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ABSTRACT
Using whole mitochondrial DNA sequences from 89 White-tailed Eagles (Haliaeetus albicilla) sampled from Iceland, 
Greenland, Norway, Denmark and Estonia between 1990 and 2018, we investigate the mitogenomic variation within and 
between countries. We show that there is a substantial population differentiation between the countries, reflecting similar 
major phylogeographic patterns obtained previously for the control region of the mitochondria, which suggested two 
main refugia during the last glacial period. Distinct mitogenomic lineages are observed within countries with divergence 
times exceeding the end of the last glacial period of the Ice Age. Deviations from neutrality indicate that these lineages 
have been maintained by natural selection and there is an excess of segregating amino acids in comparison with number 
of fixations suggesting a large load of deleterious mutations. The maintenance of the distinct mitogenic lineages within 
countries inflates our estimates of divergence times.
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Lignées mitogénomiques distinctes au sein de populations de Haliaeetus albicilla

RÉSUMÉ
En utilisant les séquences entières d’ADN mitochondrial de 89 individus de Haliaeetus albicilla échantillonnés en Islande, 
au Groenland, en Norvège, au Danemark et en Estonie entre 1990 et 2018, nous examinons la variation mitogénomique 
dans chaque pays et entre les pays. Nous montrons qu’il existe une différenciation substantielle des populations entre les 
pays, reflétant des patrons phylogéographiques principaux similaires obtenus préalablement pour la région de contrôle 
mitochondriale, ce qui suggérait la présence de deux refuges principaux au cours de la dernière période de glaciation. 
Des lignées mitogénomiques distinctes sont observées dans chaque pays avec des temps de divergence dépassant la 
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LAY SUMMARY

•	 Whole mitochondrial genomes were used to examine the population genetics of White-tailed Eagles.
•	 Large genetic differences potentially upheld by selection within populations were identified.
•	 Potential time of population splits during the last Ice age were identified.
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fin de la dernière période de glaciation de l’ère glaciaire. Les déviations de la neutralité indiquent que ces lignées ont été 
maintenues par la sélection naturelle et qu’il existe un excès d’acides aminés pouvant ségréguer par rapport au nombre 
de fixations, suggérant une grande charge de mutations délétères. Le maintien des lignées mitogènes distinctes au sein 
des pays gonfle nos estimations des temps de divergence.

Mots-clés: conservation, Haliaeetus albicilla temps de divergence, phylogéographie, sélection, 

INTRODUCTION

The White-tailed Eagle (Haliaeetus albicilla) is a top 
predator distributed over most of northern Eurasia, from 
Greenland and Iceland in the west to Japan in the east, and 
as far south as North Africa (BirdLife International 2016). 
Phylogeographic studies based on sequences of the mito-
chondrial control region and microsatellites have described 
a major split between European and Asian populations, 
with a large contact zone (Hailer et al. 2007, Honnen et al. 
2010, Langguth et al. 2013). Two mitochondrial haplotypes 
have been observed in the control region in samples from 
Greenland and Iceland, which are only separated by a single 
mutation, one which is unique to the two islands and the 
other which is common in northern Europe, where more ge-
neral variation was also observed (Hailer et al. 2007). The 
low diversity in the island populations may reflect both a 
possible bottleneck during colonization of these islands and 
small population sizes. The number of White-tailed Eagles 
plummeted in Iceland in the late 19th century as in many 
other countries in Europe (Langguth et  al. 2013, Treinys 
et al. 2016). The population in Iceland experienced a reduc-
tion from ~150 pairs in the mid-nineteenth century to ~20 
pairs or less in the early 20th century; and despite a conser-
vation law passed in 1915, the population did not increase in 
numbers until after 1967, following a ban on fox poisoning 
in 1964 (Petersen 1998, Skarphéðinsson 2013). As with 
other European populations, the Icelandic population has 
increased in number to ~80 pairs (Skarphéðinsson 2013). 
The Greenlandic population is larger than the Icelandic pop-
ulation, with 150–200 breeding pairs (Greenland Institute 
of Natural Resources 2020); however, the Greenlandic pop-
ulation also experienced a reduction in the 20th century 
and was estimated to 50–75 pairs around 1950 (Hansen 
1979). The mainland population in Europe consists of ap-
proximately 17,900–24,500 pairs (BirdLife International 
2016), with the Norwegian population being the largest of 
all European countries, counting ~2,000 breeding pairs (Jais 
2020). With the population in mainland Europe expanding 
after successful conservation programs, White-tailed Eagles 
recolonized Denmark in 1995 after being extinct for more 
than 50 years, and in 2016, 61 breeding pairs were recorded 
(Kongeaastien 2020). In Estonia the population decreased 
from 400–500 breeding pairs (Lõhmus 1998) to ~20 pairs 
in the late 19th century, having years without successful 
breeding (Randla and Õun 1980). Currently, the Estonian 
White-tailed Eagle breeding population is estimated to be 
290–330 pairs with a strong positive trend (Elts et al. 2019).

White-tailed eagles are to a large extent sedentary and 
display philopatry (Hailer et  al. 2007), even though they 
have been shown to migrate for more than 2,000 km out-
side the breeding season (Ueta et  al. 1998, Bragin et  al. 
2018). Between mainland Europe, Iceland, and Greenland 
there are no documented migrants. The mitochon-
drial DNA (mtDNA) diversity and an earlier classifica-
tion of White-tailed Eagles in Greenland (and potentially 
Iceland) as a subspecies, primarily due to their large size 
(Salomonsen 1979) suggests that the 2 island populations 
have been isolated for centuries. Comparison among the 
mtDNA sequences can be used to date the colonization of 
the island populations and to determine their divergence. 
However, such time estimates and other predictions in-
cluding effective population size based on the neutral 
theory of molecular variation can be affected by natural 
selection (Zink and Barrowclough 2008). Furthermore, ap-
plication of a molecular clock rate obtained from compar-
ison between species may also lead to an overestimate of 
the divergence time within species (Ho et al. 2007).

The small Icelandic and potentially other White-tailed 
Eagle populations are predicted to have little variation in 
the haploid, maternally inherited mtDNA, and this varia-
tion can be further reduced by directional selection either 
due to background selection (Charlesworth et al. 1993) or 
genetic hitchhiking (Smith and Haigh 1974) due to lack of 
recombination. In bird populations, it is expected that such 
linked effect is augmented due to linkage of mtDNA with 
the W-chromosome through shared maternal transmis-
sion; thus, selection on the W-chromosome will also affect 
the mitochondrial DNA. Accordingly, lower variation has 
been observed in avian mtDNA than in mammalian spe-
cies, which do not have this linkage with the heterogametic 
sex chromosome (Berlin et  al. 2007). In birds, however, 
Berlin et al. (2007) also observed a higher neutrality index 
(NI) than in mammals. The NI quantifies the direction 
of the selection, a positive NI indicates a negative selec-
tion or increased mutational load, where more deleterious 
mutations are segregating within species than would be 
expected by the number of fixed differences between spe-
cies, possibly due to reduced efficacy of selection in small 
populations (Lynch 1996, Neiman and Taylor 2009).

Here we investigate the genetic variation using complete 
mtDNA genomes of White-tailed Eagles from Iceland and 
Greenland in comparison with the much larger mainland 
population in Norway, Estonia, and the recently estab-
lished population in Denmark. We evaluate signals of se-
lection, the impact of different population sizes and recent 
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bottlenecks, and investigate the split between the island 
populations of Iceland and Greenland from the mainland 
populations with the aim to reconstruct the population 
history and origin of these populations of White-tailed 
Eagles based on mtDNA lineages.

MATERIAL AND METHODS

Samples and Sequencing
Samples (blood or muscle) were obtained from 89 
individuals from 5 countries; Greenland (n  =  12; 1990–
2017), Iceland (n = 42; 2003–2011), Norway (n = 21; 2001–
2015), Denmark (n = 11; 2015–2018), and Estonia (n = 3; 
2015), sampled during 1990–2018. An overview of sam-
pling sites and year of sampling for all individuals studied is 
presented in Figure 1 (and in more detail in Supplementary 
Material Table S1). Blood samples from Iceland were col-
lected from 42 chicks from Northwest Iceland, from 27 
nest territories (64.38°N–65.87°N, 23.51°E–21.33°E), in an 
ongoing monitoring of the White-tailed Eagles in Iceland 
(led by the Icelandic Institute of Natural History). Three 
to 10 mL of blood were extracted from each chick. Blood 
was stored in EDTA buffer at –20°C until DNA extrac-
tion. Whole blood and muscle tissue samples from the 
Estonian, Danish, and Greenland individuals were stored 
at –20°C until DNA extraction, and were provided by the 
Department of Bioscience, Arctic Research Centre, AU, 
Roskilde, Denmark (Estonian, Danish, and Greenland 
samples); Natural History Museum of Denmark, University 
of Copenhagen, Copenhagen, Denmark (Danish samples); 
and the Greenland Institute of Natural Resources, Nuuk, 
Greenland (Greenland samples).

DNA from the 68 individuals from Iceland, Greenland, 
Denmark, and Estonia was extracted using Thermo Fisher 
GeneJET Whole Blood Genomics DNA Purification Mini 
Kit (Thermo Fisher Scientific, Waltham, Massachussetts, 
USA) following the standard protocol (Thermo Fisher 2006) 
for blood samples and Macherey-Nagel NucleoMag 96 
Tissue kit (Macherey-Nagel 2014) for tissue at the University 
of Iceland. The concentration of the DNA was >20 ng µL–1 
estimated using the NanoDrop 1000 (Thermo Fisher). The 68 
samples were sequenced at BGI Hong Kong using DNBseq 
Normal DNA library construction and DNBseq PE150.

DNA from the 21 Norwegian individuals was processed 
at the NTNU University Museum’s standard molecular ge-
netics laboratories, and extractions were performed with 
a Qiagen DNeasy Blood & Tissue kit (Qiagen, Valencia, 
California, USA). The manufacturer’s protocol was 
followed (Qiagen 2006) except that the amount of pro-
teinase K used in the lysis step was doubled, and the lysis 
step incubation at 56°C was extended to 15 hr. The DNA 
solutions were incubated at 37°C for 10 min prior to elu-
tion. A blank control extraction was performed alongside 

all tissue extractions. The DNA extracts were sheared to a 
mean fragment size of 350 base pairs (bp) using a Covaris 
LE220 focused ultrasonicator instrument, and then short 
fragments were removed via size-selection using SPRI 
beads prepared as in Rohland and Reich (2012). Blunt-
end Illumina library preparation was conducted on the 21 
Norwegian DNA extractions using the Blunt-End-Sigle-
Tube (BEST) protocol (Carøe et al. 2018), during which 
customized blunt-end adapters (Kircher et al. 2012) were 
ligated to the genomic DNA fragments. Sample-specific, 
dual-indexing barcodes were incorporated into each li-
brary using custom, indexed primers during the indexing 
polymerase chain reactions (PCR). Library indexing and 
amplification was carried out in 100  µL PCR reactions 
with 7 µL library template, 0.25 mM each dNTP, 0.25 µM 
forward primer, 0.25 µM reverse primer, 1 µL Herculase II 
Fusion DNA polymerase, 20 µl 5X Herculase II Reaction 
Buffer, and 65.8 µL molecular biology H2O. For each li-
brary, an optimal number of indexing PCR cycles was 
determined using quantitative PCR. The indexing PCRs 
were performed under the following conditions: 95°C 
for 3  min, 13–21 cycles of 95°C for 20  s, 60°C for 20  s, 
72°C for 40  s, with a final extension of 72°C for 5  min. 
The amplified libraries were purified using SPRI beads 
(Rohland and Reich 2012) prior to elution into EB buffer 
(Qiagen). Purified, indexed libraries were pooled and 
sequenced over 2 runs on the Illumina HiSeq 4000 plat-
form at the NTNU Genomics Core Facility and over 1 run 
on the Illumina NovaSeq 6000 platform at the University 
of Oslo Norwegian National Sequencing Centre.

Mapping
Quality of the 89 individual FASTQ files was checked with 
FastQC (Babraham Bioinformatics 2010), and then run 
through AdapterRemoval 2 (Schubert et  al. 2016) to re-
move potential adapters when appropriate, using standard 
setting with the following customizing arguments: —
collapse and—trimns. Individuals were mapped to the 
White-tailed Eagle mitochondrial genome of a Korean 
specimen (NCBI: NC_040858.1) (Kim et  al. 2019) with 
BWA-MEM and converted to BAM files using samtools 
view and sort (Li and Durbin 2009, Li et al. 2009). BAM 
files were transformed to variant call format (VCF) and 
FASTA files using samtools mpileup with quality filters 
–q 30 and –Q 20, and bcftools call (Li et  al. 2009). The 
Korean reference sequence includes a nuclear mitochon-
drial DNA segment (NUMT) in the 12s rRNA from posi-
tion 492-538 (both included) that was removed from the 
alignment, resulting in total sequence length of 17,461 bp. 
Quality, depth, ratio of the common allele, and binomial 
probabilities for all segregating sites were evaluated from 
the VCF file. A recently published mitochondrial genome 
of a German specimen (NCBI: MN356434.1) was retrieved 
from GenBank and compared to our sequences (Feng et al. 
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2020) but it was not included in subsequent analyzes un-
less specifically stated.

Data Analysis
Unless otherwise stated, R and Rstudio were used for all 
calculations (3.6.3 and 1.2.5033, respectively) (RStudio 
Team 2019, R core Team 2020). Due to the small sample 
size from Estonia, it was omitted from the statistical 
test described below assessing differences in variation 
within countries. Molecular diversity per country was 
summarized based on number of haplotypes, segregating 
sites, haplotype diversity (Nei and Tajima 1981), nucleotide 
diversity (π) (Nei 1987) using the pegas package (Paradis 
2010), and haplotype richness (to account for differ-
ence in sample sizes) using the hierfstat package (Goudet 
2005) that uses the rarefaction function, with standard 
settings and the smallest sample size of 11 (Paradis 2010). 
Differences in genetic diversity among the countries were 
summarized with 3 estimators of the population parameter 

Theta (θ = Neu), which may vary in sensitivity to detect 
population bottlenecks and selection, using pegas (Paradis 
2010). The estimators are Theta Pi (θ π), based on nucle-
otide diversity (Tajima 1996); Theta K (θ K), using the ex-
pected number of alleles (Ewens 1972); and Theta S (θ S), 
based on the number of segregating sites (Watterson 1975, 
Tajima 1989).

To summarize the relations between the sequences and 
their geographic origin, a median-joining network was 
drawn for all individuals using popART with standard 
settings (Bandelt et  al. 1999, Leigh and Bryant 2015). 
A  maximum likelihood (ML) tree was calculated using 
PhyML 3.3.3 (Guindon and Gascuel 2003), including Red 
Kite (Milvus milvus) as outgroup using the GTR+I+G 
model, based on the likelihood estimates from jModelTest 
2.1.10 (Darriba et al. 2012). As the ML approach was not 
able to completely resolve the topology, a Bayesian ap-
proach was conducted using BEAST 2.6.2 (Bouckaert et al. 
2014). The dataset was partitioned into 17 sets (1 for each 

FIGURE 1.   Map of distribution and sample origin of the White-tailed Eagles from 5 different countries analyzed here. Small map in 
black box displays the world and the White-tailed Eagle distribution in orange (without regards to where they breed and only use as 
passage etc.; Birdlife International 2020). The red box is the section of the world that makes up the larger map. The dots represent the 
known sample origin for the samples analyzed. Some dots represent more than one sample, and some dots are overlapping. Greenland 
(GL) is in green (n = 12), Iceland (IS) in yellow (n = 42), Norway (NO) in pink (n = 21), Denmark (DK) in blue (n = 11), Estonia (EE) in red 
(n = 3).
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gene and rRNA, 1 containing all tRNAs, and 1 containing 
noncoding sequences) and bModelTest 1.2.1 (Bouckaert 
and Drummond 2017) to average over substitution models 
applying the default transition-transversion split option, 
and uncorrelated lognormal relaxed clock and constant 
populations size. However, this analysis did not converge 
for several partitions mainly due to the tree likelihood. To 
investigate this, we reduced the complexity of our anal-
ysis and ran BEAST again, this time on the unpartitioned 
dataset, applying a strict clock and a HKY substitution 
model with estimated frequencies and constant population 
size. We ran the analysis 10 times, each time for 20 million 
generations, and visualized the output using FigTree 1.4.2 
(http://tree.bio.ed.ac.uk/software/figtree/). Convergence 
was visually inspected using Tracer 1.7.1 (Rambaut et al. 
2018) with all effective sample size (ESS) values >200. 
This resulted in the recovery of six possible topologies 
(Supplementary Material Figure S3).

Estimation of divergence times were again conducted 
in BEAST 2.6.2. All analyzes were run using the Bayesian 
skyline model (Drummond et al. 2005), bModelTest 1.2.1 
(Bouckaert and Drummond 2017) applying the default 
transition-transversion split option, and a strict clock 
in accordance with the low diversity of our intraspecies 
data set. The most frequent tree from our initial Bayesian 
analysis (Supplementary Material Figure S3A), described 
above, was used as a starting tree, fixing the topology 
throughout the runs. The MCMC chain was run each time 
for 20 million generations and the first 10% of each run 
were discarded as burn-in. Again, convergence was visually 
inspected in Tracer 1.7.1 (Rambaut et al. 2018) with all ESS 
values >200.

Because no fossil calibrations are available and substi-
tution rates in birds are subject to discussion, 4 different 
approaches (giving 6 scenarios) were used to get a set of 
differently calibrated analyzes (also see Supplementary 
Material Table S2). First (scenario 1), we used the widely 
adopted standard rate of 2.1% divergence in birds for cyto-
chrome b (cyt b) (Shields and Wilson 1987, Paxinos et al. 
2002, Weir and Schluter 2008). The rate was applied for 
cyt b and for the rest of the mtDNA it was estimated for 17 
partitions: 1 for each gene and 1 for each rRNA, as well as 
1 each for all tRNAs and one for all noncoding regions. The 
rate for each partition was inferred by its relative nucleotide 
diversity, calculated in pegas (Paradis 2010) in comparison 
to cyt b. Secondly, we used body mass related rate (Nabholz 
et al. 2016), assuming a body mass of 5 kg (Helander et al. 
2007, Isomursu et  al. 2018). The analysis was run using 
third codon positions only and fossil calibration sets 2 (sce-
nario 2; see Supplementary Material Table S2 for an over-
view over all 6 scenarios) and 4 (scenario 3), respectively 
(Nabholz et al. 2016). Nabholz et al. (2016) use 4 different 
sets of fossil calibrations to derive a body mass related sub-
stitution rate for birds. They forgo 2 calibration sets (1 

and 3) since known divergence dates within the avian phy-
logeny could not be estimated correctly when using these 
calibration sets. Calibrations sets 2 and 4 both contain the 
following fossil calibrations: split between Neognathae and 
Paleognathae (86.5–66 mya); Anseriformes–Galliformes 
(free [no upper boundary] to 66 mya); Sphenisciformes–
Procellariiformes (free to 60.5 mya); Coraciidae–
Alcedinidae (free to 51.57 mya); Apodidiae–Trochilidae 
(free to 51 mya) and Psittaciformes–Passeriformes (65.5–
53.5 mya). In addition to that, calibration set 4 contains 
the split between Oscines and Suboscines (34–28 mya). 
Although body mass seems to be a more accurate predictor 
for substitution rates when using third codon positions 
(Nabholz et  al. 2016), the analysis was additionally run 
with all coding positions included, again using fossil cali-
bration sets 2 (Scenario 4) and 4 (hardly different from sce-
nario 4, so not added as different scenario), respectively. 
Third, we used rates calculated for Accipitriformes from 
Arcones et al. (2019) as substitution rates for the different 
mitochondrial genes (scenario 5). Finally (scenarios 6), we 
inferred rates using the divergence time between Common 
Buzzard (Buteo buteo) and White-tailed Eagle of 12.25 mya 
(Mindell et al. 2018). The Common Buzzard was used as 
it is the closest available relative with an associated diver-
gence date to the White-tailed Eagle. The mean pairwise 
Tamura-Nei distances were calculated for each of the 17 
partitions, between the sequences and Common Buzzard 
using MEGA X (Kumar et al. 2018).

Partitions of the molecular variance among and within 
populations (AMOVA) were summarized based on 
haplotype frequencies (FST) and evolutionary distances 
between sequences (Φ ST), as well as between any pairs 
of samples (Excoffier et  al. 1992, Tamura and Nei 1993) 
using the hierfstat (Goudet 2005) and pegas (Paradis 
2010) packages in R. The significance of the FST and Φ ST 
values were estimated by permutation of sequences among 
samples 1,000 times. A Kruskal’s nonmetric multidimen-
sional scaling (MDS) plot was calculated based on the pair-
wise Φ ST distances, using the MASS package (Ripley 1996, 
Cox and Cox 2008).

Signs of selection on the mitochondrial variation were 
investigated by calculating the NI (Rand and Kann 1996) 
and with comparisons based on different estimates of 
the population parameter θ (see below). NI was calcu-
lated using the standard and generalized MacDonald 
and Kreitman test (http://mkt.uab.es) (Egea et  al. 2008) 
using the vertebrate mitochondrial code for all 13 mito-
chondrial protein coding genes concatenated (with ND6 
reversed), as well as for each gene for our complete data 
set and separately for the different countries. The ratio of 
segregating synonymous and non-synonymous variants 
within the populations was compared with the number 
of corresponding differentiations from Black Kite (Milvus 
migrans, NC_038195) as closest related species with an 
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available complete mitochondrial sequence. Results were 
obtained for both uncorrected NI as well as corrected for 
distance by Jukes and Cantor (Jukes and Cantor 1969) as 
implemented on the website. When at least one of the 
cells of the McDonald-Kreitman 2  ×2 contingency table 
contained a count of zero, a count of 1 was added to each 
cell. Differences in the estimates of the population param-
eter theta were tested with Tajima’s D (Tajima 1989), Fay 
and Wu’s H (Fay and Wu 2000), and the E-test (Zeng et al. 
2006) which may also reveal changes in population sizes, 
were calculated using Zeng’s DH-software (http://zeng-
lab.group.shef.ac.uk) and tested by coalescence simulations 
using the ms-program assuming constant population sizes 
(Hudson 2002).

RESULTS

A total of 124 variable sites defining 43 mitogenomic 
haplotypes were found in the 88 individuals from Iceland, 
Norway, Denmark, Estonia, and Greenland (1 individual 
from Greenland was excluded from statistical analysis, see 
below). 48,495,446 reads were mapped to the individuals 
with a length of 257 bases each, after filtering 45,303,601 
were left (93,4%). Only 5 individuals had missing data, 
with a maximum of 49 missing base pairs (bp) (i.e. the 
breadth (coverage) was minimum 0.997, and 84 individuals 
had a breadth of 1). The mean depth ranged from 12.7 to 
7894.84 (mean = 857.3). The control region was separately 
analyzed and had a mean depth between 9.9 and 6774,34 
(mean  =  800), and thus slightly but not substantially 
lower. Overall quality, depth, ratio of the common allele, 
and binomial probability of segregating sites in each indi-
vidual within each country, summarized from the filtered 
VCF file, show a good support for the segregating sites 
and that they behave as haploid markers (Supplementary 
Material Figure S1), with no evidence of sample contam-
ination or index hopping. Inspection of highly variable 
sites within countries was no exception, as found for 11 
sites separating the 2 main mtDNA lineages in Iceland 
(Supplementary Material Table S3). Nucleotide diversity 

along the mitochondrial genome was well distributed 
(Supplementary Material Table S4). The small population 
in Iceland has the lowest haplotype richness and displays 
lowest haplotype diversity (0.7), but the population from 
Greenland show the lowest nucleotide diversity (3.61  × 
10–4) (Table 1). The large population in Norway has the 
highest haplotype richness and diversity, whereas the re-
cently established population in Denmark has the highest 
nucleotide diversity. The population parameters θ S based 
on segregating sites and nucleotide diversity are also higher 
in Denmark than for the other countries. θ K, which unlike 
nucleotide diversity is sensitive to changes in number of 
alleles and thus bottlenecks, was lowest in Iceland and the 
newly established population in Denmark.

Both the median-joining network (Figure 2) and the 
Bayesian tree (Figure 3) revealed 2 major haplogroups in 
our data, one with all Estonian and about half the Danish 
individuals (HG-B), the other with Norway, Iceland, 
Greenland, and the rest of the Danish individuals (HG-
A). The haplotype detected in the 3 Danish individuals 
clustering in HG-A were identical to the haplotype from 
Germany (MN356434.1). The Korean reference spec-
imen forms a third and a distinct branch (Figure 2) that 
shows greater similarity to the branch with Estonian and 
half of the Danish individuals (HG-B) than to the others 
(HG-A) (Supplementary Material Figure S2). One se-
quence from Greenland (GL-3) clustered far from the rest 
of the sequences from Greenland in the network; but in 
the Bayesian analyzes, this sequence clustered within the 
group IG-1. An inspection of the sequence showed signs of 
it being a chimera, as 17 of 25 variable sites in the sequence 
covering most of the sequence—that is from position 1 to 
14597 were shared by other individuals from Greenland 
(in group HG-A), whereas 8 variable sites from the con-
trol region (CR) were shared with the distinct lineage 
(HG-B) observed in individuals from Denmark, Estonia, 
and Korea. The individual was marked with an asterisk 
(Figures 2 and 3), but removed from statistical analysis, ex-
cept for the neutrality index that was based on the coding 
sequence. Six topologies were found with the Bayesian 

TABLE 1. Molecular diversity per country and overall for White-tailed Eagle sampled between 1990 and 2018. Sample size (n), number 
of haplotypes (nh), haplotype richness (HR), haplotype diversity (h), nucleotide diversity (π), genomic diversity Theta Pi (θ 

π
) = nucleotide 

diversity (π) *17,461 bp (17,461 is the length of the analyzed mtDNA; Tajima 1996), theta K (θ 
K
) (Ewens 1972), theta S (θ 

S
) (Tajima 1989, 

Watterson 1975), census size as reported and referenced in Introduction (overall just report the estimate for Europe), numbers in 
parentheses are standard deviations. Standard deviation for θ 

K
 were obtained with bootstrap. The individual from Greenland displaying 

signs of being a chimera is excluded here

Country n nh HR h π θ 
π

θ 
K

θ 
S

Census

Greenland 11 8 5.68 0.93 (0.05) 3.61e-4 (2.0e-4) 6.31 (3.66) 11.69 (1.99) 6.83 (3.01) 150–200
Iceland 42 14 5.29 0.73 (0.06) 4.82e-4 (2.5e-4) 8.54 (4.47) 6.94 (1.04) 7.43 (2.45) 80
Norway 21 13 8.76 0.95 (0.01) 5.79e-4 (3.0e-4) 10.1 (5.37) 13.57 (1.98) 8.33 (3.11) 2,000
Denmark 11 7 7.00 0.87 (0.08) 1.83e-3 (9.7e-4) 31.97 (17.07) 6.15 (1.58) 24.58 (9.97) 61
Estonia 3 3 3.00 1.00 (0.19) 2.6e-4 (2.2e-4) 4.67 (3.90) NA 4.66 (3.12) 290–330
Overall 88 43 8.4 0.92 (0.02) 1.08e-3 (5.3e-4) 18.97 (9.39) 32.57 (2.21) 24.5 (6.39) 17,900–24,500
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analysis; they all show identical grouping of individuals but 
differ in the sequence of splits that were poorly supported 
(Supplementary Material Figure S3). The most frequent to-
pology (Figure 3) was observed 4 times. One topology was 
observed twice and 4 topologies only once. Two distinct 
clusters were found within each country in HG-A. These 
clusters were separated by several mutations (Figures 2 and 
3) and contain highly similar haplotypes (N1 and IG1 in 
one, and N2 and IG2 in the other). Iceland and Greenland 
share closely related or similar haplotypes that differ in 
frequency at the different clusters (IG1 and IG2). The to-
pology indicates no batch effect even though the data was 
obtained from various sources and sequenced at two dif-
ferent facilities. A network based on the part of the control 
region analyzed by Hailer et al. (Hailer et al. 2007), and for 
the whole region excluding the control region, both pre-
sent the same overall pattern (except for the individual 
from Greenland displaying signs of being a chimera), al-
though the CR-fragment does not provide as high a reso-
lution as the entire mitogenome (Supplementary Material 
Figures S4 and S5 and Table S1).

The earliest divergence of haplogroup HG-B from 
haplogroup HG-A (Figure 3) occurred on average 130 kya. 
A second major split distinguishes the Danish individuals 
(except one) from the Norwegian, Icelandic, and 

Greenlandic eagles (57 kya). The third major split divides 
one-third of the Norwegian individuals, one-third of the 
Icelandic individuals, and all but 2 Greenlandic individuals 
into one clade (N1 and IG1), and the remaining in the 
other clade (N2 and IG2) (51kya). In both of these two 
last clades, the Norwegian individuals make up separate 
monophyletic clades (with 1 Danish individual), splitting 
from the Icelandic and Greenlandic individuals around 30 
and 37 kya. All these referred times are, as in Figure 3, as-
suming standard mutation rate.

Split times for all the 6 methods used (3 methods were 
used for body mass), and for the 3 major splits mentioned 
above are displayed in Supplementary Material Figures 
S6–S8. The most recent splits obtained with the different 
methods range from around 336 kya (237–437 kyr) to 51 
kya (36–68 kyr). For the root node, the mean split times 
range from 847 kyra (621 kyr to 1.086 Myr) to 130 kya (94–
169 kyr) for the oldest and youngest, respectively.

The AMOVA (Excoffier et al. 1992) analysis reveals that 
a large proportion of the variation in genetic distances is 
due to differences between populations from the different 
countries (Φ ST = 0.56, P < 0.01). This proportion was con-
siderably larger than the one obtained with the partition 
based on haplotypes only (FST = 0.079, P < 0.01) and reflects 
the unique lineages found in most samples (Figure 2).

FIGURE 2.   Median-joining network presenting the divergence between mitochondrial genomes in White-tailed Eagles from the five 
different countries sampled between 1990 and 2018 compared to the Korean reference specimen. The size of the pies represents the 
number of individuals that share the same haplotype. Marks on the lines refer to number of sites that differ among the connected 
haplotypes. HG-A and HG-B corresponds to the haplogroups A and B from Hailer et al (2007) (Supplementary Material Figure S4). IG1, 
IG2, N1, and N2 are Iceland-Greenland group 1, Iceland-Greenland group 2, Norway group 1, and Norway group 2, respectively. The 
individual from Greenland displaying signs of being a chimera is marked with an asterisk.
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Accordingly, pairwise Φ ST were larger than FST values 
(Table 2) and showed significant differences between 
all countries, excluding the small sample of the Estonian 

population. The positions based on the pairwise Φ ST 
distances in the MDS-plot reflect well the original ge-
netic distances (with a stress of 2.5%) and show relation 

FIGURE 3.   Phylogenetic tree based on the mitochondrial genomes in White-tailed Eagles from 5 countries collected between 1990 
and 2018. The tree was reconstructed using BEAST. The dates (Ka) are shown on the x-axis from today and back in time. The dates 
are based on the standard rate (2.1%), and error bars for the 3 major splits are marked in blue. HG-A and HG-B corresponds to the 
haplogroups A and B from Hailer et al (2007) (Figure 2 and Supplementary Figure S4). IG1, IG2, N1, and N2 are Iceland-Greenland group 
1, Iceland-Greenland group 2, Norway group 1 and Norway group 2, respectively. The individual from Greenland displaying signs of 
being a chimera is marked with asterisk.
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to geographic maps (Supplementary Material Figure S9), 
although the distance between Greenland and Iceland is 
large despite close similarity of the sequences from the 
two clades IG1 and IG2 in Figure 2. The overall distance 
between the 2 samples can be explained by the different 
proportions of Icelandic and Greenland haplotypes in 
the 2 clusters (IG1 has 13 Icelandic and 10 Greenlandic 
individuals, IG2 has 29 Icelandic and 2 Greenlandic 
individuals).

We found an excess of segregating amino acids in com-
parison with the fixed differences between the White-tailed 
Eagle and the Black Kite, indicating negative selection (NI 
> 1) (Table 3), with no stop codons detected. This excess 
of non-synonymous polymorphisms is especially driven by 
high NI values for the COX complex (COX 1 and 2) and for 
cyt b when all individuals are pooled. High significant NI 
values in the COX complex for all populations are found, 
primarily in COX2 in Iceland, Greenland, and Norway, but 
COX1 in DK. Iceland and Greenland show significant neg-
ative selection in ND1, Norway and Denmark display sig-
nificant negative selection in cyt b (Table 3). The Fu and 
Way’s H test statistic and especially Zeng’s E-test support 
this (Table 4); there are high frequency variants segregating 
within each population which are located at the internal 
branches within the two distinct lineages in each country, 
each with closely related haplotypes (i.e. the tree has a 
greater height than expected based on its overall length; 
Figure 3). An evaluation of the impact of sample size in 
Iceland revealed similar results (Supplementary Material 
Table S5). None of the Tajima’s D values were significant, 
but interestingly, the test statistic is positive for all coun-
tries except Greenland, indicating there are less rare alleles 
than expected (Table 4).

DISCUSSION

Population Structure
The mtDNA genomes of White-tailed Eagles sampled from 
Greenland, Iceland, Norway, Denmark, and Estonia show 
difference in haplotype frequencies, occurrence of different 

haplotypes in west and east Europe, and thus differentia-
tion between the countries (Φ ST), which are all in line with 
earlier findings on the mitochondrial DNA in White-tailed 
Eagles based on a fragment of the control region (Hailer 
et al. 2007, Honnen et al. 2010). The study by Hailer et al. 
(2007) revealed a recent genetic differentiation between the 
populations from Iceland and Greenland, where the fre-
quency of 2 haplotypes differed between the 2 islands. One 
of the haplotypes was endemic to the islands and the other 
common in northern Europe. Even though Hailer et  al. 
(2007) observed large spatial overlap of CR haplotypes on 
the mainland, when constructing a neighbor-joining tree 
they detected a split between western and eastern Europe. 
Here we also observe the recent divergence of the two is-
land populations and a split between western Europe and 
the samples from Estonia in eastern Europe, yet the re-
cently established population from Denmark shows an ad-
mixture of the 2 groups. The sample from Denmark shares 
1 haplotype with the Norwegian sample, suggesting migra-
tion from Norway; another haplotype is identical to 1 from 
Germany and 5 others share a similar haplotype to the 
Estonian samples, suggesting a settlement from the east. 
However, further sampling, and comparison with the sur-
rounding countries is needed to confirm geneflow, and the 
full population structure.

Divergence of Populations
Despite the similarities between the main geographic 
patterns in our study and the previous studies, a more com-
plex pattern is observed based on the entire mitochondrial 
genomes than the control region. Within each country, 
except in the small sample set from Estonia, 2 distinct 
mitogenomic lineages are observed and are being upheld, 
potentially through selection. The sequences within the 
two separate lineages in Iceland and Greenland are sim-
ilar to each other but have diverged from the Norwegian 
haplotypes in the same clade for about 30,000–37,000 yr 
ago, as estimated by the standard mutation rate for cyt b 
or around the last glacial maximum, ~25,000 yr ago, when 
the three countries were covered by glaciers (Clark and 
Mix 2002). It is interesting that the split happened during 
or before the last glacial maximum (i.e. prior to the colo-
nization of the 3 countries). The time to the most recent 
common ancestor (TMRCA) for the 2 distinct lineages 
within Greenland, Iceland, and Norway was older or about 
~50,000 yr (CI: 115,000–11,700 yr ago) or during the last 
glaciation, suggesting that they originated from two refugia 
during the last glacial period. The dating to the TMRCA 
for all countries occurred close to onset of the last glacia-
tion assuming the standard rate (Supplementary Material 
Figure S6), 130,000 yr (mean standard rate).

The other methods of timing based on more ancient 
divergence times between species—that is, on body size 
(Nabholz et  al. 2016) and the one from Arcones et  al. 

TABLE 2.  Pairwise comparison among 5 populations of White-
tailed Eagle sampled between 1990 and 2018. Φ 

ST
 below the 

diagonal, and pairwise F
ST

 above the diagonal. Asterisks *, ** 
and *** indicates P-values: 0.01 ≤ P < 0.05, 0.001 ≤ P < 0.01, and 
P < 0.001, respectively. IS: Iceland, NO: Norway, DK: Denmark, EE: 
Estonia, and GL: Greenland

IS NO DK EE GL

Iceland  0.083*** 0.109*** 0.085 0.041*
Norway 0.408***  0.043*** 0.012 0.026**
Denmark 0.560*** 0.453***  0.038 0.049*
Estonia 0.940*** 0.935*** 0.273  0.018
Green-
land

0.397*** 0.459*** 0.308* 0.961**  D
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(2019) gave more ancient splits than based on the standard 
rate for cyt b (Weir and Schluter 2008). This difference 
could result from molecular clock rates obtained from 
comparisons between species, which may overestimate the 
divergence times within species as they do not consider 
the influence of population dynamics such as selection 
(Ho et al. 2005, 2007; Zink and Barrowclough 2008). The 
standard rate may be less affected, and our estimates come 
close to the earlier estimates (Hailer et al. 2007); however, 
the large divergence within populations, which seems to be 
maintained by selection, as discussed below, will also affect 
the time of divergence.

Different refugia during the last glacial period have 
been suggested as the main factor driving the formation 
of the western and eastern clades in the White-tailed Eagle 
(Hailer et al. 2007, Langguth et al. 2013), and the estimates 
here from the standard rate are close to these earlier 
suggested split times. The exact location of the refugia is 

unknown, but such refugia driving population splits are 
also seen in other birds with a large east/west range on the 
northern hemisphere (Ruokonen et al. 2004, Lovette 2005). 
More extensive geographic sampling could further refine 
theories of the location of the refugia and the colonization 
history of Greenland and northern Europe.

Selection
As the mitochondria contain haploid, non-recombining 
genomes, selection is predicted to reduce the molecular 
variation within populations due to background selection 
against deleterious mutations (Charlesworth et al. 1993) or 
due to hitchhiking with positively favored mutations (Smith 
and Haigh 1974). These effects are expected to be even 
stronger in birds due to linkage with the W-chromosome 
as they are inherited together (Berlin et al. 2007).

Here we observe a different outcome, high variation 
within populations with distinct lineages and an excess 
of high frequency variants as revealed by the negative Fay 
and Wu’s H in Iceland and Greenland, which is in line 
with Zeng’s E, displaying long internal branches (i.e. the 
deep split within the countries). The significantly low H 
and high E values could indicate balancing selecting for 
the two lineages, with IG1 and NO1 in one, and IG2 and 
NO2 in the other (Zeng et al. 2006). However, balancing 
selection is unlikely to be directed toward the mitochon-
drial genome, but could rather act on the W-chromosome, 
due to the linkage, and be driven by its interaction with 
the Z-chromosome (e.g., in the pseudoautosomal re-
gion [PAR] or non-recombining homologs; Xu and Zhou 
2020) and then indirectly maintain different lineages in 

TABLE 4.  Tests of selection for White-tailed Eagle samples 
between 1990 and 2018. Tajima’s D, the normalized Fay and 
Wu’s H, and the E-test. 10.000 coalescence simulations with the 
number of segregating sites fixed. P-values as proportions of 
number of simulations resulting in equal or lower values than the 
observed statistic

Region Tajima’s D Fay and Wu’s H E-test

Greenland –0.46 (0.343) –1.99 (0.035) 1.68 (0.968)
Iceland 0.92 (0.863) –2.66 (0.017) 3.22 (0.999)
Norway 0.85 (0.849) –1.19 (0.091) 1.92 (0.979)
Denmark 1.47 (0.961) –0.19 (0.268) 1.59 (0.966)

TABLE 3. Neutrality index (NI) (Rand and Kann 1996). Bold = significant, italic = to all values in the 2 ×2 contingency table a count of 1 
was added, because at least 1 cell contained a 0 and a calculation of the neutrality index would not have been possible otherwise. All: 
all samples, JC: JC corrected. IS: Iceland, GL: Greenland, NO: Norway, DK: Denmark. Bases per gene; ATP6: 683; ATP8: 167; COX1: 1,550; 
COX2: 683; COX3: 783; CYTB: 1,142; ND1: 977; ND2: 1,038; ND3: 351; ND4: 1,377; ND4L: 296; ND5: 1,817; ND6: 518

All All–JC IS IS–JC GL GL–JC NO NO–JC DK DK–JC

All genes 2.3 3.0 1.8 2.4 2.2 2.9 2.3 3.1 1.9 2.5
ATP6 1.1 1.3 4.3 5.3 4.3 5.3 4.3 5.3 1.1 1.3
ATP8 0.5 0.5 0.9 1.1 0.9 1.1 0.5 0.5 0.9 1.1
COX1 8.4 11.0 7.1 9.3 7.1 9.3 7.1 9.3 12.6 16.4
COX2 45.6 60.8 29.0 38.6 29.0 38.6 22.8 30.4 4.8 6.4
COX3 3.8 4.8 7.6 9.7 7.6 9.7 5.0 6.4 7.8 10.0
CYTB 14.8 22.2 3.4 4.6 3.4 4.6 15.4 21.0 21.8 29.7
ND1 4.0 5.4 10.9 14.8 10.9 14.8 5.4 7.4 6.0 8.1
ND2 0.8 1.1 3.2 4.2 3.2 4.2 3.2 4.2 0.8 1.1
ND3 1.2 1.7 1.9 2.4 1.9 2.4 1.9 2.4 3.7 5.2
ND4 3.2 4.3 6.4 8.3 6.4 8.3 12.6 16.4 2.1 2.8
ND4L 0.4 0.6 3.5 4.6 3.5 4.6 3.5 4.6 0.4 0.5
ND5 1.7 2.3 1.1 1.6 1.7 2.3 0.7 0.9 2.8 3.7
ND6 1.0 1.3 3.8 5.3 3.8 5.3 3.8 5.3 1.0 1.3
Complex I (ND) 1.4 1.9 1.3 1.7 1.8 2.4 1.3 1.7 1.4 1.8
Complex IV (COX) 11.2 14.6 12.5 16.3 12.5 16.3 7.5 9.8 6.3 8.2
Complex V (ATPase) 0.5 0.6 2.7 3.3 2.7 3.3 1.3 1.6 0.7 0.8
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the mitochondria. And as balancing selection will result in 
larger sequence variation within populations, our estimates 
of TMRCA within populations are overestimated as well as 
the time since the populations diverged from each other 
(Zink and Barrowclough 2008, Cooper et al. 2015). Further 
evidence for the effect of selection was seen with the NI 
> 1 (i.e. higher ratio of polymorphic amino acids within 
the White-tailed Eagles in comparison to the ratio of fixed 
amino acid replacements relative to a related species), 
which suggests that deleterious mutations are segregating 
within the mitochondrial genome of the eagles so the vari-
ation may not reflect neutral processes.

A sympatric occurrence of distinct genetic lineages from 
a deep gene tree as seen here had been suggested earlier 
for the White-tailed Eagle (Honnen et  al. 2010); and al-
though rarely seen, it has been suggested for other spe-
cies (Adelie Penguin [Pygoscelis adeliae], Mallard [Anas 
platyrhynchos], Snow Goose [Anser caerulescens], Eurasian 
Blue Tit [Cyanistes caeruleus], and orcas [Orcinus orca] 
(Avise et al. 1987, Dizon et al. 1992, Avise and Walker 1998). 
Although this dichotomy may represent an admixture of 
different clades, 2 different colonization events, high an-
cestral variation or incomplete linage sorting, the mainte-
nance of these distinct clades within the small populations 
of White-tailed Eagles in Greenland and Iceland, and in 
the larger population in Norway, indicate that natural se-
lection has played a role. Nuclear inserts of mitochondrial 
DNA (NUMTs) could have led to such a pattern, but in-
spection of the variable sites separating the lineages within 
populations did not reveal any such evidence.

Conclusion

Here we confirm the suggested western and eastern clades 
of mitochondrial variation in White-tailed Eagle and the 
main phylogeographic pattern in Greenland and Northern 
Europe. Surprisingly, 2 distinct lineages are found within 
each country. These 2 lineages in Greenland, Iceland, and 
Norway seem to have been upheld by natural selection 
and may reflect divergence in different refugia during the 
last glacial period. In Denmark, the 2 lineages derive from 
the eastern and western clades and reflect a recent recol-
onization from both areas. Wider geographic sampling is 
warranted for a complete phylogeography of Europe and to 
rebuild the natural history of the species. Though useful for 
conservation efforts an addition of other genomic markers 
is needed to assess the diversity within populations, in-
cluding assessments of demography, effective population 
size, and divergence. Furthermore, to explore the signal 
of selection an analysis of the sex-chromosomes Z and W 
could reveal whether balancing selection acting on Z and 
W can extend over to the mitogenome and explain the co-
existence of the two lineages within countries.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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