see a drop in effective popu-
lation size for all populations during the last centuries, which could
well be an anthropogenic effect following the industrial revolution,
including human persecution in the 19th century and organic toxic
pollutants known to have had a detrimental effect on reproduc-
tive success in the eagles during the 20th century (Bijleveld, 1974;
Helander et al., 1982, 2002; Love & Ball, 1979; Walker et al., 2009).

Nadachowska-Brzyska et al. (2015) analysed the demographic
changes based on a single individual from Greenland with PSMC (Li
& Durbin, 2009) and obtained the same pattern of population decline
following the Eemian interglacial period, albeit yielding much higher
effective population size estimates than our SMC++ analysis. While
SMC++ and stairway plot generally yielded similar effective popula-
tion fluctuation patterns, effective population size estimates varied
considerably, with stairway plot estimating population sizes 30-60x
higher than SMC++. Furthermore, we do not see as large a differ-
ence in N, between the island and mainland populations as one might
expect based on the census sizes, although the former have clearly
fewer heterozygotic sites and thus higher inbreeding per individual.

This could be explained by the island populations having a higher
estimated recombination rate than the mainland populations which
boosts the N, estimates. In a study by Sellinger et al. (2021), a ratio of
rho/theta = 10 gave less reliable estimates of the coalescence times
than lower ratios. Here, we saw ratios between 60-100, and as stated
by Sellinger et al. (2021), such a high ratio impedes the detection of
any recombination events which may occur before the introduction
of a new mutation. Whether this high recombination rate stems from
the genetic map is unclear, but separate SMC++ analyses for each of
the chromosomes gave similar recombination rate estimates.
Consistent with previous studies for this species (Nadachowska-
Brzyska et al, 2015), and the confamilial golden eagle (Sato
et al., 2020), the overall pattern of the effective population sizes
follows roughly the main known climatic and anthropogenic influ-
ences; however, the confidence intervals are large for the historical
estimates. The estimates for the current effective population sizes
obtained with the stairway analyses are extremely low for all popu-
lations and below the effective population size of 50, the threshold
value which has been suggested for populations to avoid inbreeding
depression in the short term (Franklin, 1980; Soulé, 1980). Similar
estimates have been observed for other species, for example, the
Madagascar fish-eagle (Haliaeetus vociferoides), for which the ratio of
effective population size to population census size (N,/N ) is about
10%, which follows the general rule despite variation among taxa
(Frankham, 1995). Considering the upper confidence interval for our
estimates of N, and surveys of adult birds, we see a corresponding
ratio for Norway and Iceland around 2.5%-5%. The small current-
day population sizes could lead to several unfavourable scenarios
for the populations; they could not be able to effectively purge del-
eterious mutations, and beneficial mutations have a higher risk of
being lost due to drift (Nielsen & Slatkin, 2013). Further, the small
population size may make them less able to adapt per the “500 rule”,
which has been suggested as the sufficient minimum to retain evo-
lutionary potential (Franklin, 1980; Soulé, 1980); for example, in
the case of climate, habitat, or prey/predator change. Our analysis
further revealed a reduction in heterozygosity, an increasing in-
breeding, and an upsurge in drift during the 20th century for the
small Icelandic population, suggesting its existence may be at risk
and it may suffer from inbreeding depression (Hartl & Clark, 2007
Nielsen & Slatkin, 2013). Although the Icelandic population has
been recovering for the last 40years, where the number of breed-
ing pairs per year has increased from 20 pairs to about 80, the re-
productive rate is low, with only 0.5 chicks per pair per year (Evans
et al., 2009; Skarphéainsson, 2003, 2013) or about one-third of the
rate in Sweden (Helander et al., 2013). Although the heterozygos-
ity loss in Iceland is small, a loss of just 5%-10% over 100years has
been suggested to cause a risk of population extinction (Allendorf &
Ryman, 2002), though there are examples of species going through
ancient bottlenecks but persisting (O'Brien et al., 2017). All these
results suggest that an increased conservation effort can become
necessary in all the analysed populations, but especially in the small,
isolated Icelandic population. Further work linking the genetic vari-
ation to variation in fitness-related traits could show whether the
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eagle populations in Iceland and Greenland do suffer from inbreed-
ing depression and whether admixture of genetic variants from

mainland populations should be considered.

AUTHOR CONTRIBUTIONS

Charles Christian Riis Hansen, Agnar S. Helgason, M. Thomas P.
Gilbert and Snaebj6érn Palsson conceived the idea; Charles Christian
Riis Hansen, Jacob Agerbo Rasmussen, Jesus Adrian Chimal
Ballesteros, Mikkel-Holger S. Sinding, Michael D. Martin, and
Snaebjorn Palsson performed the experiments; Aki Jarl Laruson,
Charles Christian Riis Hansen, and Snaebjorn Palsson analysed the
data; Aki Jarl Laruson, Charles Christian Riis Hansen, and Snaebjérn
Palsson wrote the manuscript; Jacob Agerbo Rasmussen, Jesus
Adrian Chimal Ballesteros, Mikkel-Holger S. Sinding, Gunnar T.
Hallgrimsson, Robert A. Stefansson, Menja von Schmalensee,
Kristinn Haukur Skarphédinsson, Aili Lage Labansen, Madis Leivits,
Christian Sonne, Rune Dietz, Kim Skelmose, David Boertmann and
Igor Eulaers, Michael D. Martin, Agnar S. Helgason, M. Thomas
P. Gilbert commented on the manuscript; Charles Christian Riis
Hansen, Gunnar T. Hallgrimsson, Robert A. Stefansson, Menja von
Schmalensee, Kristinn Haukur Skarphédinsson, Aili Lage Labansen,
Madis Leivits, Christian Sonne, Rune Dietz, Kim Skelmose, David
Boertmann, Igor Eulaers, Michael D. Martin, Agnar S. Helgason, M.
Thomas P. Gilbert and Snaebjorn Palsson contributed substantial ma-
terials, resources; Michael D. Martin, Agnar S. Helgason, M. Thomas

P. Gilbert and Snaebjorn Palsson were responsible for funding.

ACKNOWLEDGEMENTS

The study was supported by research grant no. 185280-052 from
The Icelandic Research Fund, the Doctoral student fund of the
University of Iceland and The University of Iceland Research Fund.
Thanks to deCODE genetics for providing sequencing and compu-
tational resources and to the NTNU University Museum for provid-
ing access to the vertebrate collections. For the Norwegian samples,
sequencing services were provided by the Norwegian Sequencing
Centre (Oslo, Norway) and by the NTNU Genomics Core Facility
(Trondheim, Norway). Some analyses were performed on resources
provided by the National Infrastructure for High Performance
Computing and Data Storage in Norway (UNINETT Sigma2).

CONFLICT OF INTEREST STATEMENT
The authors declare no competing financial interests.

DATA AVAILABILITY STATEMENT
Data have been submitted to DRYAD and should be accessible at
https://doi.org/10.5061/dryad.fqz612jt8

ORCID

Charles Christian Riis Hansen
org/0000-0003-1554-9840
Aki Jarl Ldruson (2 https://orcid.org/0000-0001-5394-8805
Mikkel-Holger S. Sinding "= https://orcid.org/0000-0003-1371-219X
https://orcid.org/0000-0002-4297-3500

https://orcid.

Snaebjérn Pdlsson

REFERENCES

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based
estimation of ancestry in unrelated individuals. Genome Research,
19(9), 1655-1664. https://doi.org/10.1101/gr.094052.109

Allendorf, F. W., & Ryman, N. (2002). The role of genetics in population
viability analysis. In S. R. Beissinger & D. R. McCullough (Eds.),
Population viability analysis (pp. 50-85). University of Chicago Press.

Amouret, J., Barisas, D. A. G., Hallgrimsson, G. T., Summers, R. W., &
Pélsson, S. (2016). Genetic divergence of Troglodytes troglodytes
islandicus from other subspecies of Eurasian wren in northwest-
ern Europe. Journal of Avian Biology, 47(1), 26-35. https://doi.
org/10.1111/jav.00744

Araya-Ajoy, Y. G., Niskanen, A. K., Froy, H., Ranke, P. S., Kvalnes, T.,
Rgnning, B., le Pepke, M., Jensen, H., Ringsby, T. H., Seether, B. E., &
Wright, J. (2021). Variation in generation time reveals density regu-
lation as an important driver of pace of life in a bird metapopulation.
Ecology Letters, 24, 2077-2087. https://doi.org/10.1111/ele.13835

Babraham Bioinformatics. (2010). FastQC. http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/

Badry, A., Slobodnik, J., Alygizakis, N., Bunke, D., Cincinelli, A., ClaBen,
D., Dekker, R. W.R. J., Duke, G., Dulio, V., Géckener, B., Gkotsis, G.,
Hanke, G., Jartun, M., Movalli, P., Nika, M.-C., Ridel, H., Thomaidis,
N. S., Tarazona, J. V., Tornero, V., ... Koschorreck, J. (2022). Using
environmental monitoring data from apex predators for chemi-
cals management: Towards harmonised sampling and processing
of archived wildlife samples to increase the regulatory uptake of
monitoring data in chemicals management. Environmental Sciences
Europe, 34, 81-88. https://doi.org/10.1186/s12302-022-00664-6

Batt, C. M., Schmid, M. M. E., & Vésteinsson, O. (2015). Constructing
chronologies in Viking age Iceland: Increasing dating resolution
using Bayesian approaches. Journal of Archaeological Science, 62,
161-174. https://doi.org/10.1016/j.jas.2015.07.002

Bijleveld, M. (1974). Birds of prey in Europe. Macmillan Education UK.

Birdlife International. (2020). Haliaeetus albicilla. The IUCN Red List of
Threatened Species, 2020, e T2269513.

Boertmann, D., & Bay, C. (2018). The Greenland Red-List 2018.

Botero, C. A., Dor, R., McCain, C. M., & Safran, R. J. (2014). Environmental
harshness is positively correlated with intraspecific divergence in
mammals and birds. Molecular Ecology, 23, 259-268. https://doi.
org/10.1111/mec.12572

Broad Institute. (2020). “Picard tools.” version 2.19.2. Broad Institute,
GitHub repository. http://broadinstitute.github.io/picard/

Charlesworth, B., & Jensen, J. D. (2021). Effects of selection at linked
sites on patterns of genetic variability. Annual Review of Ecology,
Evolution, and Systematics, 52, 177-197.

Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., & Clark, J. (2009).
The last glacial maximum. Science, 325(5941), 710-714. https://doi.
org/10.1126/science.117287

Clark, P. U., & Mix, A. C. (2002). Ice sheets and sea level of the last glacial
maximum. Quaternary Science Reviews, 21, 1-7.

Crow, J. F., & Kimura, M. (1970). An introduction to population genetics
theory. Harper and Row.

Danecek, P, Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M.
A., Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean,
G., & Durbin, R. (2011). The variant call format and VCFtools.
Bioinformatics, 27(15), 2156-2158. https://doi.org/10.1093/bioin
formatics/btr330

del Hoyo, J., Elliot, A., & Sargatal, J. (1992). Handbook of birds of the world
(Vol. 1). Lynx Edicions.

Eggertsson, H. P., Kristmundsdottir, S., Beyter, D., Jonsson, H.,
Skuladottir, A., Hardarson, M. T., Gudbjartsson, D. F., Stefansson,
K., Halldorsson, B. V., & Melsted, P. (2019). GraphTyper2 enables
population-scale genotyping of structural variation using pange-
nome graphs. Nature Communications, 10(5402), 1-8. https://doi.
org/10.1038/s41467-019-13341-9

85UB017 SUOLILLIOD BAIEa1D 8|eo!|dde aup Aq peusenoh ae s3joe WO ‘88N JO S9IN 10y Areiq 1 8UIIUO A8]IM UO (SUORIPUOD-PLE-SWISHALID™AB | 1M AReaq 1 BU1|UO//SANY) SUOBIPUOD PUe SWis | 84} 835 *[£202/20/ET] UO Ariqiauluo A1IM ‘(Jue XedO) jue Siupid Aq 8589T 98W/TTTT OT/I0p/L00 A3 1M AReiq 1 U1 |UO//SANY WO14 PAPeO|UMOQ ‘0 ‘XP6ZSIET


https://doi.org/10.5061/dryad.fqz612jt8
https://orcid.org/0000-0003-1554-9840
https://orcid.org/0000-0003-1554-9840
https://orcid.org/0000-0003-1554-9840
https://orcid.org/0000-0001-5394-8805
https://orcid.org/0000-0001-5394-8805
https://orcid.org/0000-0003-1371-219X
https://orcid.org/0000-0003-1371-219X
https://orcid.org/0000-0002-4297-3500
https://orcid.org/0000-0002-4297-3500
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1111/jav.00744
https://doi.org/10.1111/jav.00744
https://doi.org/10.1111/ele.13835
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1186/s12302-022-00664-6
https://doi.org/10.1016/j.jas.2015.07.002
https://doi.org/10.1111/mec.12572
https://doi.org/10.1111/mec.12572
http://broadinstitute.github.io/picard/
https://doi.org/10.1126/science.117287
https://doi.org/10.1126/science.117287
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1038/s41467-019-13341-9
https://doi.org/10.1038/s41467-019-13341-9

HANSEN ET AL.

16
—I—W] LE Y-2Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Ehmsen, E., Pedersen, L., Meltofte, H., Clausen, T., & Nyegaard, T. (2011).
The occurrence and reestablishment of white-tailed eagle and
Golden eagle as breeding birds in Denmark. Dansk Ornitologisk
Forenings Tidsskrift, 105, 139-150.

Elts, J., Leito, A., Leivits, M., Luigujde, L., Nellis, R., Ots, M., Tammekand,
I, & Vili, U. (2019). Eesti lindude staatus, pesitsusaegne ja talvine
arvukus 2013-2017. Hirunda, 32, 1-29.

EPA. (2001). Parameters of water quality: Interpretation and standards.
Environmental Protection Agency. https://www.epa.ie/pubs/advic
e/water/quality/ Water_Quality.pdf

Evans, R. J., Wilson, J. D., Amar, A., Douse, A., Maclennan, A., Ratcliffe,
N., & Whitfield, D. P. (2009). Growth and demography of a re-
introduced population of White-tailed Eagles Haliaeetus albicilla. Ibis,
151, 244-254. https://doi.org/10.1111/j.1474-919X.2009.00908.x

Forutan, M., Ansari Mahyari, S., Baes, C., Melzer, N., Schenkel, F. S., &
Sargolzaei, M. (2018). Inbreeding and runs of homozygosity be-
fore and after genomic selection in north American Holstein cat-
tle. BMC Genomics, 19(98), 1-12. https://doi.org/10.1186/s1286
4-018-4453-z

Frankham, R. (1995). Effective population size/adult population size ra-
tios in wildlife: A review. Genetics Research, 66(2), 95-107. https://
doi.org/10.1017/50016672300034455

Franklin, I. R. (1980). Evolutionary changes in small populations. In M. E.
Soulé & B. M. Wilcox (Eds.), Conservation biology: An evolutionary-
ecological perspective (pp. 135-149). Sinauer Associates.

Geirsdéttir, A., Miller, G., & Andrews, J. (2007). Glaciation, erosion,
and landscape evolution of Iceland. Journal of Geodynamics, 43,
170-186.

Gopalakrishnan, S., Ebenesersdéttir, S. S., Lundstrem, I. K. C., Turner-
Walker, G., Moore, K. H. S., Luisi, P., Margaryan, A., Martin, M. D,
Ellegaard, M. R., Magnusson, O., Sigurdsson, A., Snorradéttir, S.,
Magnusdottir, D. N., Laffoon, J. E., van Dorp, L., Liu, X., Moltke, 1.,
Avila-Arcos, M. C., Schraiber, J. G., ... Gilbert, M. T. P. (2022). The
population genomic legacy of the second plague pandemic. Current
Biology, 32, 1-9. https://doi.org/10.1016/j.cub.2022.09.023

Gopalakrishnan, S., Samaniego Castruita, J. A., Sinding, M. H. S.,
Kuderna, L. F. K., Raikkdnen, J., Petersen, B., Sicheritz-Ponten, T.,
Larson, G., Orlando, L., Marques-Bonet, T., Hansen, A. J., Dalén,
L., & Gilbert, M. T. P. (2017). The wolf reference genome sequence
(Canis lupus lupus) and its implications for Canis spp. population
genomics. BMC Genomics, 18(495), 1-11. https://doi.org/10.1186/
s12864-017-3883-3

Greenwood, P. J., & Harvey, P. H. (1982). The Natal and Breeding dis-
persal of birds. Annual Review of Ecology and Systematics, 13, 1-21.

Gross, L. (2006). Islands spark accelerated evolution. PLoS Biology, 4(10),
e334.

Hailer, F., Helander, B., Folkestad, A. O., Ganusevich, S. A., Garstad,
S., Hauff, P.,, Koren, C., Masterov, V. B., Nygard, T., Rudnick, J.
A., Shiraki, S., Skarphedinsson K. H., Volke, F., Wille, F., & Vila, C.
(2007). Phylogeography of the white-tailed eagle, a generalist with
large dispersal capacity. Journal of Biogeography, 34(7), 1193-1206.
https://doi.org/10.1111/j.1365-2699.2007.01697.x

Hailer, F., Helander, B., Folkestad, S. A. O., Ganusevich, S. A., Garstad,
S., Hauff, P.,, Koren, C., Nygard, T., Volke, V., Vila, C., & Ellegren,
H. (2006). Bottlenecked but long-lived: High genetic diversity
retained in white-tailed eagles upon recovery from population
decline. Biology Letters, 2(2), 316-319. https://doi.org/10.1098/
rsbl.2006.0453

Hansen, C. C. R., Baleka, S., Gudjonsdottir, S. M., Rasmussen, J. A.,
Ballesteros, J. A. C., Hallgrimsson, G. T., Stefansson, R. A., von
Schmalensee, M., Skarphédinsson, K. H., Labansen, A. L., Leivits,
M., Skelmose, K., Sonne, C., Dietz, R., Boertmann, D., Eulaers, I.,
Martin, M. D., & Palsson, S. (2022). Distinctive mitogenomic lin-
eages within populations of white-tailed eagles (Haliaeetus albicilla).
Ornithology, 139(2), ukab081. https://doi.org/10.1093/ornithology/
ukab081

Hansen, K. (1979). Status over bestanden af Havgrn Haliaeetus albicilla
groenlandicus Brehm i Grgnland i arene 1972-74. Dansk Ornitologisk
Forenings Tidsskrift, 73, 107-130.

Hartl, D. L., & Clark, A. G. (2007). Principles of population genetics (4th
ed.). Sinauer Associates Inc. Publishers.

Helander, B., Bignert, A., Herrmann, C., & Stjernberg, T. (2013). White-tail
eagle productivity. HELCOM Core Indicator Report.

Helander, B., Olsson, A., Bignert, A., Asplund, L., & Litzén, K. (2002).
The role of DDE, PCB, coplanar PCB and eggshell parameters for
reproduction in the White-Tailed Sea eagle (Haliaeetus albicilla) in
Sweden. Ambio: A Journal of the Human Environment, 31(5), 386-
403. https://doi.org/10.1579/0044-7447-31.5.386

Helander, B. B., Olsson, M., Reutergardh, L., & Reutergardh, L. (1982).
Residue levels of organochlorine and mercury compounds in un-
hatched eggs and the relationships to breeding success in white-
tailed sea eagles Haliaeetus albicilla in Sweden. Ecography, 5(4),
349-366. https://doi.org/10.1111/j.1600-0587.1982.tb01049.x

Hewitt, G. M. (2001). Speciation, hybrid zones and phylogeography —
Or seeing genes in space and time. Molecular Ecology, 10, 537-549.
https://doi.org/10.1046/j.1365-294x.2001.01202.x

Hoban, S., Bruford, M., Urban, J. D., Lopes-Fernandes, M., Heuertz, M.,
Hohenlohe, P. A., Paz-Vinas, |., Sjogren-Gulve, P., Segelbacher,
G., Vernesi, C., Aitken, S., Bertola, L. D., Bloomer, P., Breed, M.,
Rodriguez-Correa, H., Funk, W. C., Grueber, C. E., Hunter, M. E.,
Jaffe, R.. ... Laikre, L. (2020). Genetic diversity targets and indi-
cators in the CBD post-2020 global biodiversity framework must
be improved. Biological Conservation, 248, 108654. https://doi.
org/10.1016/j.biocon.2020.108654

Hoban, S., Campbell, C. D., daSilva, J. M., Ekblom, R., Funk, W. C., Garner,
B. A, Godoy, J. A., Kershaw, F., MacDonald, A. J., Mergeay, J.,
Minter, M., O'Brien, D., Paz-Vinas, I., Pearson, S. K., Péres-Espona,
S., Potter, K. M., Russo, I-R. M., Segelbacher, G., Vernesi, C., &
Hunter, M. E. (2021). Genetic diversity is considered important but
interpreted narrowly in country reports to the convention on bi-
ological diversity: Current actions and indicators are insufficient.
Biological Conservation, 261, 109233. https://doi.org/10.1016/j.
biocon.2021.109233

Holm, S. (1979). A simple sequential rejective multiple test procedure.
Scandinavian Journal of Statistics, 6, 65-70.

Honnen, A.-C. C., Hailer, F., Kenntner, N., Literak, |., Dubska, L., & Zachos,
F. E. (2010). Mitochondrial DNA and nuclear microsatellites reveal
high diversity and genetic structure in an avian top predator, the
white-tailed sea eagle, in Central Europe. Biological Journal of the
Linnean Society, 99(4), 727-737.

Jackson, R., Arneborg, J., Dugmore, A., Madsen, C., McGovern, T.,
Smiarowski, K., & Streeter, R. (2018). Disequilibrium, adaptation,
and the Norse settlement of Greenland. Human Ecology, 46(5), 665-
684. https://doi.org/10.1007/s10745-018-0020-0

Jais, M. (2020). White-tailed Eagle. http://europeanraptors.org/white
-tailed-eagle/

James, J. E., Lanfear, R., & Eyre-Walker, A. (2016). Molecular evolutionary
consequences of island colonization. Genome Biology and Evolution,
8(6), 1876-1888.

Jénsson, H., Ginolhac, A., Schubert, M., Johnson, P. L. F., & Orlando, L.
(2013). mapDamage2.0: Fast approximate Bayesian estimates of
ancient DNA damage parameters. Bioinformatics, 29(13), 1682-
1684. https://doi.org/10.1093/bioinformatics/btt193

Kardos, M., Luikart, G., & Allendorf, F. W. (2015). Measuring individual
inbreeding in the age of genomics: Marker-based measures are bet-
ter than pedigrees. Heredity, 115, 63-72. https://doi.org/10.1038/
hdy.2015.17

Kremer, M. (1993). Population growth and technological change: One mil-
lion B.C.to 1990. The Quarterly Journal of Economics, 108(3), 681-716.

Langguth, T., Honnen, A.-C. C., Hailer, F., Mizera, T., Skoric, S., Vali, v,
& Zachos, F. E. (2013). Genetic structure and phylogeography of
a European flagship species, the white-tailed sea eagle Haliaeetus

85UB017 SUOLILLIOD BAIEa1D 8|eo!|dde aup Aq peusenoh ae s3joe WO ‘88N JO S9IN 10y Areiq 1 8UIIUO A8]IM UO (SUORIPUOD-PLE-SWISHALID™AB | 1M AReaq 1 BU1|UO//SANY) SUOBIPUOD PUe SWis | 84} 835 *[£202/20/ET] UO Ariqiauluo A1IM ‘(Jue XedO) jue Siupid Aq 8589T 98W/TTTT OT/I0p/L00 A3 1M AReiq 1 U1 |UO//SANY WO14 PAPeO|UMOQ ‘0 ‘XP6ZSIET


https://www.epa.ie/pubs/advice/water/quality/Water_Quality.pdf
https://www.epa.ie/pubs/advice/water/quality/Water_Quality.pdf
https://doi.org/10.1111/j.1474-919X.2009.00908.x
https://doi.org/10.1186/s12864-018-4453-z
https://doi.org/10.1186/s12864-018-4453-z
https://doi.org/10.1017/S0016672300034455
https://doi.org/10.1017/S0016672300034455
https://doi.org/10.1016/j.cub.2022.09.023
https://doi.org/10.1186/s12864-017-3883-3
https://doi.org/10.1186/s12864-017-3883-3
https://doi.org/10.1111/j.1365-2699.2007.01697.x
https://doi.org/10.1098/rsbl.2006.0453
https://doi.org/10.1098/rsbl.2006.0453
https://doi.org/10.1093/ornithology/ukab081
https://doi.org/10.1093/ornithology/ukab081
https://doi.org/10.1579/0044-7447-31.5.386
https://doi.org/10.1111/j.1600-0587.1982.tb01049.x
https://doi.org/10.1046/j.1365-294x.2001.01202.x
https://doi.org/10.1016/j.biocon.2020.108654
https://doi.org/10.1016/j.biocon.2020.108654
https://doi.org/10.1016/j.biocon.2021.109233
https://doi.org/10.1016/j.biocon.2021.109233
https://doi.org/10.1007/s10745-018-0020-0
http://europeanraptors.org/white-tailed-eagle/
http://europeanraptors.org/white-tailed-eagle/
https://doi.org/10.1093/bioinformatics/btt193
https://doi.org/10.1038/hdy.2015.17
https://doi.org/10.1038/hdy.2015.17

HANSEN ET AL.

albicilla. Journal of Avian Biology, 44(3), 263-271. https://doi.
org/10.1111/j.1600-048X.2012.00075.x

Leigh, D. M., Hendry, A. P., Vazquez-Dominguez, E., & Friesen, V. L.
(2019). Estimated six per cent loss of genetic variation in wild pop-
ulations since the industrial revolution. Evolutionary Applications,
12(8), 1505-1512. https://doi.org/10.1111/eva.12810

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
burrows-wheeler transform. Bioinformatics, 25(14), 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Lisiecki, L. E., & Raymo, M. E. (2005). A Pliocene-Pleistocene stack of 57
globally distributed benthic 8 180 records. Paleoceanography, 20(1),
1-17. https://doi.org/10.1029/2004PA001071

Liu, X., & Fu, Y. X. (2020). Stairway plot 2: Demographic history inference
with folded SNP frequency spectra. Genome Biology, 21(280), 1-9.
https://doi.org/10.1186/s13059-020-02196-9

Liu, X., & Fu, Y.-X. (2015). Exploring population size changes using SNP
frequency spectra. Nature Genetics, 47, 555-559. https://doi.
org/10.1038/ng.3254

Léhmus, A. (1998). Eesti Kotkaste argip&ev. Eesti Loodus, 5/6, 210-213.

Love, J. A. A, & Ball, M. E. E. (1979). White-Tailed Sea eagle
Haliaeetus albicilla reintroduction to the isle of Rhum, Scotland,
1975-1977. Biological Conservation, 16(1), 23-30. https://doi.
org/10.1016/0006-3207(79)90005-3

Lyngs, P. (2003). Migration and winter ranges of birds in Greenland -
An analysis of ringing recoveries. Dansk Ornitologisk Forenings
Tidsskrift, 97, 1-167.

Manichaikul, A., Mychaleckyj, J. C., Rich, S. S., Daly, K., Sale, M., & Chen,
W.-M. (2010). Robust relationship inference in genome-wide as-
sociation studies. Bioinformatics, 26(22), 2867-2873. https://doi.
org/10.1093/bioinformatics/btq559

McQuillan, R., Leutenegger, A. L., Abdel-Rahman, R., Franklin, C. S.,
Pericic, M., Barac-Lauc, L., Smolej-Narancic, N., Janicijevic, B.,
Polasek, O., Tenesa, A., Macleod, A. K., Farrington, S. M., Rudan, P.,
Hayward, C., Vitart, V., Rudan, |., Wild, S. H., Dunlop, M. G., Wright,
A. F., ... Wilson, J. F. (2008). Runs of homozygosity in European
populations. American Journal of Human Genetics, 83(3), 359-372.
https://doi.org/10.1016/j.ajhg.2008.08.007

Nadachowska-Brzyska, K., Li, C., Smeds, L., Zhang, G., & Ellegren, H.
(2015). Temporal dynamics of avian populations during Pleistocene
revealed by whole-genome sequences. Current Biology, 25(10),
1375-1380. https://doi.org/10.1016/j.cub.2015.03.047

Nattirufraedistofnun islands. (2022). Slakt arnarvarp sumarid 2022 og
ferdir ungra arna. lcelandic Institute of Natural History. https://
www.ni.is/is/frettir/2022/11/slakt-arnarvarp-sumarid-2022-og-
ferdir-ungra-arna

Nei, M. (1977). F-statistics and analysis of gene diversity in subdivided
populations. Annals of Human Genetics, 41(2), 225-233. https://doi.
org/10.1111/j.1469-1809.1977.tb01918.x

Nei, M., & Li, W. H. (1979). Mathematical model for studying genetic
variation in terms of restriction endonucleases. Proceedings of the
National Academy of Sciences of the United States of America, 76(10),
5269-5273. https://doi.org/10.1073/pnas.76.10.5269

Nielsen, R., & Slatkin, M. (2013). An introduction to population genetics:
Theory and applications. Sinauer Associates, Inc.

O'Brien, S. J., Johnson, W. E., Driscoll, C. A, Dobrynin, P., & Marker, L.
(2017). Conservation genetics of the cheetah: Lessons learned and
new opportunities. Journal of Heredity, 108(6), 671-677. https://doi.
org/10.1093/jhered/esx047

Overcast, I. (2022). “easySFS.” isaacovercast GitHub repository. https://
github.com/isaacovercast/easySFS

Palsson, S., & Pamilo, P. (1999). The effects of deleterious mutations
on linked neutral variation in small populations. Genetics, 153,
475-483.

Patterson, N., Price, A. L., & Reich, D. (2006). Population structure and
Eigenanalysis. PLoS Genetics, 2, €190. https://doi.org/10.1371/
journal.pgen.0020190

17
MOLECULAR ECOLOGY V4| LEYJ—

Patton, A. H., Margres, M. J., Stahlke, A. R., Hendricks, S., Lewallen, K.,
Hamede, R. K., Ruiz-Aravena, M., Ryder, O., McCallum, H. I, Jones,
M. E., Hohenlohe, P. A., & Storfer, A. (2019). Contemporary demo-
graphic reconstruction Methods are robust to genome assembly
quality: A case study in Tasmanian devils. Molecular Biology and
Evolution, 36(12), 2906-2921. https://doi.org/10.1093/molbev/
msz191

Petersen, £&. (1998). Hafoérn. In S. Hardardéttir (Ed.), [slenskir Fuglar (pp.
120-123). Vaka-Helgafell hf..

Price, A. L., Patterson, N. J., Plenge, R. M., Weinblatt, M. E., Shadick, N.
A., & Reich, D. (2006). Principal components analysis corrects for
stratification in genome-wide association studies. Nature Genetics,
38, 904-909. https://doi.org/10.1038/ng1847

Price, T. D., Ritchie, K., Gron, K. J., Gebauer, A. B., & Nielsen, J. (2018).
Asnazes Havnemark: A late Mesolithic Ertebglle coastal site in west-
ern Sjaelland, Denmark. Danish Journal of Archaeology, 7, 1-22.

Pujolar, J. M., Dalén, L., Hansen, M. M., & Madsen, J. (2017). Demographic
inference from whole-genome and RAD sequencing data suggests
alternating human impacts on goose populations since the last ice
age. Molecular Ecology, 26, 6270-6283. https://doi.org/10.1111/
mec.14374

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R,,
Bender, D., Maller, J., Sklar, P., de Bakker, P. I. W,, Daly, M. J., &
Sham, P. C. (2007). PLINK: A tool set for whole-genome associa-
tion and population-based linkage analyses. The American Journal of
Human Genetics, 81(3), 559-575. https://doi.org/10.1086/519795

Randla, T., & Oun, A. (1980). Kaljukotkas ja merikotkas Eestis 1970-ndail
aastail. Eesti Loodus, 4, 512-515.

Royal Society for the Protection of Birds. (2023). White-tailed eagles in
the UK. https://www.rspb.org.uk/our-work/conservation/conse
rvation-and-sustainability/safeguarding-species/case-studies/
white-tailed-eagle/

Salomonsen, F. (1979). Ornithological and ecological studies in SW
Greenland. Meddelelser om Grenland, 204, 66-78.

Sato, Y., Ogden, R., Kishida, T., Nakajima, N., Maeda, T., & Inoue-
Murayama, M. (2020). Population history of the golden eagle in-
ferred from whole-genome sequencing of three of its subspecies.
Biological Journal of the Linnean Society, 130(4), 826-838. https://
doi.org/10.1093/biolinnean/blaa068

Schubert, M., Lindgreen, S., & Orlando, L. (2016). AdapterRemoval v2:
Rapid adapter trimming, identification, and read merging. BMC
Research Notes, 9, 88. https://doi.org/10.1186/s13104-016-1900-2

Sellinger, T. P. P., Abu-Awad, D., & Tellier, A. (2021). Limits and con-
vergence properties of the sequentially Markovian coales-
cent. Molecular Ecology Resources, 21, 2231-2248. https://doi.
org/10.1111/1755-0998.13416

Sgro, C. M., Lowe, A. J.,, & Hoffmann, A. A. (2011). Building evo-
lutionary resilience for conserving biodiversity under cli-
mate change. Evolutionay Applications, 4, 326-337. https://doi.
org/10.1111/j.1752-4571.2010.00157.x

Skarphédinsson, K. (2003). Sea eagles in Iceland: Population trends and
reproduction. In B. O. Helander, M. Marquiss, & W. Bowerman
(Eds.), Sea eagle 2000 (pp. 31-38). Proceedings from an intena-
tional conference at Bjorko, Sweden. Swedish Society for Nature
Conservation/SNF & Atta. 45 Tryckeri AB.

Skarphéginsson, K. H. (2013). Haférninn. Fuglavernd.

Skelmose, K., & Larsen, O. F. (2021). Projekt @rn - Arsrapport 2020. DOF
BirdLife Danmark.

Sokal, R. R., & Rohlf, F. J. (2012). Biometry: The principles and practice of
statistics in biological research. W. H. Freeman.

Soulé, M. E. (1980). Thresholds for survival: Maintaining fitness and evo-
lutionary potential. In M. E. Soulé & B. M. Wilcox (Eds.), Conservation
Biology. An evolutionary-ecological perspective. Sinauer Associates.

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123(3), 585-595. https://
doi.org/10.1093/genetics/123.3.585

85UB017 SUOLILLIOD BAIEa1D 8|eo!|dde aup Aq peusenoh ae s3joe WO ‘88N JO S9IN 10y Areiq 1 8UIIUO A8]IM UO (SUORIPUOD-PLE-SWISHALID™AB | 1M AReaq 1 BU1|UO//SANY) SUOBIPUOD PUe SWis | 84} 835 *[£202/20/ET] UO Ariqiauluo A1IM ‘(Jue XedO) jue Siupid Aq 8589T 98W/TTTT OT/I0p/L00 A3 1M AReiq 1 U1 |UO//SANY WO14 PAPeO|UMOQ ‘0 ‘XP6ZSIET


https://doi.org/10.1111/j.1600-048X.2012.00075.x
https://doi.org/10.1111/j.1600-048X.2012.00075.x
https://doi.org/10.1111/eva.12810
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1186/s13059-020-02196-9
https://doi.org/10.1038/ng.3254
https://doi.org/10.1038/ng.3254
https://doi.org/10.1016/0006-3207(79)90005-3
https://doi.org/10.1016/0006-3207(79)90005-3
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1016/j.ajhg.2008.08.007
https://doi.org/10.1016/j.cub.2015.03.047
https://www.ni.is/is/frettir/2022/11/slakt-arnarvarp-sumarid-2022-og-ferdir-ungra-arna
https://www.ni.is/is/frettir/2022/11/slakt-arnarvarp-sumarid-2022-og-ferdir-ungra-arna
https://www.ni.is/is/frettir/2022/11/slakt-arnarvarp-sumarid-2022-og-ferdir-ungra-arna
https://doi.org/10.1111/j.1469-1809.1977.tb01918.x
https://doi.org/10.1111/j.1469-1809.1977.tb01918.x
https://doi.org/10.1073/pnas.76.10.5269
https://doi.org/10.1093/jhered/esx047
https://doi.org/10.1093/jhered/esx047
https://github.com/isaacovercast/easySFS
https://github.com/isaacovercast/easySFS
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1093/molbev/msz191
https://doi.org/10.1093/molbev/msz191
https://doi.org/10.1038/ng1847
https://doi.org/10.1111/mec.14374
https://doi.org/10.1111/mec.14374
https://doi.org/10.1086/519795
https://www.rspb.org.uk/our-work/conservation/conservation-and-sustainability/safeguarding-species/case-studies/white-tailed-eagle/
https://www.rspb.org.uk/our-work/conservation/conservation-and-sustainability/safeguarding-species/case-studies/white-tailed-eagle/
https://www.rspb.org.uk/our-work/conservation/conservation-and-sustainability/safeguarding-species/case-studies/white-tailed-eagle/
https://doi.org/10.1093/biolinnean/blaa068
https://doi.org/10.1093/biolinnean/blaa068
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1111/1755-0998.13416
https://doi.org/10.1111/1755-0998.13416
https://doi.org/10.1111/j.1752-4571.2010.00157.x
https://doi.org/10.1111/j.1752-4571.2010.00157.x
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/genetics/123.3.585

HANSEN ET AL.

18
—I—W] LE Y-2Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Terhorst, J., Kamm, J., & Song, Y. (2017). Robust and scalable infer-
ence of population history from hundreds of unphased whole ge-
nomes. Nature Genetics, 49, 303-309. https://doi.org/10.1038/
ng.3748

Treinys, R., Dementavicius, D., Rumbutis, S., Svazas, S., Butkauskas, D.,
Sruoga, A., & Dagys, M. (2016). Settlement, habitat preference,
reproduction, and genetic diversity in recovering the white-tailed
eagle Haliaeetus albicilla population. Journal of Ornithology, 157,
311-323. https://doi.org/10.1007/s10336-015-1280-8

Trimbos, K. B., Doorenweerd, C., Kraaijeveld, K., Musters, C. J., Groen,
N. M., de Knijff, P., Piersma, T., & de Snoo, G. R. (2014). Patterns
in nuclear and mitochondrial DNA reveal historical and recent
isolation in the black-tailed godwit (Limosa limosa). PLoS One, 9,
e83949.

Walker, L. A., Beith, S. J., Lawlor, A. J., Moeckel, C., Peréira, M. G., Potter,
E. D., & Shore, R. F. (2009). Persistent organic pollutants (POPs) and
inorganic elements in predatory bird livers and eggs 2007 to 2009: A
predatory bird monitoring scheme (PBMS) report.

Wang, J., Caballero, A., & Hill, W. G. (1998). The effect of linkage dis-
equilibrium and deviation from hardy-Weinberg proportions on the
changes in genetic variance with bottlenecking. Heredity, 81, 174~
186. https://doi.org/10.1046/j.1365-2540.1998.00390.x

Weir, B., & Cockerham, C. C. (1984). Estimating F-statistics for the analy-
sis of population structure. Evolution, 38(6), 1358-1370.

Whitlock, M. C., & Lotterhos, K. E. (2015). Reliable detection of loci re-
sponsible for local adaptation: Inference of a null model through
trimming the distribution of FST. The American Naturalist, 186(S1),
S$24-S36.

Wright, S. (1931). Evolution in Mendelian populations. Genetics, 16,
97-159.

Wright, S. (1932). The roles of mutation, inbreeding, crossbreeding and
selection in evolution. In D. F. Jones (Ed.), Proceedings of the sixth
international congress of genetics (Vol. 1). Ithaca, NY.

Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., & Weir, B. S.
(2012). A high-performance computing toolset for relatedness and
principal component analysis of SNP data. Bioinformatics, 28(24),
3326-3328. https://doi.org/10.1093/bioinformatics/bts606

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Hansen, C. C. R., Laruson, A. J.,
Rasmussen, J. A., Ballesteros, J. A. C., Sinding, M.-H.,
Hallgrimsson, G. T., von Schmalensee, M., Stefansson, R. A.,
Skarphédinsson, K. H., Labansen, A. L., Leivits, M., Sonne, C.,
Dietz, R., Skelmose, K., Boertmann, D., Eulaers, I., Martin, M.
D., Helgason, A. S., Gilbert, M. T. P., & Palsson, S. (2023).
Genomic diversity and differentiation between island and
mainland populations of white-tailed eagles (Haliaeetus
albicilla). Molecular Ecology, 00, 1-18. https://doi.
org/10.1111/mec.16858

85UB017 SUOLILLIOD BAIEa1D 8|eo!|dde aup Aq peusenoh ae s3joe WO ‘88N JO S9IN 10y Areiq 1 8UIIUO A8]IM UO (SUORIPUOD-PLE-SWISHALID™AB | 1M AReaq 1 BU1|UO//SANY) SUOBIPUOD PUe SWis | 84} 835 *[£202/20/ET] UO Ariqiauluo A1IM ‘(Jue XedO) jue Siupid Aq 8589T 98W/TTTT OT/I0p/L00 A3 1M AReiq 1 U1 |UO//SANY WO14 PAPeO|UMOQ ‘0 ‘XP6ZSIET


https://doi.org/10.1038/ng.3748
https://doi.org/10.1038/ng.3748
https://doi.org/10.1007/s10336-015-1280-8
https://doi.org/10.1046/j.1365-2540.1998.00390.x
https://doi.org/10.1093/bioinformatics/bts606
https://doi.org/10.1111/mec.16858
https://doi.org/10.1111/mec.16858

	Genomic diversity and differentiation between island and mainland populations of white-­tailed eagles (Haliaeetus albicilla)
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	3|RESULTS
	3.1|Quality of sequences
	3.2|Diversity within samples
	3.3|Population structure and historical demographics

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


