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Abstract
Analysing the geographical distribution of evolutionary linages can reveal the potential 
locations of past refugia and colonisation routes and thus can improve understanding 
of current patterns of genetic variation and adaptive potential. We analysed 94 full mi-
togenome sequences to assess phylogeographic relationships amongst ten Arctic char 
(Salvelinus alpinus) populations, from western Greenland, eastern Greenland, Iceland 
and Norway. In addition, we excised D- loop sequences, which were combined with 
previously published data in order to provide a circumpolar phylogeographical over-
view. In western Greenland, a secondary contact zone between Arctic and Atlantic 
evolutionary lineages was identified, spanning >1000 km, which geographically 
parallels a similar contact zone in Labrador, Canada. In eastern Greenland, Iceland 
and Norway, the Atlantic lineage was exclusively observed, whereas the northern-
most western Greenland populations belonged to the Arctic lineage. The Arctic and 
Atlantic lineages were estimated to have diverged ca. 400,000 years BP, correspond-
ing to the onset of the Saale glaciation, whereas the time of the most recent common 
ancestor (TMRCA) of the Arctic lineage was ca. 15,000 years BP. The Atlantic lineage 
comprised two subclades, with an estimated TMRCA of 60,000 BP, suggesting a com-
plex history involving cryptic refugia or multiple recolonisations. Codon- based tests 
revealed no evidence for positive selection within the 13 coding genes, indicating that 
there are no mitochondrial genetic adaptations within or between lineages. Higher 
genetic diversity observed within the contact zone likely correlates with higher stand-
ing genetic variation that could contribute to adaptive responses and morphological 
diversification, which Arctic char is renowned.

K E Y W O R D S
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1  |  INTRODUC TION

Pleistocene ice ages have had a pronounced impact on present- day 
species and intraspecies evolutionary lineages both in the northern 
and the southern hemisphere (Bernatchez & Wilson, 1998; Hewitt, 
2000, 2004; Ruzzante et al., 2008, 2020; Shafer et al., 2010; Waters 
et al., 2001). In glaciated regions, populations survived in isolated re-
fugia, which sometimes led to genetic divergence between lineages. 
During warmer interglacial periods, de- glaciated landscapes were 
recolonised, which sometimes led to secondary contact between 
previously isolated lineages (Hewitt, 2000, 2004). Whereas stud-
ies of the ecological and evolutionary consequences of glaciation 
history initially focussed on temperate regions, a growing number 
of studies have shown that Arctic biota also can harbour distinctly 
divergent lineages and complex phylogeographic histories (Alsos 
et al., 2005; Brunner et al., 2001; Van Houdt et al., 2005; Liu et al., 
2016; Mathiesen et al., 2017; Moore et al., 2015). In fact, Arctic (and 
Antarctic) regions can presently be considered interglacial refugia for 
cold- adapted species (Lanier et al., 2015). This is of relevance in the 
context of ongoing anthropogenic climate change, which is expected 
to be particularly severe in Arctic regions (Leduc et al., 2016). Here, 
cold adapted Arctic species will have limited possibilities for migrat-
ing to cooler environments and may experience increased competi-
tion and predation from boreal species (e.g., Andrews et al., 2019; 
Renaud et al., 2012). Consideration of phylogeographical patterns 
in Arctic species is therefore important for demarcating major units 
for conservation and for identifying possible secondary contact be-
tween divergent lineages that could increase standing genetic varia-
tion, and thus potential for adapting to altered temperature regimes.

The present study examines Arctic char (Salvelinus alpinus) with 
specific focus on Greenland. This cold adapted Salmonid species is 
the most northerly distributed freshwater fish and can only tolerate 
a narrow range of temperatures (Knudsen et al., 2016). It is distrib-
uted throughout the Arctic and sub- Arctic regions of the Holarctic, 
as well as cold mountainous regions of boreal and temperate regions 
(Brunner et al., 2001; Klemetsen et al., 2003). Although all popu-
lations spawn in freshwater in rivers or lakes, many Arctic popula-
tions are anadromous and undertake marine feeding migrations. 
Hence, recolonisation after the Last Glacial Maximum (LGM –  ca. 
21,000 years ago (Hughes & Gibbard, 2015)) may have occurred 
through inland routes via proglacial lakes and isostatic rebound, as 
well as marine routes (Brunner et al., 2001; Klemetsen et al., 2003; 
Moore et al., 2015; Wilson et al., 1996). Given these attributes, 
Arctic char is a suitable species for investigating the impacts of past 
glacial cycles on Arctic freshwater species, and at the same time, it 
can shed light on how cold- adapted species are vulnerable to ongo-
ing climate change (Hein et al., 2012; Layton et al., 2021).

The effect of the Pleistocene glaciations on present phylogeo-
graphical patterns in Arctic char has been investigated in several 
studies (Alekseyev et al., 2009; Brunner et al., 2001; Moore et al., 
2015; Salisbury et al., 2019; Taylor et al., 2008; Wilson et al., 1996). 
Brunner et al. (2001) conducted the first extensive Holarctic study 
by sequencing the mitochondrial DNA (mtDNA) D- loop (control 

region). Later, Moore et al. (2015) analysed D- loop variation in 
additional populations and combined the data with previously 
published sequences (Alekseyev et al., 2009; Brunner et al., 2001; 
Power et al., 2009; Taylor et al., 2008). Both Brunner et al. (2001) 
and Moore et al. (2015) found evidence for five phylogeographic 
lineages: the Arctic, Atlantic, Beringian, Siberian and Acadian 
lineages. The Arctic lineage has been observed throughout the 
Arctic Archipelago and the North American Arctic Coast, as well 
as in populations of the Chukotka Peninsula (Russia) and western 
Greenland. The Beringian lineage has been found in large regions 
of in eastern Russia and western North America; the Siberian lin-
eage has been observed in large regions of Russia; the Acadian 
haplotype has been detected in Newfoundland and Maine; and the 
Atlantic lineage is mainly in Europe but interestingly also in south-
ern Greenland and coastal eastern Canada. Moore et al. (2015) 
observed only a few instances where different phylogeographical 
lineages were detected in the same populations. However, a recent 
study by Salisbury et al. (2019), based on sequencing ca. 500 BP of 
the mitochondrial D- loop, documented co- occurrence of Acadian 
and Atlantic lineages in Newfoundland and Arctic and Atlantic lin-
eages in Labrador, Canada.

A common limitation of previous studies has been the low repre-
sentation of populations from Greenland. Thus far, only three pop-
ulations have been included in prior studies (Brunner et al., 2001; 
Moore et al., 2015). Given its geographical location between North 
America and Europe, Greenland has likely acted as a stepping stone 
for the Atlantic lineage to reach North America and could potentially 
represent a zone of secondary contact between Arctic and Atlantic 
lineages. Whereas the Arctic lineage has been observed both in the 
northwest and southwest of Greenland, the Atlantic lineage has so 
far only been found in the southwest (Brunner et al., 2001; Moore 
et al., 2015). Whether this denotes a true pattern or is due to limited 
sampling is presently unknown. A denser sampling is thus warranted 
to close this gap in our knowledge of the circumpolar phylogeogra-
phy of Arctic char.

Phylogeographic patterns have historically been investigated 
using the maternally inherited mitochondrial DNA (mtDNA), which 
is still widely used (Avise, 2009; Galtier et al., 2009), although with 
the important reservation that the evolutionary history of mtDNA 
may not necessarily reflect that of entire species and populations 
(Ballard & Whitlock, 2004). Most studies have relied on short se-
quences (<1000 BP) of fast- evolving regions, such as the D- loop. 
However, with an increasing use of next- generation sequencing, 
there has been a shift towards analysing the complete mitochon-
drial genome (mitogenome) (e.g., Andersen et al., 2017; Carr & 
Marshall, 2008; Jacobsen et al., 2012; Morin et al., 2010; Pavlova 
et al., 2017; Winkelmann et al., 2013). This has several advantages 
as longer sequences in general resolve phylogenies better than 
shorter ones (DeFilippis & Moore, 2000; Rokas & Carroll, 2005; 
Jacobsen et al., 2012; Morin et al., 2010). Moreover, by analysing 
the whole mitogenome, it is possible to test for positive selection 
acting within the molecule. Although historically it has been thought 
that mtDNA exhibits neutral evolution, several recent studies have 
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detected evidence of positive selection acting on the coding genes, 
with many examples from fish (Belanger- Deschenes et al., 2013; 
Bernatchez & Dodson, 1985; Dalziel et al., 2006; Gagnaire et al., 
2012b; Garvin et al., 2011; Jacobsen et al., 2014; Jacobsen et al., 
2015). As positive selection would violate the neutrality assumed 
by most phylogenetic software, it may lead to errors in data analy-
sis and interpretation (Galtier et al., 2009). Moreover, the finding of 
positive selection would further emphasise the need for separate 
management of evolutionary lineages or populations of interest 
(Pavlova et al., 2017).

In this study, we generated and analysed 94 mitogenome se-
quences from Arctic char to investigate phylogeographic patterns 
and assess the colonisation history of Greenland. The sample loca-
tions included ten different Arctic char populations representing 
seven populations in western Greenland and one population from 
each of eastern Greenland, Iceland and Norway. The overall objec-
tive was to assess if both the Atlantic and Arctic lineages and possibly 
other lineages are distributed across western Greenland. To this end, 
we excised D- loop sequences from the mitogenome sequences and 
combined them with previously published sequences representing 
all five phylogeographic lineages, allowing us to directly identify the 
lineages present at our study locations. We also mapped the lineages 
found in our study region along with lineages observed in previous 
studies to provide a circumpolar overview of the phylogeography of 
Arctic char. Second, we made use of the high information content 
of full mitogenome sequences to estimate divergence time between 
lineages. Prior studies have raised the possibility of cryptic refugia 
(Moore et al., 2015; Wilson et al., 1996), and we investigated if the 
same could be the case for Greenland by searching for the presence 
of unique sub- clades or lineages within the Greenlandic sample lo-
cation and by estimating time since divergence. We also used di-
vergence time estimates between lineages to evaluate the possible 
biological significance of secondary contact such as the possibility 
of increased levels of standing variation, which could contribute to 
adaptive potential. Third and finally, we investigated the possibility 
of positive selection having acted on the Arctic char mitogenome. 
Our approach offered new insights into the distribution of phylo-
geographic lineages in Arctic char, offering further perspective on 
the lasting impact of past glaciation on present- day biodiversity and 
adaptive potential.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and populations

A total of 94 mitogenomes were sequenced from Arctic char rep-
resenting 10 sampling sites across western Greenland (seven loca-
tions), eastern Greenland, Iceland and Norway, each represented 
by one sampling location (see Table 1 for further information about 
the sampled populations and Figure 1 for geographical locations). 
The Greenlandic samples were collected in 2012– 2015, whereas 
the Norwegian and Icelandic samples were collected in 2011 and TA
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    |  333JACOBSEN Et Al.

2016, respectively. All samples were anadromous fish, except from 
Iceland (ICEL- 1) and Norway (NORW- 2) that represented land-
locked populations. The samples SCOR- 1, DISK- 1 and QAAN- 1 
were caught in the sea but likely represent populations in nearby 
rivers, whereas the other samples were taken in rivers or lakes. 
Sampling was conducted by angling or gillnet fishing. Adipose fin 
clips were taken, stored in 96% ethanol and kept frozen at −20℃ 
until DNA extraction. Sampling in Greenland took place according 
to survey licences G14- 034 and G15- 013 from the government of 
Greenland.

Our analyses also included 56 unique D- loop haplotype se-
quences described in Moore et al. (2015) (see Table S2 in that paper, 
and Note S1 in supporting information). These data represented all 
five described evolutionary linages of Arctic char and were combined 
with D- loop sequences excised from the mitogenomes sequenced in 
the present study, which allowed us to identify the phylogeographic 
lineages represented in our study. Finally, we combined data on the 
geographical distribution of phylogeographic lineages from previous 
studies (Alekseyev et al., 2009; Brunner et al., 2001; Esin et al., 2017; 
Moore et al., 2015; Salisbury et al., 2019; Taylor et al., 2008) and the 
present study in order to map the circumpolar distribution of phylo-
geographic lineages.

2.2  |  Mitogenome sequence capture and next- 
generation sequencing

DNA was extracted from 8 to 10 individuals per sample location 
using the E.Z.N.A.® Tissue DNA Kit (OMEGA, Bio- tek, CA, USA) fol-
lowing the manufacturer's recommendations. For each individual 
sample, DNA concentration was measured on a Qubit® 2 fluo-
rometer (ThermoFisher Scientific, Waltham, MA, USA), and a total 
of 0.5– 1.2 μg of DNA was diluted in a final volume of 130 μl TE 
buffer. Fragmentation of the DNA was performed by sonication, 
using an S220 focussed ultrasonicator (Covaris Inc., Woburn, MA, 
USA). Following sonication, HiBind®spin DNA extraction columns 
(E.Z.N.A.® Gel extraction kit— enzymatic reaction protocol) were 
used to concentrate the fragmented DNA and remove smaller frag-
ments (<100 BP) before library preparation. Elution of the purified 
DNA was conducted in 50 μl of elution buffer, which was the recom-
mended starting volume for building DNA libraries.

DNA libraries were prepared for Illumina sequencing using the 
NEBNext® UltraTM II— DNA Library Prep Kit for Illumina® (New 
England BioLabs, Ipswich, MA, USA) according to the manufactur-
er's recommendations for an initial DNA amount >50 ng. Size selec-
tion was performed using Agencourt® AMPure® XP beads (Beckman 

F I G U R E  1  Map showing the locations of the sample sites in Greenland, Iceland and Norway. The proportions of phylogeographic lineages 
(Arctic and Atlantic, including the two identified Atlantic sub- lineages) in the populations are shown by pie charts
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Coulter Life Sciences, Indianapolis, IN, USA) following the recom-
mended conditions for an insert size of 250 BP and a total library size 
(insert +adaptor + primers) of 420 BP. After size selection, DNA was 
eluted in a volume of 18 μl 0.1×TE buffer and incubated for 5 min-
utes to increase final DNA yield. Subsequently, index- tagged librar-
ies were made for all 94 individuals through index PCR amplification, 
using the NEBNext® Multiplex Oligos for Illumina® (New England 
BioLabs, Ipswich, MA, USA), which consists of dual barcoded prim-
ers for a total of 96 unique combinations. The number of PCR cycles 
varied between 4 and 7 and was determined by the concentration 
of DNA after sonication. The final purification step of the indexed 
libraries was performed using Agencourt® AMPure® XP beads in 
25 μl 0.1×TE. At the end of library preparation, concentrations of 
all libraries were measured on a Qubit® 2.0 Fluorometer, and all in-
dividuals from each population were pooled (8– 10 individuals per 
pool). As initial tests showed high similarity between the average li-
brary fragment sizes of the individual libraries, we pooled individuals 
based on their DNA concentration.

For each pool, we conducted separate DNA sequence capture 
of the full mitochondrial genome using MYbaits® (MYcroarray, Ann 
Arbor, MI, USA). Capture probes were designed using a published 
Arctic char mitogenome sequence as reference (Genbank accession 
number NC_000861 (Doiron et al., 2002)). We followed the man-
ufacturer's recommendations (http://www.mycro array.com/mybai 
ts/manua ls.html) and used a hybridisation step of >18 h. The KAPA 
Hifi Hotstart Ready Mix PCR kit (Kapa Biosystem Ltd, Cape Town, 
South Africa) was used for final PCR amplification. Molarity of the 
pooled capture libraries was measured using a Bioanalyzer (Agilent 
Technologies Denmark Aps), and the individual pools were pooled in 
equimolar concentration for a final library including all 94 indexed 
individuals. Final mitogenome sequencing was outsourced to Beijing 
Genomic Institute, BGI (Hongkong, China), and was conducted on an 
Illumina MiSeq platform using 150- BP paired end chemistry.

2.3  |  Filtering, mitogenome assembly and data sets

After sequencing, individuals were sorted by barcodes at BGI and 
subsequently quality- filtered using the FASTQ quality filter pro-
gramme implemented in the FASTX- Toolkit (available from: http://
hanno nlab.cshl.edu/fastx_toolk it/). Subsequently all identical reads 
were collapsed and then imported into Geneious v9.1.6 (http://
www.genei ous.com, (Kearse et al., 2012)), where they were aligned 
to a published Arctic char mitogenome sequence (GenBank acces-
sion no. NC_00086 (Doiron et al., 2002)), with individual sequences 
identified according to a majority rule criterion (>50% of reads for 
any single insertion or deletion) (for details, see Note S2).

We constructed two data sets for further downstream analyses. 
The first consisted of a 500- BP fragment from the D- loop, excised 
from the mitogenome sequences and combined with previously pub-
lished D- loop sequences from Moore et al. (2015). The D- loop data 
set totaled 150 sequences representing all known phylogeographic 
lineages in Arctic char: the Siberian, Atlantic, Acadian, Beringian and 

Arctic lineages. Following Moore et al. (2015) we included two ho-
mologous sequences from brook trout (Salvelinus fontinalis) and lake 
trout (Salvelinus namaycush) as outgroups. This data set was used 
primarily for identifying the phylogeographic lineages in our sample 
locations as defined in previous studies. The second data set, used 
for most subsequent analyses, consisted of the generated mitoge-
nome sequences along with the published mitogenome sequence 
(GenBank accession no. NC_00086) that represents the Acadian 
phylogeographic lineage.

2.4  |  Assessment of D- loop phylogeny

The number of haplotypes was calculated using DnaSP v5.1 (Librado 
& Rozas, 2009). The best fit substitution model (TrN+G+I) was 
identified via the corrected Akaike information criterion (AICc). A 
maximum- likelihood phylogenetic tree was constructed using this 
substitution model, with a total of 1000 replicates generated for cal-
culation of branch support. MEGA v7 (Kumar et al., 2016) was used 
for these analyses.

2.5  |  Mitogenome phylogeny, estimation of 
divergence time and genetic differentiation

The number of haplotypes was calculated using DnaSP v5.1 (Librado 
& Rozas, 2009). Phylogenetic relationships and time of most re-
cent common ancestor (TMRCA) were analysed in BEAST v1.8.2 
(Drummond & Rambaut, 2007) using the entire mitogenome se-
quence. The best- fit substitution model (TrN+G) was identified via 
the corrected Akaike information criterion (AICc >5 to the next best 
model) using MEGA v7 (Kumar et al., 2016). An initial rate hetero-
geneity test was performed in TRACER v1.6 (Rambaut et al., 2014), 
using an uncorrelated log- normal clock. Given that the standard de-
viation of the uncorrelated lognormal relaxed clock (ucld.stdev) was 
abutting against zero (95%HPD of ucld.stdev =4.25 × 10−5 − 0.23) 
a strict molecular clock could not be rejected (Drummond et al., 
2007). Hence, subsequent analyses were conducted using a strict 
clock. As different demographic scenarios between lineages may af-
fect divergence time estimates (Ho et al., 2008), final analyses were 
conducted using *BEAST (Heled & Drummond, 2010). Here, differ-
ent demographic scenarios were allowed between each of the three 
major evolutionary lineages found within the data set (the Arctic, 
Acadian and Atlantic lineages), using either the piecewise linear 
and the piecewise linear constant root models. Both the Yule or the 
birth- death speciation priors were tested as inter- lineage tree priors 
and the best combination was chosen based on Bayes factor values 
as calculated in TRACER (Rambaut et al., 2014).

To estimate divergence time (TMRCA), we used a full mitoge-
nome substitution rate of 1.537×10−8 sub/site/year estimated 
for whitefish (Coregonus spp.) (Jacobsen et al., 2012). The final 
Markov chain Monte Carlo sample obtained was based on a run 
for 50,000,000 generations, with genealogies sampled every 
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5000 generations. Convergence was assessed by effective sam-
ple size and additional runs. A maximum clade credibility tree with 
mean heights for branches was estimated in TREEANNOTATOR 
(Drummond & Rambaut, 2007) using an initial burn- in of 10%, and 
the final phylogenetic tree was visualised using FIGTREE v1.3.1 
(Andre Rambaut, University of Edinburgh, http://tree.bio.ed.ac.uk/
softw are/figtr ee/). Finally, to test the robustness of the Bayesian 
phylogeny a maximum likelihood approach was furthermore con-
ducted using MEGA v7 (Kumar et al., 2016). The best- fit TrN+G sub-
stitution model with 8 gamma categories was used and a total of 
100 bootstraps were generated for calculation of branch support 
(bootstrap values).

To investigate if climatic change during the past ice ages cor-
related with divergence time of the major evolutionary lineages of 
Arctic char, published Deuterium data from the past 420,000 years 
from the Vostok ice- core, Antarctica (Petit et al., 1999), was incor-
porated in the mitogenome phylogeny to visualise how temperature 
has fluctuated back to the TMRCA. Deuterium is the heavy isotope 
of hydrogen. It does not undergo radioactive decay and is therefore 
stable. The isotopic content in ice- cores can be used as a proxy for 
past temperature because of fractionation processes. In ice cores, a 
smaller amount of deuterium is found in colder periods, because it 
takes more energy to evaporate the heavier isotopes from the sur-
face of the ocean (Petit et al., 1999). Furthermore, heavier molecules 
tend to be lost more rapidly by precipitation as the moist air moves 
towards the poles and cools down.

2.6  |  Analysis of population structure using the 
mitogenome data set

Nucleotide diversity (π) and the associated standard deviation for 
individual populations was analysed using DnaSP v5.1 (Librado & 
Rozas, 2009). Analysis of differentiation (ΦST) between pairs of pop-
ulations and across all populations was performed using ARLEQUIN 
3.5.2.2 (Excoffier & Lischer, 2010). The TrN substitution model was 
applied and 99,999 permutations of individuals amongst populations 
were used for testing significance of differentiation.

2.7  |  Tests for selection

Several tests were applied to investigate the possibility of positive or 
relaxed purifying selection acting on the mitogenomes. All mitoge-
nome sequences were aligned to the annotated reference (Genbank 
accession no. NC_000861) in GENEIOUS v9.1.6 (Kearse et al., 2012). 
Subsequently, all 13 coding genes were extracted separately and ter-
minal stop codons were removed. NADH6 (ND6) was reverse trans-
lated, as it is located on the minus strand. Alignments of either the 
single genes or all concatenated genes were subsequently analysed 
for selection. A total of four different analyses were performed. First 
the direction of all nonsynonymous changes within the data set was 
reconstructed following a parsimonious principle with the closely 

related Salvelinus namaycush as outgroup (Genbank accession num-
bers: MF621737- 39). Quantification of non- conservative amino acid 
substitutions, i.e., replacement of an amino acid by one belonging to 
a different amino acid class, was performed following the approach 
from Doiron et al. (2002).

To test for positive selection amongst the Arctic and the Atlantic 
lineages McDonald- Kreitman tests (Mcdonald & Kreitman, 1991) 
were conducted in DnaSP v5.1 (Librado & Rozas, 2009). Analyses 
were conducted on the single gene data sets, as well as for the con-
catenated data set Subsequently, using the concatenated coding 
genes, CODEML in PAML (Yang, 1997) was used to test for signifi-
cant differences in dN/dS amongst a predefined set of branches of 
the phylogenetic tree. A total of three different models were anal-
ysed and the best model chosen based on likelihood ratio tests. The 
different models included one with a single dN/dS across the entire 
phylogenetic tree (OneRate), one where the within lineage dN/dS was 
different from the between lineage (background) dN/dS (TwoRates) 
and one that allowed different dN/dS for each of the three lineages, 
as well as for the background (FourRates).

Finally, to test for codon- level signatures of selection, the FUBAR 
(Fast Unbiased Bayesian AppRoximation (Murrell et al., 2013)) and 
MEME (Mixed Effect Model of Evolution) tests were applied (Murrell 
et al., 2012). FUBAR tests for positive (diversifying) and negative 
(purifying) selection across the individual codon positions and is 
less likely to produce false positives owing to assignment of codons 
experiencing different selection pressure in the same categories, as 
compared to more classical random effects likelihood tests (Murrell 
et al., 2013). MEME tests for episodic selection within a phylog-
eny and hence for the possibility for specific evolutionary lineages 
to show evidence for positive selection (Murrell et al., 2012). Both 
tests were conducted for all 13 mitochondrial coding genes using 
the entire mitogenome data set with the HYPHY package (Pond & 
Frost, 2005) on the DataMonkey server (http://www.datam onkey.
org/datau pload.php). Significance level was determined as posterior 
probability >.9 for FUBAR and p < .05 for MEME tests (for more 
details on selection tests, see Note S3).

3  |  RESULTS

3.1  |  Mitogenome sequencing and assembly

Alignment of individual reads to the Canadian reference mitog-
enome led to an average of 33,824 (between 20,423 and 54,678) 
reads per individual and an average sequencing depth of 305 (rang-
ing from 184 to 493) (for details on read counts and filtering, see 
Note S2). Individual base positions were highly supported. The few 
regions showing some uncertainties with respect to base calling in-
cluded polymer regions where Illumina sequencing is known to have 
problems in calling the true number of bases. However, even within 
these regions the consensus base call normally represented more 
than 75% of all individual reads, thus exhibiting high support for the 
generated mitogenome sequences.

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://www.datamonkey.org/dataupload.php
http://www.datamonkey.org/dataupload.php


336  |    JACOBSEN Et Al.

3.2  |  Analysis of D- loop phylogeny

We observed a total of 63 haplotypes based on the D- loop se-
quences excised from the mitogenome sequences alongside previ-
ously published data. The 94 mitogenomes included seven new 
haplotypes. Of these, four were from Disk- 1, whilst the latter 
three were found in Norw- 2, QAQO- 2 and UUMM- 2. As expected, 
the Maximum Likelihood tree retrieved all five different phylo-
geographic lineages within Arctic char (Figure 2), and it showed 
that all sequences generated in the present study belonged to 
either the Atlantic or Arctic lineage. These two lineages are not 
direct sister- clades and show clear differentiation from each other 
(Figure 2). Five new haplotypes were observed in the Atlantic line-
age and two new haplotypes in the Arctic lineage, whereas those 
remaining corresponded to haplotypes previously observed by 
Brunner et al. (2001) and Moore et al. (2015). This also includes 
the haplotype ARC19, which made up 95.3% of all Arctic lineage 
haplotypes in Moore et al. (2015) and 96% of the 53 Arctic hap-
lotypes in the present study. It should be noted that ARC19 and 
other haplotypes were divided into several separate haplotypes in 
the mitogenome data set.

3.3  |  Mitogenome phylogeny and estimation of 
divergence time

Forty- eight haplotypes were observed amongst the 95 mitogenome 
sequences. The majority of shared haplotypes were distributed 
between individuals within the same populations, although there 
were also haplotypes shared across different populations. These 
constituted Arctic haplotype Arc2 shared between the populations 
QAAN- , DISK- 1, SISI- 1, and MANI- 1 spanning almost 1500 km of 
distance and an Atlantic haplotype ATL18 shared between the popu-
lations QAQO- 2 on the south- west coast and SCOR- 1 on the mid- 
east coast of Greenland (Table S1).

Model comparisons conducted in TRACER (Rambaut et al., 2014) 
showed no major support for any specific model combination (Bayes 
Factors <2) and all four analyses recovered nearly identical results 
of TMRCA. However, a combination including a birth- death inter- 
lineage prior and a piecewise linear intra- lineage prior was slightly 
better supported and thus used for phylogenetic inferences and es-
timation of divergence times (Table S2).

Both the Bayesian and Maximum Likelihood approaches sup-
ported the same mitogenome phylogeny and showed, as expected, 
three distinct clades representing the Arctic, Acadian and Atlantic 
lineages defined by Moore et al. (2015) and Brunner et al. (2001). 
Assignment to phylogeographical lineage was the same for the mi-
togenome data set as for the D- loop data set. The Bayesian tree is 
shown in Figure 3 and the distribution of phylogeographic lineages 
across populations is shown in Figure 1. The Arctic lineage was only 
present in Arctic char from Western Greenland and comprised all 
sequenced individuals from QAAN- 1, UUMM- 2 and NUUK- 1 and 
was furthermore present in the populations DISK- 1, SISI- 1, MANI- 1 

and QAQO- 2. The Atlantic lineage comprised all fish from SCOR- 1 
(Eastern Greenland), ICEL- 1, NORW- 2 and was furthermore observed 
in the Western Greenland populations DISK- 1, SISI- 1, MANI- 1 and 
QAQO- 2. Hence, both the Arctic and Atlantic lineages are present in 
Western Greenland, and in several cases both lineages were found 
in the same sampled locations (Figure 1). The distribution of lineages 
suggests a broad zone of secondary contact extending ≥1000 km 
from the southern tip of Greenland northward to Disko Island. The 
circumpolar overview of the distribution of lineages (Figure 4) fur-
ther illustrates the secondary contact zone in Greenland and shows 
that this is roughly geographically parallel to the secondary contact 
between Arctic and Atlantic lineages in Labrador in Eastern North 
America (Salisbury et al., 2019).

Interestingly, the Atlantic clade appears to be further divided 
into two sub- clades (Figure 3). The first (Sub- clade 1) was observed 
in DISK- 1, SISI- 1 and MANI- 1 in Western Greenland, whereas the 
second (Sub- clade 2) was found in all individuals from NORW- 1, 
ICEL- 1 and SCOR- 1 and was furthermore observed in the Western 
Greenland SISI- 1 and QAQO- 2 sample location. The two sub- 
clades of the Atlantic lineage observed in the mitogenome data set 
were also evident, albeit not as distinctly in the D- loop data set 
(Figure 2).

Divergence times (TMRCA) between the major linages gen-
erally corresponded to known ice ages and overlapped with pe-
riods showing smaller amounts of detected deuterium in the 
Vostok data. TMRCA between Arctic and Atlantic lineages was 
estimated to 391,788 BP (95% HPD 334,191– 454,938 BP). The 
TMRCA of the Arctic clade was estimated to 15,275 BP (95% HPD 
8631– 22,472 BP). These estimates overlap with the Saale glacial 
period (128,000– 386,000 BP) and the beginning of the Holocene 
(0– 12,000 BP), respectively. TMRCA between the Acadian and 
Atlantic lineage was estimated to 106,195 BP (95% HPD 80,736– 
131,033), which aligns with the onset of the Weichselian glaciation 
(12,000– 115,000 BP). Finally, TMRCA of Sub- clades 1 and 2 was 
estimated to 58,779 BP (95%HPD 40,561– 75 211), that is, during 
the last (Weichselian) glaciation. The divergence time within Sub- 
clade 2 between the Western Greenlandic haplotypes and those 
observed in SCOR- 1, ICEL- 1 and NORW- 1 was approximately 
9000 years (Figure 4).

3.4  |  Analysis of population structure

Nucleotide diversity (π) within sample locations ranged from 0.00007 
(NORW- 1) to 0.00602 (SISI- 1) (Table 1). As expected, sample loca-
tions harbouring both phylogeographical lineages showed higher π 
values (from 0.00365 to 0.00602) than sites where only a single line-
age was observed (from 0.00007 to 0.00090). Significant differen-
tiation was observed across all populations (ΦST =0.77, p <.001), and 
significant pairwise differentiation was found between most sample 
sites, with ΦST ranging from 0 to 0.99. The only nonsignificant com-
parisons were between DISK- 1 and SISI- 1, SISI- 1 and MANI- 1, SISI- 1 
and QAQO- 2 and finally MANI- 1 and QAQO- 2 (Table 2).
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    |  337JACOBSEN Et Al.

F I G U R E  2  Maximum- likelihood 
tree showing the genetic relationships 
between phylogeographic lineages and 
haplotypes based on D- loop sequences. 
The data include seven haplotype 
sequences from the present study along 
with 56 sequences from Moore et al. 
(2015) representing the Siberian, Atlantic, 
Acadian, Beringian and Arctic lineages 
found in Arctic char. The hash symbol 
“#” denotes the new haplotypes found in 
the present study. Asterisks “*” denote 
haplotypes shared between the current 
study and Moore et al. (2015). Brook 
trout (Salvelinus fontinalis) and lake trout 
(Salvelinus namaycush) are included as 
outgroups
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3.5  |  Tests for selection

Analysis of the direction of a nonsynonymous change in the phy-
logeny showed an almost equal number of nonsynonymous changes 
along the branches, leading to the combined Atlantic– Acadian clade, 
and the Arctic clade, respectively (Figure 5; see also Table S3). Four 
amino acid changes occurred along the branch, leading to the Acadian 
lineage. Given that this lineage is only represented by one individual, 

it is uncertain whether these differences represent mutations fixed 
within the Acadian clade or specific to the sequenced individual. 
Thirty- one of the total 40 observed nonsynonymous changes were 
found in the terminal branches with two codon positions (ND2 221 
and ND1 188) showing the occurrence of multiple, but evolution-
ary independent, nonsynonymous changes within the same position. 
Only three replacements showed a negative matrix score, which in-
dicates a nonconservative replacement for transmembrane proteins 

F I G U R E  3  Bayesian tree showing the genetic relationships between the analysed mitogenome sequences, along with the populations 
they were found in. The time of the most recent common ancestor (TMRCA) for the observed clades is also shown. In addition, deuterium 
data from the past 420,000 years from the Vostok ice- core Antarctica are shown, where low deuterium content marks cold time periods 
(Petit et al., 1999). TMRCA between the Atlantic and Arctic lineages, and the Atlantic and Acadian linages overlap with the onset the Saale 
and Weichselian glaciations

# group TMRC (95%HPD)
#1 39 1788 (334 191-454 938)
#2 10 6195 (80 736-131 033)
#3 58 779 (40 561-75 211)
#4 27 685 (18 256-36 675)
#5 21 102 (13 505-27 842)
#6 18 604 (11 698-25 269)
#7 15 275 (86 31-22 472)

μ = 1.537 × 10-8 sub/site/yr

Acadian

Atlan�c

Arc�c

Sub-clade
1

Sub-clade
2
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and hence the possibility for structural change at the protein level. 
All occurred in the terminal part of the tree and was not shared 
amongst different haplotypes (Table S3).

McDonald– Kreitman tests found no evidence for positive selec-
tion across the Arctic and Atlantic lineages. However, a significantly 
higher dN/dS was observed within the lineages than interlineage 

F I G U R E  4  Circumpolar distribution of the five major phylogeographical lineages observed in Arctic char, based on data from the present 
study and previously published data (Alekseyev et al., 2009; Brunner et al., 2001; Esin et al., 2017; Moore et al., 2015; Salisbury et al., 2019; 
Taylor et al., 2008). The lineages are represented by different colours, as shown in the legend to the right. The exact populations types 
within the contact zone in Labrador, Canada, is also shown

TA B L E  2  FST between Arctic char (Salvelinus alpinus) populations

QAAN−1 UUMM−2 DISK−1 SISI−1 MANI−1 NUUK−1 QAQO−2 SCOR−1 ICEL−1 NORW−2

QAAN−1 - - - - - - - - - - 

UUMM−2 0.24339 - - - - - - - - - 

DISK−1 0.62973 0.63099 - - - - - - - - 

SISI−1 0.41895 0.42075 −0.04053 - - - - - - - 

MANI−1 0.11368 0.11897 0.28532 0.08173 - - - - - - 

NUUK−1 0.42223 0.46072 0.63062 0.42504 0.14432 - - - - - 

QAQO−2 0.14029 0.14495 0.25859 0.04973 −0.08994 0.16603 - - - - 

SCOR−1 0.97333 0.97397 0.36546 0.42175 0.74662 0.96982 0.70875 - - - 

ICEL−1 0.97512 0.97571 0.38961 0.44123 0.76033 0.97182 0.72412 0.29939 - - 

NORW−2 0.99180 0.99240 0.40097 0.45720 0.77598 0.98826 0.74211 0.50770 0.48399 - 

Note.: Bold values are significant (p <.05).
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dN/dS (Table S4), supporting relaxed purifying selection. The same 
pattern was observed for the CODEML tests conducted in PAML. 
Here, the models with two or four different rates of dN/dS outper-
formed the model with only one rate. The four rate model allowing 
different dN/dS between all three lineages showed the best fit (Table 
S5). In this model, dN/dS was higher in all three lineages (0.1033– 
0.5808) than the between lineage rate (0.0370).

Finally, the codon- specific analyses showed that signatures of 
possible selection within each of the 13 coding genes were domi-
nated by purifying selection (Table 3). Only one site was found to 
be under potential diversifying (positive) selection by the FUBAR 
test. This site was detected in base position 564 (codon 188) of the 
ND1 gene within a predicted transmembrane domain (Table S6). This 
mutation leads to the replacement of the amino acid alanine with 
threonine, two amino acids that have highly similar physiochemical 

properties. The mutation was one of the two mutations that had in-
dependently occurred within the same position (Figure 5; Table 3).

4  |  DISCUSSION

This study represents the first investigation of phylogeography in 
Arctic char based on mitogenome sequencing that closes an im-
portant gap in our knowledge of the circumpolar phylogeographic 
structure of the species by including several sample locations from 
Greenland. We found a broad contact zone in western Greenland 
involving Arctic and Atlantic phylogeographical lineages, which 
roughly is geographically parallel to a contact zone involving the 
same lineages observed in Labrador (Salisbury et al., 2019). We 
furthermore identified two subclades within the Atlantic lineage, 

F I G U R E  5  Maximum- likelihood tree showing the genetic relationships between all mitogenome haplotype sequences and mapping all 
nonsynonymous substitutions in the phylogenetic tree. Direction of change is inferred by using brook trout as an outgroup and visualised 
along the respective branches by coloured bars. Each bar represents a mutation with the colour representing a gene and the adjacent 
number denoting the codon position. The total number of nonsynonymous changes found in each gene either residing in the terminal part of 
the phylogeny or fixed between the Atlantic– Acadian and Arctic Clades are shown in the table in the lower right corner. Hash (#) denotes the 
existence of mutations that have occurred independently multiple times in the tree. Sample names are shown for each haplotype
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suggesting more complex dynamics than a simple dual postglacial 
recolonisation scenario of Arctic/Atlantic lineages. Moreover, esti-
mated divergence time between the Arctic and Atlantic lineages was 
approximately 400,000 years, suggesting that important evolution-
ary divergence could also have built up across the nuclear genome 
over this time scale. Finally, we found little evidence for positive 
selection acting on the mitogenome of Arctic char. We therefore 
assume that observed mitogenome variation reflects neutral pro-
cesses, but admixture (i.e., interbreeding) between divergent line-
ages, as indicated by their mitogenomes, could be an important 
factor influencing nuclear genomic variation and the populations’ 
adaptability in the face of anthropogenic climate change.

4.1  |  Distribution of phylogeographic lineages

A previous study of Arctic char documented the presence of both 
Arctic and Atlantic lineages in western Greenland, although this 
was based on the analysis of only one landlocked and one anadro-
mous population (Brunner et al., 2001). All haplotypes in the ana-
dromous population were from the Arctic, and all haplotypes in the 
landlocked population were from the Atlantic lineage. The results 
of our study show that this is not a general pattern. Although no 
landlocked populations were included from western Greenland, 
four of the seven anadromous populations exhibited both Atlantic 
and Arctic haplotypes, whereas the remaining three exhibited ex-
clusively Arctic haplotypes. When considering our results along 
with the circumpolar distribution of phylogeographic lineages, a 
picture emerges of northwestern Greenland populations being 
dominated by or fixed for the Arctic lineage, whereas central and 

southwestern Greenland populations represent a zone of secondary 
contact between lineages that extends for at least 1,000 kilometres. 
Whether or not this contact zone also encompasses parts of eastern 
Greenland cannot be resolved by our study. However, at least the 
northeastern SCOR- 1 population and the populations from Iceland 
(ICEL- 1) and Norway (NORW- 1) were fixed for Atlantic haplotypes, 
and in general, only Atlantic haplotypes have been reported from 
Europe (Figure 4).

A parsimonious interpretation of the results would suggest ex-
pansion after the Last Glacial Maximum of the Arctic lineage from 
Atlantic Canada via northwestern Greenland towards the south, and 
expansion of the Atlantic lineage from Europe, possibly via Iceland to 
eastern Greenland and subsequently from southwestern Greenland 
towards the north. The latter expansion could also have led to the 
introduction of the Atlantic lineage in Labrador and Newfoundland. 
However, the two subclades found within the Atlantic lineage have 
a divergence time of ca. 60,000 years, which suggests that the 
Atlantic lineage has a more complex phylogeographical history than 
the aforementioned scenario of expansion and secondary contact. 
Nearly all Atlantic haplotypes in midwestern Greenland, that is, DISK- 
1, SISI- 1 and MANI- 1, belonged to Sub- clade 1, which was conspic-
uously absent from QAQO- 2, SCOR- 1, ICEL- 1 and NORW- 1. Atlantic 
haplotypes in the latter populations all belonged to Sub- clade 2. It 
is possible that the two sub- clades represent two separate coloni-
sation events of western Greenland by the major Atlantic lineage. 
In this case, Sub- clade 1 could represent an earlier recolonisation 
by Arctic char, which persisted and diverged in a cryptic refugium. 
Geological evidence does not suggest a large ice- free area in this 
part of Greenland during the last glaciation (Funder et al., 2011), but 
the presence of cryptic refugia along the eastern coast of Canada 

TA B L E  3  Results of the three analyses of selection within each of the 13 coding genes

Gene
Number of 
haplotypes Length in codons

FUBAR MEME

Diversifying (Positive) 
selection

Purifying 
(Negative) 
selection Episodic (positive) selection

ATP6 6 227 0 7 No

ATP8 2 55 NA NA NA

COX1 8 516 0 10 No

COX2 7 230 0 6 No

COX3 6 261 0 10 No

CYTB 8 380 0 15 No

ND1 9 324 1a  6 No

ND2 12 349 0 9 No

ND3 5 116 0 1 No

ND4 11 461 0 12 No

ND4L 4 98 0 0 No

ND5 15 612 0 22 No

ND6 8 173 0 7 No

Notes.: NA =not available as the alignment of all ATP8 sequences showed too little variation for analysis of selection (<3 haplotypes).
aCodon 188.

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



342  |    JACOBSEN Et Al.

has been suggested by Moore et al. (2015). Simultaneous recolo-
nisation from two different refugial areas in Europe represents an 
alternative possibility. Indeed, the haplotype ATL20, which is most 
closely related to Sub- clade 1 based on D- loop sequences, is derived 
from Loch Rannoch, Scotland (Moore et al., 2015), and was further-
more not observed in eastern Canada (Salisbury et al., 2019), thus 
providing some support for the possibility that Sub- clade 1 diverged 
in Europe, rather than Greenland or eastern Canada.

The populations analysed in western Greenland were all anad-
romous and therefore in principle subject to gene flow. Yet, despite 
the fact that most of the populations in the secondary contact zone 
harbour both Arctic and Atlantic haplotypes, one population (NUUK- 
1) appears to be fixed for Arctic lineage haplotypes. This raises the 
general question whether co- occurrence of lineages within most 
populations also reflects admixture at the genomic level, or if the 
finding of a single lineage within NUUK- 1 could indicate a mosaic 
of populations representing different lineages. Demonstration 
of admixture (or not) cannot be resolved by mtDNA data alone. 
However, results based on 53 nuclear SNPs from 16 populations of 
anadromous Arctic char from western Greenland, including NUUK- 
1, showed pronounced isolation by distance amongst populations, 
and spatial autocorrelation analysis suggested connectivity amongst 
populations on a geographical scale encompassing hundreds of ki-
lometres (Madsen et al., 2020). The observed heterogeneity at the 
nuclear level does not suggest co- occurrence of the two lineages, 
but instead suggests that admixture has taken place. Moreover, 
another study analysing contemporary and historical SNP varia-
tion (the latter based on DNA from otoliths collected in the 1950s) 
showed lower effective population size (Ne) in the NUUK- 1 popula-
tion (point estimate of Ne 188) than other populations (Ne from 538 
to 610) (Christensen et al., 2018). As random genetic drift is stronger 
at mtDNA than nuclear loci (Ballard & Whitlock, 2004), then genetic 
drift alone may explain the reduced variation and fixation of the 
Arctic lineage in NUUK- 1.

As a whole, the finding of divergent phylogeographic lineages 
of Arctic char in western Greenland adds to the number of reports 
of secondary contact in aquatic organisms within the sub- Arctic 
and Arctic regions. Other examples include threespine stickleback 
(Gasterosteus aculeatus) (Liu et al., 2016), blue mussel (Mytilus spp.) 
(Mathiesen et al., 2017) and kelp (Saccharina latissima) (Neiva et al., 
2018). This region, likely also encompassing Labrador in eastern 
Canada, may therefore constitute a general suture zone (Hewitt, 
2000; Swenson & Howard, 2005) with multiple phylogeographic 
breaks and hybrid zones across different organisms.

4.2  |  Secondary contact between the Atlantic and 
Arctic lineages

Divergence time estimates between lineages were obtained using 
a mitogenome substitution rate of 1.537×10−8 sub/site/year, which 
was estimated in European whitefish (Coregonus sp.) based on evi-
dence of population expansion 13,000 years BP (Jacobsen et al., 

2012). This rate is somewhat higher than other estimated substitu-
tion rates for salmonid mtDNA based on older divergence events 
(e.g., 1×10−8 sub/site/year; Smith (1992)) and may indicate time 
dependency (Ho et al., 2005, 2011). The use of this rate was sup-
ported in European whitefish, based on the finding of relaxed pu-
rifying selection in the terminal branches (Jacobsen et al., 2012). In 
the present study, evidence of relaxed purifying selection was also 
observed as dN/dS was significantly higher within lineages than the 
between lineage rate. Nonetheless, the estimates of deeper evolu-
tionary events may be underestimated and hence should be consid-
ered with caution.

Using a mutation rate estimate of 5%– 10% divergence per million 
years, Moore et al. (2015) estimated that the Arctic lineage diverged 
from the Beringian lineage between 716,000 and 1,432,000 years 
BP. Our estimate of divergence time between the Arctic and Atlantic 
lineages is more recent, likely coinciding with the onset of the Saale 
slaciation 391,788 BP (95%HPD 334,191– 454,938 BP). The diver-
gence time between the Acadian and the Atlantic lineage was es-
timated to be 106,195 BP (95% HPD 80,736– 131,033) within the 
onset of the last glacial cycle. Both estimates overlap with known 
glacial periods with expected low amounts of detected deuterium 
in the Vostok data. This suggests an allopatric origin of evolution 
of the lineages and indicates that the glacial cycles had a key role in 
shaping the observed phylogenetic pattern in Arctic char. What are 
the consequences, if any, of secondary contact between the highly 
divergent Arctic and Atlantic lineages? Not surprisingly, nucleotide 
diversity was higher for populations harbouring mitogenomes from 
both lineages than populations exhibiting only Arctic or Atlantic mi-
togenomes. It is doubtful, however, if this has any direct adaptive 
consequences. In fact, of the 40 nonsynonymous substitutions, only 
one (codon 188 in ND1) evolved under possible diversifying selec-
tion. The mutation led to the replacement of the amino acid alanine 
with threonine in two independent places within the Acadian and 
Arctic evolutionary lineages (Figure 5). Although it cannot be ex-
cluded that the mutation is fixed in the Acadian lineage as it was 
only represented by one sequence, the mutation was located in the 
terminal part of the phylogeny for the Arctic linage pointing to a re-
cent event. Further, the amino acid replacements have highly similar 
physiochemical properties compared with the ancestral one, and the 
mutation was observed within a transmembrane domain, which is in 
general believed to be of less overall importance for protein function 
(da Fonseca et al., 2008; Jacobsen et al., 2016). In addition, the three 
replacements that exhibited a negative matrix score occurred in the 
terminal part of the tree. Hence, although these mutations may be 
under positive selection, we find it more likely to be the outcome 
of relaxed purifying selection, leading to amino acid replacements 
of a weak deleterious (or neutral) effect (Ho et al., 2005, 2011; 
Jacobsen et al., 2016). Although some studies have identified posi-
tive selection acting on the mitogenome in fish, this has usually been 
attributed to metabolic efficiency, which can be associated with dif-
ferences in migratory behaviour (Consuegra et al., 2015; Gagnaire 
et al., 2012a; Garvin et al., 2011; Jacobsen et al., 2015). Geographical 
differences in seasonal cycles of sea surface temperature have been 
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documented in western Greenland, which translate into differences 
of time windows available for feeding migrations in the sea. This may 
pose important differences in selection regimes for anadromous 
char populations (Madsen et al., 2020), but mitogenome variation as 
analysed here seemingly does not play a role in adaptation to differ-
ences in sea surface temperature.

Indirectly however, the ancient divergence time of the two lin-
eages implies that significant differences must have accumulated 
at the nuclear genomic level. Following secondary contact, this 
would be expected to lead to high nuclear genomic variation as 
compared with populations descending exclusively from a single lin-
eage. This is supported for Greenland Arctic char as analysis of 53 
nuclear SNPs shows considerable genetic differentiation between 
northwest Greenland (QAAN- 1) and east Greenland, Norway and 
Iceland (Madsen et al., 2020), which are fixed for either Arctic or 
Atlantic mitogenome haplotypes. High FST values could also reflect 
very long geographical distances (> 4000 km waterway distance), 
effectively isolating the populations. Moreover, heterozygosity is 
higher for southwestern-  and midwestern Greenland populations 
than for northwest Greenland (QAAN- 1) and east Greenland, which 
only harbour one evolutionary lineage. There is growing apprecia-
tion that evolutionary adaptive responses largely rely on standing 
genetic variation, rather than de novo mutations (Barrett & Schluter, 
2008; Jones et al., 2012; Lai et al., 2019). In principle, therefore, pop-
ulations resulting from secondary contact could have more oppor-
tunities for responding adaptively to rapid environmental change, 
such as contemporary climate change. It would consequently be of 
considerable interest to analyse and compare genome- wide nuclear 
variation in Arctic char populations within and secondary contact 
zones in Greenland and Labrador and Newfoundland (Salisbury 
et al., 2019).

Admixture of highly diverged nuclear genomes could also in-
troduce genomic incompatibilities that could interact with natural 
selection at other loci and contribute to the establishment of hy-
brid zones and sympatric divergent morphs (Bierne et al., 2011). 
For example, in lake whitefish (Coregonus clupeaformis) from North 
America, secondary contact between phylogeographic lineages 
plays an important role in the evolution of sympatric morpho-
logically divergent morphs (Rougeux et al., 2017). Arctic char is 
renowned for its morphological variation, with several divergent 
morphs often observed within the same lakes (Jonsson & Jonsson, 
2001; Kapralova et al., 2011; Knudsen et al., 2006; Salisbury et al., 
2018). However, although the study by Salisbury et al. (2018) in-
cluded morphologically distinct sympatric populations in a second-
ary contact zone between the Arctic and Atlantic lineages, there 
was no association between morphs and mitochondrial lineages. 
Also, genome- wide analysis of pairs of sympatric morphs from 
some of these systems did not suggest parallelism at the genomic 
level (Salisbury et al., 2020). Other renowned cases of sympatric 
morphs in Lake Thingvallavatn, Iceland, and Lake Fjellfroskvatn, 
Norway (Kapralova et al., 2011; Knudsen et al., 2006), are found 
in regions where only the Atlantic phylogeographic lineage has 
been observed (see Figure 4). Morphologically divergent morphs 

of Arctic char have been observed in several lakes in west and 
east Greenland (Riget et al., 2000). The secondary contact zone 
in western Greenland therefore poses interesting possibilities for 
future analysis of sympatric morphs, and comparison to systems 
in east Greenland (where we assume only the Atlantic lineage is 
present) could provide a direct assessment of the possible role of 
mixture of phylogeographic lineages in morphological evolution.

ACKNOWLEDG EMENTS
The authors thank Shenglin Liu, Rasmus Hedeholm, Terkel B. 
Christensen, John F. Steffensen and Jan B Nielsen for assistance 
with collecting samples; Annie Brandstrup for technical assistance; 
and the Danish Council for Independent Research and Natural 
Science for funding (grant no. 1323- 00158A to Michael M. Hansen). 
We also acknowledge numerous helpful comments and suggestions 
by two anonymous referees.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in Genbank at https://www.ncbi.nlm.nih.gov/genba nk/ (reference 
number MT880631- MT880724).

ORCID
Magnus W. Jacobsen  https://orcid.org/0000-0002-7701-7025 

R E FE R E N C E S
Alekseyev, S. S., Bajno, R., Gordeeva, N. V., Reist, J. D., Power, M., Kirillov, 

A. F. et al (2009). Phylogeography and sympatric differentiation of 
the Arctic charr Salvelinus alpinus (L.) complex in Siberia as revealed 
by mtDNA sequence analysis. Journal of Fish Biology, 75, 368– 392.

Alsos, I. G., Engelskjon, T., Gielly, L., Taberlet, P., & Brochmann, C. (2005). 
Impact of ice ages on circumpolar molecular diversity: insights 
from an ecological key species. Molecular Ecology, 14, 2739– 2753. 
https://doi.org/10.1111/j.1365- 294X.2005.02621.x.

Andersen, L. W., Jacobsen, M., Vedel- Smith, C., & Jensen, T. S. (2017). Mice as 
stowaways? Colonization history of Danish striped field mice. Biology 
Letters, 13, 20170064. https://doi.org/10.1098/rsbl.2017.0064.

Andrews, A. J., Christiansen, J. S., Bhat, S., Lynghammar, A., Westgaard, 
J.- I., Pampoulie, C., & Præbel, K. (2019). Boreal marine fauna from 
the Barents Sea disperse to Arctic Northeast Greenland. Scientific 
Reports, 9, 5799. https://doi.org/10.1038/s4159 8- 019- 42097 - x.

Avise, J. C. (2009). Phylogeography: Retrospect and prospect. Journal of 
Biogeography, 36, 3– 15. https://doi.org/10.1111/j.1365- 2699.2008. 
02032.x.

Ballard, J. W. O., & Whitlock, M. C. (2004). The incomplete natural his-
tory of mitochondria. Molecular Ecology, 13, 729– 744. https://doi.
org/10.1046/j.1365- 294X.2003.02063.x.

Barrett, R., & Schluter, D. (2008). Adaptation from standing genetic 
variation. Trends in Ecology & Evolution, 23, 38– 44. https://doi.
org/10.1016/j.tree.2007.09.008.

Belanger- Deschenes, S., Couture, P., Campbell, P. G. C., & Bernatchez, 
L. (2013). Evolutionary change driven by metal exposure as re-
vealed by coding SNP genome scan in wild yellow perch (Perca 
flavescens). Ecotoxicology, 22, 938– 957. https://doi.org/10.1007/
s1064 6- 013- 1083- 8.

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ncbi.nlm.nih.gov/genbank/
info:x-wiley/peptideatlas/MT880631
info:x-wiley/peptideatlas/MT880724
https://orcid.org/0000-0002-7701-7025
https://orcid.org/0000-0002-7701-7025
https://doi.org/10.1111/j.1365-294X.2005.02621.x
https://doi.org/10.1098/rsbl.2017.0064
https://doi.org/10.1038/s41598-019-42097-x
https://doi.org/10.1111/j.1365-2699.2008.02032.x
https://doi.org/10.1111/j.1365-2699.2008.02032.x
https://doi.org/10.1046/j.1365-294X.2003.02063.x
https://doi.org/10.1046/j.1365-294X.2003.02063.x
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1007/s10646-013-1083-8
https://doi.org/10.1007/s10646-013-1083-8


344  |    JACOBSEN Et Al.

Bernatchez, L., & Dodson, J. J. (1985). Influence of temperature and cur-
rent speed on the swimming capacity of lake whitefish (Coregonus 
clupeaformis) and cisco (C. artedii). Canadian Journal of Fisheries and 
Aquatic Sciences, 42, 1522– 1529.

Bernatchez, L., & Wilson, C. C. (1998). Comparative phylogeography 
of nearctic and palearctic fishes. Molecular Ecology, 7, 431– 452. 
https://doi.org/10.1046/j.1365- 294x.1998.00319.x.

Bierne, N., Welch, J., Loire, E., Bonhomme, F., & David, P. (2011). The 
coupling hypothesis: why genome scans may fail to map local ad-
aptation genes. Molecular Ecology, 20, 2044– 2072. https://doi.
org/10.1111/j.1365- 294X.2011.05080.x.

Brunner, P. C., Douglas, M. R., Osinov, A., Wilson, C. C., & Bernatchez, 
L. (2001). Holarctic phylogeography of Arctic charr (Salvelinus alpi-
nus L.) inferred from mitochondrial DNA sequences. Evolution, 55, 
573– 586.

Carr, S. M., & Marshall, H. D. (2008). Intraspecific phylogeographic ge-
nomics from multiple complete mtDNA Genomes in Atlantic cod 
(Gadus morhua): Origins of the "Codmother," transatlantic vicari-
ance and midglacial population expansion. Genetics, 180, 381– 389.

Christensen, C., Jacobsen, M. W., Nygaard, R., & Hansen, M. M. (2018). 
Spatiotemporal genetic structure of anadromous Arctic char 
(Salvelinus alpinus) populations in a region experiencing pro-
nounced climate change. Conservation Genetics, 19, 687– 700. 
https://doi.org/10.1007/s1059 2- 018- 1047- x.

Consuegra, S., John, E., Verspoor, E., & de Leaniz, C. G. (2015). Patterns 
of natural selection acting on the mitochondrial genome of a locally 
adapted fish species. Genetics Selection Evolution, 47, 58. https://
doi.org/10.1186/s1271 1- 015- 0138- 0.

da Fonseca, R. R., Johnson, W. E., O'Brien, S. J., Ramos, M. J., & 
Antunes, A. (2008). The adaptive evolution of the mamma-
lian mitochondrial genome. BMC Genomics, 9, 119. https://doi.
org/10.1186/1471- 2164- 9- 119.

Dalziel, A. C., Moyes, C. D., Fredriksson, E., & Lougheed, S. C. (2006). 
Molecular evolution of cytochrome c oxidase in high- performance 
fish (Teleostei : Scombroidei). Journal of Molecular Evolution, 62, 
319– 331. https://doi.org/10.1007/s0023 9- 005- 0110- 7.

DeFilippis, V. R., & Moore, W. S. (2000). Resolution of phylogenetic rela-
tionships among recently evolved species as a function of amount 
of DNA sequence: An empirical study based on woodpeckers 
(Aves : Picidae). Molecular Phylogenetics and Evolution, 16, 143– 160. 
https://doi.org/10.1006/mpev.2000.0780.

Doiron, S., Bernatchez, L., & Blier, P. U. (2002). A comparative mitog-
enomic analysis of the potential adaptive value of arctic charr 
mtDNA introgression in brook charr populations (Salvelinus fontina-
lis Mitchill). Molecular Biology and Evolution, 19, 1902– 1909. https://
doi.org/10.1093/oxfor djour nals.molbev.a004014.

Drummond, A. J., Ho, S. Y. W., Rawlence, N., & Rambaut, A. 2007. A 
Rough Guide to BEAST 1.4. Available at http://beast mcmc.googl 
ecode.com/files/ BEAST 14jyi anual_6July 2007.pdf.

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary 
analysis by sampling trees. Bmc Evolutionary Biology, 7, 214. https://
doi.org/10.1186/1471- 2148- 7- 214.

Esin, E. V., Bocharova, E. S., Mugue, N. S., & Markevich, G. N. (2017). 
Occurrence of sympatric charr groups, Salvelinus, Salmonidae, in 
the lakes of Kamchatka: a legacy of the last glaciations. Journal of 
Fish Biology, 91(2), 628– 644.

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: a new series 
of programs to perform population genetics analyses under Linux 
and Windows. Molecular Ecology Resources, 10, 564– 567. https://
doi.org/10.1111/j.1755- 0998.2010.02847.x.

Funder, S., Kjeldsen, K. K., Kjær, K. H., & Ó Cofaigh, C. (2011). The 
Greenland ice sheet during the past 300,000 years: A review. 
Developments in Quaternary Science, 15, 699– 713.

Gagnaire, P. A., Normandeau, E., & Bernatchez, L. (2012a). Comparative 
genomics reveals adaptive protein evolution and a possible cy-
tonuclear incompatibility between European and American 

eels. Molecular Biology and Evolution, 29, 2909– 2919. https://doi.
org/10.1093/molbe v/mss076.

Gagnaire, P. A., Normandeau, E., & Bernatchez, L. (2012b). Comparative 
Genomics Reveals Adaptive Protein Evolution and a Possible 
Cytonuclear Incompatibility between European and American 
Eels. Molecular Biology and Evolution, 29, 2909– 2919. https://doi.
org/10.1093/molbe v/mss076.

Galtier, N., Nabholz, B., Glemin, S., & Hurst, G. D. D. (2009). 
Mitochondrial DNA as a marker of molecular diversity: a re-
appraisal. Molecular Ecology, 18, 4541– 4550. https://doi.
org/10.1111/j.1365- 294X.2009.04380.x.

Garvin, M. R., Bielawski, J. P., & Gharrett, A. J. (2011). Positive Darwinian 
selection in the piston that powers proton pumps in Complex I of 
the mitochondria of Pacific salmon. PLoS One, 6, e24127. https://
doi.org/10.1371/journ al.pone.0024127.

Hein, C. L., Ohlund, G., & Englund, G. (2012). Future distribution of 
Arctic char Salvelinus alpinus in Sweden under climate change: 
Effects of temperature, lake size and species interactions. Ambio, 
41, 303– 312.

Heled, J., & Drummond, A. J. (2010). Bayesian inference of species trees 
from multilocus data. Molecular Biology and Evolution, 27, 570– 580. 
https://doi.org/10.1093/molbe v/msp274.

Hewitt, G. (2000). The genetic legacy of the Quaternary ice ages. Nature, 
405, 907– 913. https://doi.org/10.1038/35016000.

Hewitt, G. M. (2004). Genetic consequences of climatic oscillations in the 
Quaternary. Philosophical Transactions of the Royal Society of London 
Series B- Biological Sciences, 359, 183– 195. https://doi.org/10.1098/
rstb.2003.1388.

Ho, S. Y. W., Lanfear, R., Bromham, L., Phillips, M. J., Soubrier, J., 
Rodrigo, A. G., & Cooper, A. (2011). Time- dependent rates of mo-
lecular evolution. Molecular Ecology, 20, 3087– 3101. https://doi.
org/10.1111/j.1365- 294X.2011.05178.x.

Ho, S. Y. W., Larson, G., Edwards, C. J., Heupink, T. H., Lakin, K. E., 
Holland, P. W. H., & Shapiro, B. (2008). Correlating Bayesian date 
estimates with climatic events and domestication using a bovine 
case study. Biology Letters, 4, 370– 374. https://doi.org/10.1098/
rsbl.2008.0073.

Ho, S. Y. W., Phillips, M. J., Cooper, A., & Drummond, A. J. (2005). Time 
dependency of molecular rate estimates and systematic overesti-
mation of recent divergence times. Molecular Biology and Evolution, 
22, 1561– 1568. https://doi.org/10.1093/molbe v/msi145.

Hughes, P. D., & Gibbard, P. L. (2015). A stratigraphical basis for the Last 
Glacial Maximum (LGM). Quaternary International, 383, 174– 185. 
https://doi.org/10.1016/j.quaint.2014.06.006.

Jacobsen, M. W., da Fonseca, R. R., Bernatchez, L., & Hansen, M. M. 
(2016). Comparative analysis of complete mitochondrial genomes 
suggests that relaxed purifying selection is driving high nonsynony-
mous evolutionary rate of the NADH2 gene in whitefish (Coregonus 
ssp.). Molecular Phylogenetics and Evolution, 95, 161– 170. https://
doi.org/10.1016/j.ympev.2015.11.008.

Jacobsen, M. W., Hansen, M. M., Orlando, L., Bekkevold, D., Bernatchez, 
L., Willerslev, E. et al (2012). Mitogenome sequencing reveals shal-
low evolutionary histories and recent divergence time between 
morphologically and ecologically distinct European whitefish 
(Coregonus spp.). Molecular Ecology, 21, 2727– 2742.

Jacobsen, M. W., Pujolar, J. M., Gilbert, M. T. P., Moreno- Mayar, J. V., 
Bernatchez, L., Als, T. D., Lobon- Cervia, J., & Hansen, M. M. (2014). 
Speciation and demographic history of Atlantic eels (Anguilla an-
guilla and A. rostrata) revealed by mitogenome sequencing. Heredity, 
112, 432– 442. https://doi.org/10.1038/hdy.2014.44.

Jacobsen, M. W., Pujolar, J. M., & Hansen, M. M. (2015). Relationship 
between amino acid changes in mitochondrial ATP6 and life- history 
variation in anguillid eels. Biology Letters, 11, 20150014. https://doi.
org/10.1098/rsbl.2015.0014.

Jones, F. C., Grabherr, M. G., Chan, Y. F., Russell, P., Mauceli, E., Johnson, 
J., Swofford, R., Pirun, M., Zody, M. C., White, S., Birney, E., Searle, 

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1046/j.1365-294x.1998.00319.x
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1007/s10592-018-1047-x
https://doi.org/10.1186/s12711-015-0138-0
https://doi.org/10.1186/s12711-015-0138-0
https://doi.org/10.1186/1471-2164-9-119
https://doi.org/10.1186/1471-2164-9-119
https://doi.org/10.1007/s00239-005-0110-7
https://doi.org/10.1006/mpev.2000.0780
https://doi.org/10.1093/oxfordjournals.molbev.a004014
https://doi.org/10.1093/oxfordjournals.molbev.a004014
http://beastmcmc.googlecode.com/files/BEAST14jyianual_6July2007.pdf
http://beastmcmc.googlecode.com/files/BEAST14jyianual_6July2007.pdf
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/molbev/mss076
https://doi.org/10.1093/molbev/mss076
https://doi.org/10.1093/molbev/mss076
https://doi.org/10.1093/molbev/mss076
https://doi.org/10.1111/j.1365-294X.2009.04380.x
https://doi.org/10.1111/j.1365-294X.2009.04380.x
https://doi.org/10.1371/journal.pone.0024127
https://doi.org/10.1371/journal.pone.0024127
https://doi.org/10.1093/molbev/msp274
https://doi.org/10.1038/35016000
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1111/j.1365-294X.2011.05178.x
https://doi.org/10.1111/j.1365-294X.2011.05178.x
https://doi.org/10.1098/rsbl.2008.0073
https://doi.org/10.1098/rsbl.2008.0073
https://doi.org/10.1093/molbev/msi145
https://doi.org/10.1016/j.quaint.2014.06.006
https://doi.org/10.1016/j.ympev.2015.11.008
https://doi.org/10.1016/j.ympev.2015.11.008
https://doi.org/10.1038/hdy.2014.44
https://doi.org/10.1098/rsbl.2015.0014
https://doi.org/10.1098/rsbl.2015.0014


    |  345JACOBSEN Et Al.

S., Schmutz, J., Grimwood, J., Dickson, M. C., Myers, R. M., Miller, 
C. T., Summers, B. R., Knecht, A. K., … Kingsley, D. M. (2012). The 
genomic basis of adaptive evolution in threespine sticklebacks. 
Nature, 484, 55– 61. https://doi.org/10.1038/natur e10944.

Jonsson, B., & Jonsson, N. (2001). Polymorphism and speciation in Arctic 
charr. Journal of Fish Biology, 58, 605– 638. https://doi.org/10.1111/
j.1095- 8649.2001.tb005 18.x.

Kapralova, K. H., Morrissey, M. B., Kristjansson, B. K., Olafsdottir, G. A., 
Snorrason, S. S., & Ferguson, M. M. (2011). Evolution of adaptive 
diversity and genetic connectivity in Arctic charr (Salvelinus alpi-
nus) in Iceland. Heredity, 106, 472– 487. https://doi.org/10.1038/
hdy.2010.161.

Kearse, M., Moir, R., Wilson, A., Stones- Havas, S., Cheung, M., Sturrock, 
S., Buxton, S., Cooper, A., Markowitz, S., Duran, C., Thierer, T., 
Ashton, B., Meintjes, P., & Drummond, A. (2012). Geneious Basic: 
An integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics, 28, 
1647– 1649. https://doi.org/10.1093/bioin forma tics/bts199.

Klemetsen, A., Amundsen, P. A., Dempson, J. B., Jonsson, B., Jonsson, N., 
O'Connell, M. F. et al (2003). Atlantic salmon Salmo salar L., brown 
trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.): A review 
of aspects of their life histories. Ecology of Freshwater Fish, 12, 1– 59.

Knudsen, R., Klemetsen, A., Alekseyev, S., Adams, C. E., & Power, M. 
(2016). The role of Salvelinus in contemporary studies of evolution, 
trophic ecology and anthropogenic change. Hydrobiologia, 783, 1– 9.

Knudsen, R., Klemetsen, A., Amundsen, P. A., & Hermansen, B. (2006). 
Incipient speciation through niche expansion: an example from 
the Arctic charr in a subarctic lake. Proceedings of the Royal Society 
B- Biological Sciences, 273, 2291– 2298. https://doi.org/10.1098/
rspb.2006.3582.

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: molecular evolu-
tionary genetics analysis version 7.0 for bigger datasets. Molecular 
Biology and Evolution, 33, 1870– 1874. https://doi.org/10.1093/
molbe v/msw054.

Lai, Y.- T., Yeung, C. K. L., Omland, K. E., Pang, E.- L., Hao, Y. U., Liao, B.- 
Y., Cao, H.- F., Zhang, B.- W., Yeh, C.- F., Hung, C.- M., Hung, H.- Y., 
Yang, M.- Y., Liang, W., Hsu, Y.- C., Yao, C.- T., Dong, L. U., Lin, K., & Li, 
S.- H. (2019). Standing genetic variation as the predominant source 
for adaptation of a songbird. Proceedings of the National Academy of 
Sciences of the United States of America, 116, 2152– 2157. https://doi.
org/10.1073/pnas.18135 97116.

Lanier, H. C., Gunderson, A. M., Weksler, M., Fedorov, V. B., & Olson, L. E. 
(2015). Comparative phylogeography highlights the double- edged 
sword of climate change faced by Arctic-  and Alpine- adapted mam-
mals. PLoS One, 10. https://doi.org/10.1371/journ al.pone.0118396.

Layton, K. K. S., Snelgrove, P. V. R., Dempson, J. B., Kess, T., Lehnert, S. J., 
Bentzen, P., Duffy, S. J., Messmer, A. M., Stanley, R. R. E., DiBacco, 
C., Salisbury, S. J., Ruzzante, D. E., Nugent, C. M., Ferguson, M. M., 
Leong, J. S., Koop, B. F., & Bradbury, I. R. (2021). Genomic evidence 
of past and future climate- linked loss in a migratory Arctic fish. 
Nature Climate Change, 11(2), 158– 165. https://doi.org/10.1038/
s4155 8- 020- 00959 - 7.

Leduc, M., Matthews, H. D., & de Elia, R. (2016). Regional estimates 
of the transient climate response to cumulative CO2 emissions. 
Nature. Climate Change, 6, 474– 478. https://doi.org/10.1038/nclim 
ate2913.

Librado, P., & Rozas, J. (2009). DnaSP v5: a software for comprehensive 
analysis of DNA polymorphism data. Bioinformatics, 25, 1451– 1452. 
https://doi.org/10.1093/bioin forma tics/btp187.

Liu, S., Hansen, M. M., & Jacobsen, M. W. (2016). Region- wide and 
ecotype- specific differences in demographic histories of threespine 
stickleback populations, estimated from whole genome sequences. 
Molecular Ecology, 25, 5187– 5202.

Madsen, R. A. P., Jacobsen, M. W., O’Malley, K. G., Nygaard, R., Præbel, 
K., Jónsson, B. et al (2020). Genetic population structure and 

variation at phenology- related loci in anadromous Arctic char 
(Salvelinus alpinus). Ecology of Freshwater Fish, 29, 170– 183.

Mathiesen, S. S., Thyrring, J., Hemmer- Hansen, J., Berge, J., Sukhotin, A., 
Leopold, P. et al (2017). Genetic diversity and connectivity within 
Mytilus spp. in the subarctic and Arctic. Evolutionary Applications, 
10, 39– 55.

McDonald, J. H., & Kreitman, M. (1991). Adaptive protein evolution at 
the adh locus in drosophila. Nature, 351, 652– 654. https://doi.
org/10.1038/351652a0.

Moore, J. S., Bajno, R., Reist, J. D., & Taylor, E. B. (2015). Post- glacial re-
colonization of the North American Arctic by Arctic char (Salvelinus 
alpinus): genetic evidence ofmultiple northern refugia and hy-
bridization between glacial lineages. Journal of Biogeography, 42, 
2089– 2100.

Morin, P. A., Archer, F. I., Foote, A. D., Vilstrup, J., Allen, E. E., Wade, P., 
Durban, J., Parsons, K., Pitman, R., Li, L., Bouffard, P., Abel Nielsen, 
S. C., Rasmussen, M., Willerslev, E., Gilbert, M. T. P., & Harkins, T. 
(2010). Complete mitochondrial genome phylogeographic analysis 
of killer whales (Orcinus orca) indicates multiple species. Genome 
Research, 20, 908– 916. https://doi.org/10.1101/gr.102954.109.

Murrell, B., Moola, S., Mabona, A., Weighill, T., Sheward, D., Pond, 
S. L. K. et al (2013). FUBAR: A Fast, Unconstrained Bayesian 
AppRoximation for Inferring Selection. Molecular Biology and 
Evolution, 30, 1196– 1205.

Murrell, B., Wertheim, J. O., Moola, S., Weighill, T., Scheffler, K., & Pond, 
S. L. K. (2012). Detecting individual sites subject to episodic diversi-
fying selection. Plos Genetics, 8, e1002764 https://doi.org/10.1371/
journ al.pgen.1002764.

Neiva, J., Paulino, C., Nielsen, M. M., Krause- Jensen, D., Saunders, G. W., 
Assis, J., Bárbara, I., Tamigneaux, É., Gouveia, L., Aires, T., Marbà, 
N., Bruhn, A., Pearson, G. A., & Serrão, E. A. (2018). Glacial vicari-
ance drives phylogeographic diversification in the amphi- boreal 
kelp Saccharina latissima. Scientific Reports, 8, 1112. https://doi.
org/10.1038/s4159 8- 018- 19620 - 7.

Pavlova, A., Gan, H. M., Lee, Y. P., Austin, C. M., Gilligan, D. M., 
Lintermans, M., & Sunnucks, P. (2017). Purifying selection and ge-
netic drift shaped Pleistocene evolution of the mitochondrial ge-
nome in an endangered Australian freshwater fish. Heredity, 118, 
466– 476. https://doi.org/10.1038/hdy.2016.120.

Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J.- M., Basile, I., 
Bender, M., Chappellaz, J., Davis, M., Delaygue, G., Delmotte, M., 
Kotlyakov, V. M., Legrand, M., Lipenkov, V. Y., Lorius, C., PÉpin, L., 
Ritz, C., Saltzman, E., & Stievenard, M. (1999). Climate and atmo-
spheric history of the past 420,000 years from the Vostok ice core, 
Antarctica. Nature, 399, 429– 436. https://doi.org/10.1038/20859.

Kosakovsky Pond, S. L., & Frost, S. D. W. (2005). Not so different after 
all: A comparison of methods for detecting amino acid sites under 
selection. Molecular Biology and Evolution, 22, 1208– 1222. https://
doi.org/10.1093/molbe v/msi105.

Power, M., Power, G., Reist, J. D., & Bajno, R. (2009). Ecological and 
genetic differentiation among the Arctic charr of Lake Aigneau, 
Northern Quebec. Ecology of Freshwater Fish, 18, 445– 460.

Rambaut, A., Suchard, M., Xie, D., & Drummond, A. 2014. Tracer v1.6, 
Available from http://tree.bio.ed.ac.uk/softw are/tracer.

Renaud, P. E., Berge, J., Varpe, Ø., Lønne, O. J., Hahrgang, J., Ottesen, C., 
& Hallanger, I. (2012). Is the poleward expansion by Atlantic cod 
and haddock threatening native polar cod, Boreogadus saida? Polar 
Biology, 35, 401– 412. https://doi.org/10.1007/s0030 0- 011- 1085- z.

Riget, F., Jeppesen, E., Landkildehus, F., Lauridsen, T. L., Geertz- Hansen, 
P., Christoffersen, K., & Sparholt, H. (2000). Landlocked Arctic 
charr (Salvelinus alpinus) population structure and lake morphome-
try in Greenland -  Is there a connection? Polar Biology, 23, 550– 558. 
https://doi.org/10.1007/s0030 00000120.

Rokas, A., & Carroll, S. B. (2005). More genes or more taxa? The relative 
contribution of gene number and taxon number to phylogenetic 

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nature10944
https://doi.org/10.1111/j.1095-8649.2001.tb00518.x
https://doi.org/10.1111/j.1095-8649.2001.tb00518.x
https://doi.org/10.1038/hdy.2010.161
https://doi.org/10.1038/hdy.2010.161
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1073/pnas.1813597116
https://doi.org/10.1073/pnas.1813597116
https://doi.org/10.1371/journal.pone.0118396
https://doi.org/10.1038/s41558-020-00959-7
https://doi.org/10.1038/s41558-020-00959-7
https://doi.org/10.1038/nclimate2913
https://doi.org/10.1038/nclimate2913
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1038/351652a0
https://doi.org/10.1038/351652a0
https://doi.org/10.1101/gr.102954.109
https://doi.org/10.1371/journal.pgen.1002764
https://doi.org/10.1371/journal.pgen.1002764
https://doi.org/10.1038/s41598-018-19620-7
https://doi.org/10.1038/s41598-018-19620-7
https://doi.org/10.1038/hdy.2016.120
https://doi.org/10.1038/20859
https://doi.org/10.1093/molbev/msi105
https://doi.org/10.1093/molbev/msi105
http://tree.bio.ed.ac.uk/software/tracer
https://doi.org/10.1007/s00300-011-1085-z
https://doi.org/10.1007/s003000000120


346  |    JACOBSEN Et Al.

accuracy. Molecular Biology and Evolution, 22, 1337– 1344. https://
doi.org/10.1093/molbe v/msi121.

Rougeux, C., Bernatchez, L., & Gagnaire, P. A. (2017). Modeling the multi-
ple facets of speciation- with- gene- flow toward Inferring the diver-
gence history of lake whitefish species pairs (Coregonus clupeafor-
mis). Genome Biol Evol, 9, 2057– 2074. https://doi.org/10.1093/gbe/
evx150.

Ruzzante, D. E., Simons, A. P., McCracken, G. R., Habit, E., & Walde, S. J. 
(2020). Multiple drainage reversal episodes and glacial refugia in a 
Patagonian fish revealed by sequenced microsatellites. Proceedings 
of the Royal Society B: Biological Sciences, 287(1928), 20200468. 
https://doi.org/10.1098/rspb.2020.0468

Ruzzante, D. E., Walde, S. J., Gosse, J. C., Cussac, V. E., Habit, E., 
Zemlak, T. S., & Adams, E. D. M. (2008). Climate control on an-
cestral population dynamics: insight from Patagonian fish phy-
logeography. Molecular Ecology, 17, 2234– 2244. https://doi.
org/10.1111/j.1365- 294X.2008.03738.x.

Salisbury, S. J., Booker, C., McCracken, G. R., Knight, T., Keefe, D., Perry, 
R. et al (2018). Genetic divergence among and within Arctic char 
(Salvelinus alpinus) populations inhabiting landlocked and sea- 
accessible sites in Labrador, Canada. Canadian Journal of Fisheries 
and Aquatic Sciences, 75, 1256– 1269.

Salisbury, S. J., McCracken, G. R., Keefe, D., Perry, R., & Ruzzante, D. E. 
(2019). Extensive secondary contact among three glacial lineages 
of Arctic Char (Salvelinus alpinus) in Labrador and Newfoundland. 
Ecology and Evolution, 9, 2031– 2045.

Salisbury, S. J., McCracken, G. R., Perry, R., Keefe, D., Layton, K. K. S., 
Kess, T. et al (2020). Limited genetic parallelism underlies recent, 
repeated incipient speciation in geographically proximate popu-
lations of an Arctic fish (Salvelinus alpinus). Molecular Ecology, 29, 
4280– 4294.

Shafer, A. B. A., Cullingham, C. I., Cote, S. D., & Coltman, D. W. (2010). Of 
glaciers and refugia: a decade of study sheds new light on the phy-
logeography of northwestern North America. Molecular Ecology, 19, 
4589– 4621. https://doi.org/10.1111/j.1365- 294X.2010.04828.x.

Smith, G. R. (1992). Introgression in fishes -  significance for paleontology, 
cladistics, and evolutionary rates. Systematic Biology, 41, 41– 57.

Swenson, N. G., & Howard, D. J. (2005). Clustering of contact zones, hy-
brid zones, and phylogeographic breaks in North America. American 
Naturalist, 166, 581– 591.

Taylor, E. B., Lowery, E., Lilliestrale, A., Elz, A., & Quinn, T. P. (2008). Genetic 
analysis of sympatric char populations in western Alaska: Arctic char 
(Salvelinus alpinus) and Dolly Varden (Salvelinus malma) are not two 
sides of the same coin. Journal of Evolutionary Biology, 21, 1609– 1625.

Van Houdt, J. K. J., De Cleyn, L., Perretti, A., & Volckaert, F. A. M. (2005). 
A mitogenic view on the evolutionary history of the Holarctic fresh-
water gadoid, burbot (Lota lota). Molecular Ecology, 14, 2445– 2457.

Waters, J. M., Craw, D., Youngson, J. H., & Wallis, G. P. (2001). Genes 
meet geology: Fish phylogeographic pattern reflects ancient, rather 
than modern, drainage connections. Evolution, 55, 1844– 1851.

Wilson, C. C., Hebert, P. D. N., Reist, J. D., & Dempson, J. B. (1996). 
Phylogeography and postglacial dispersal of arctic charr Salvelinus 
alpinus in North America. Molecular Ecology, 5, 187– 197. https://doi.
org/10.1111/j.1365- 294X.1996.tb003 06.x.

Winkelmann, I., Campos, P. F., Strugnell, J., Cherel, Y., Smith, P. J., 
Kubodera, T. et al (2013). Mitochondrial genome diversity and pop-
ulation structure of the giant squid Architeuthis: Genetics sheds 
new light on one of the most enigmatic marine species. Proceedings 
of the Royal Society B- Biological Sciences, 280, 20130273.

Yang, Z. H. (1997). PAML: A program package for phylogenetic analysis 
by maximum likelihood. Computer Applications in the Biosciences, 13, 
555– 556. https://doi.org/10.1093/bioin forma tics/13.5.555.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Jacobsen, M. W., Jensen, N. W., 
Nygaard, R., Præbel, K., Jónsson, B., Nielsen, N. H., Pujolar, J. 
M., Fraser, D. J., Bernatchez, L., & Hansen, M. M. (2022). A 
melting pot in the Arctic: Analysis of mitogenome variation in 
Arctic char (Salvelinus alpinus) reveals a 1000- km contact 
zone between highly divergent lineages. Ecology of Freshwater 
Fish, 31, 330– 346. https://doi.org/10.1111/eff.12633

 16000633, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.12633 by B

ibliothU
e D

e L
'U

niversit, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/molbev/msi121
https://doi.org/10.1093/molbev/msi121
https://doi.org/10.1093/gbe/evx150
https://doi.org/10.1093/gbe/evx150
https://doi.org/10.1098/rspb.2020.0468
https://doi.org/10.1111/j.1365-294X.2008.03738.x
https://doi.org/10.1111/j.1365-294X.2008.03738.x
https://doi.org/10.1111/j.1365-294X.2010.04828.x
https://doi.org/10.1111/j.1365-294X.1996.tb00306.x
https://doi.org/10.1111/j.1365-294X.1996.tb00306.x
https://doi.org/10.1093/bioinformatics/13.5.555
https://doi.org/10.1111/eff.12633

