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Abstract
Arctic freshwater ecosystems have been profoundly affected by climate change. 
Given that the Arctic charr (Salvelinus alpinus) is often the only fish species inhabiting 
these ecosystems, it represents a valuable model for studying the impacts of climate 
change on species life‐history diversity and adaptability. Using a genotyping‐by‐se‐
quencing approach, we identified 5,976 neutral single nucleotide polymorphisms and 
found evidence for reduced gene flow between allopatric morphs from two high 
Arctic lakes, Linne´vatn (Anadromous, Normal, and Dwarf) and Ellasjøen (Littoral and 
Pelagic). Within each lake, the degree of genetic differentiation ranged from low 
(Pelagic vs. Littoral) to moderate (Anadromous and Normal vs. Dwarf). We identified 17 
highly diagnostic, putatively adaptive SNPs that differentiated the allopatric morphs. 
Although we found no evidence for adaptive differences between morphs within 
Ellasjøen, we found evidence for moderate (Anadromous vs. Normal) to high genetic 
differentiation (Anadromous and Normal vs. Dwarf) among morphs within Linne´vatn 
based on two adaptive loci. As these freshwater ecosystems become more produc‐
tive, the frequency of sympatric morphs in Ellasjøen will likely shift based on foraging 
opportunities, whereas the propensity to migrate may decrease in Linne´vatn, in‐
creasing the frequency of the Normal morph. The Dwarf charr was the most geneti‐
cally distinct group. Identifying the biological basis for small body size should 
elucidate the potential for increased growth and subsequent interbreeding with sym‐
patric morphs. Overall, neutral and adaptive genomic differentiation between al‐
lopatric and some sympatric morphs suggests that the response of Arctic charr to 
climate change will be variable across freshwater ecosystems.
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1  | INTRODUCTION

The Arctic has been profoundly affected by climate change within a 
brief period of time, with sea surface temperatures increasing signifi‐
cantly faster than the global average, and sea ice extent and thick‐
ness declining rapidly (Intergovernmental Panel on Climate Change, 
2013). Further temperature increases will advance the break‐up of 
ice (Prowse et al., 2011), expanding the open period for some of the 
largest rivers in the world (Wrona et al., 2006). Accelerated glacial 
melting will also contribute to rising sea level and a higher frequency 
of landscape‐altering, glacial lake outburst floods (Harrison et al., 
2018). Other stressors such as freshwater acidification, eutrophi‐
cation, and ozone depletion will be exacerbated by climate change 
as well (Adrian et al., 2009; Heino, Virkkala, & Toivonen, 2009; 
Schindler & Smol, 2008; Woodward, Perkins, & Brown, 2010).

Prolonged climate change is expected to have a significant im‐
pact on Arctic freshwater ecosystems (Woodward et al., 2010), and 
have wide‐ranging effects on freshwater and anadromous Arctic fish 
species (Reist, Wrona, Prowse, Dempson et al., 2006; Reist et al., 
2006a, 2006b; Rouse et al., 1997; Wrona et al., 2006). Elevated tem‐
peratures, increased light penetration, and a higher concentration of 
atmospheric carbon dioxide are likely to increase the productivity of 
lotic and lentic systems and cause shifts in habitat availability and 
quality across the region (Adrian et al., 2009; Brander, 2010; Heino 
et al., 2009; Michelutti, Wolfe, Vinebrooke, Rivard, & Briner, 2005; 
Prowse et al., 2006; Woodward et al., 2010). Novel competitors, 
prey, parasites, and diseases from lower latitudes are likely to invade 
with increased temperatures (Davidson et al., 2011; Fossheim et al., 
2015; Parkinson & Butler, 2005). In turn, such a changeover in diver‐
sity is likely to modify foraging preferences and the trophic struc‐
ture of Arctic fish (Reist et al., 2006a), which will affect commercial 
and subsistence fishing yields, as well as food safety (Davidson 
et al., 2011; Reist et al., 2006a; White, Gerlach, Loring, Tidwell, & 
Chambers, 2007).

The Arctic charr Salvelinus alpinus (Linnaeus, 1758) has a broad, 
circumpolar distribution and is the most northerly distributed fresh‐
water fish species (primarily above 60°N; Klemetsen, 2010; Wilson 
et al., 2004). Consequently, Arctic charr may provide a useful model 
to study the impact of climate change on cold water adapted fish 
species and Arctic freshwater ecosystems in general. Although some 
models predict that small temperature increases (<2.5°C), may in‐
crease Arctic charr growth rates (Budy & Luecke, 2014; Elliott & 
Elliott, 2010; Reist et al., 2006a), Lehnherr et al.. (2018) have at‐
tributed a rapid decline in physiological condition of Arctic charr 
in Lake Hazen on Ellesmere Island to climate change. Furthermore, 
studies indicate that the eggs of the Arctic charr are not expected to 
survive a freshwater temperature increase of 5°C, and temperatures 
exceeding 22–23°C will likely result in mass adult mortality unless 
cold water refugia are present (Elliott & Elliott, 2010). Range expan‐
sion of competitive salmonid species into the Arctic is likely to cause 
a substantial decrease in the geographic range of the species (Ficke, 
Myrick, & Hansen, 2007; Reist et al., 2006a), with a 73% reduction 
predicted in Sweden by 2100 (Hein, Öhlund, & Englund, 2012).

At high Arctic latitudes, lakes are typically of recent postglacial 
origin with low biodiversity, and the Arctic charr is often the only 
freshwater fish species present (Christiansen & Reist, 2013; Power, 
Reist, & Dempson, 2008). Arctic charr exhibit complex migratory 
behavior that has likely aided their colonization of such remote re‐
gions, including the Svalbard Archipelago (Svenning, Klemetsen, & 
Olsen, 2007). For instance, some individuals complete their entire 
life cycle in freshwater (residency), whereas others hatch and grow 
as juveniles in freshwater, migrate to sea (anadromy) to forage for 
weeks or months, and then return to freshwater to overwinter or 
reproduce (Craig, 1989; Gilbert, Donad, Swanson, & Tierney, 2016; 
Jensen & Rikardsen, 2008; Moore, Harris, Tallman, & Taylor, 2013; 
Radtke et al., 1996; Tallman, Roux, & Martin, 2018). This life history 
is different from anadromy in Pacific salmon (Oncorhynchus) because 
all migrants, including juvenile fish, return annually to freshwater to 
overwinter. Notably, Arctic charr populations in the southern range 
of the species distribution do not exhibit anadromy (Klemetsen et al., 
2003). This phenomenon has been attributed to increased produc‐
tivity in lower latitude lakes, which negates the energetic benefit of 
migrating to feed at sea where the risk of predation is higher (Finstad 
& Hein, 2012; Jensen, Finstad, & Fiske, 2018).

Across the geographic range of Arctic charr, differences in mi‐
gratory behavior, development, habitat usage, and feeding are fre‐
quently associated with seemingly distinct morphological variants in 
body size, shape, and coloration (Alekseyev, Samusenok, Matveev, 
& Pichugin, 2002; Berg, Finstad, Olsen, Vegar Arnekleiv, & Nilssen, 
2010; Danzmann, Ferguson, Skùlason, Snorrason, & Noakes, 1991; 
Fraser, Adams, & Huntingford, 1998; Gíslason, Ferguson, Skúlason, 
& Snorrason, 1999; Hawley, Rosten, Christensen, & Lucas, 2016; 
Hooker et al., 2016; Knudsen, Klemetsen, Amundsen, & Hermansen, 
2006; May‐McNally, Quinn, Woods, & Taylor, 2014; Parsons, Sheets, 
Skúlason, & Ferguson, 2011; Skùlason, Noakes, & Snorrason, 1989; 
Snorrason et al., 1994). These “morphs” can occur in sympatry or 
allopatry, and the number of morphs within a single freshwater sys‐
tem varies (e.g., Alekseyev et al., 2009; Gíslason et al., 1999; Hawley 
et al., 2016; Hooker et al., 2016; Knudsen et al., 2006; Parsons et 
al., 2011; Skùlason et al., 1989). For example, Lake Skogsfjordvatn 
in Norway contains three resident morphs: nearshore spawning 
individuals that eat a wide variety of prey (littoral omnivores), lake 
bottom spawning individuals that eat fish (profundal piscivores), 
and lake bottom spawning individuals that eat prey living on sedi‐
ments (profundal benthivores; Skoglund, Siwersson, Amundsen, & 
Knudsen, 2015).

The degree of genetic differentiation among Arctic charr morphs 
is an ongoing topic of research, and their distinction has mostly been 
investigated using neutral microsatellites and mitochondrial genes. 
Past studies that did not consider sympatric morphs often found that 
individuals from different lakes were distinguishable from one an‐
other (Brunner, Douglas, & Bernatchez, 1998; Primmer et al., 1999; 
Wilson et al., 2004), particularly where lakes are landlocked and 
geographically isolated (Bernatchez, Rhydderch, & Kircheis, 2002; 
Shikano, Järvinen, Marjamäki, Kahilainen, & Merilä, 2015). However, 
low genetic differentiation reported among anadromous individuals 



2006  |     O’MALLEY et al.

from some locations hundreds of kilometers apart likely reflects 
recent postglaciation colonization events over long distances 
(Alekseyev et al., 2009; Moore et al., 2013; Wilson et al., 2004). 
Genetic admixture among nearby, connected lakes and rivers also 
indicates that some anadromous individuals migrate and reproduce 
outside of their source population (Bernatchez, Dempson, & Matin, 
1998). A reduction in observed heterozygosity (the Wahlund effect) 
and a high allelic diversity within many lakes has implied population 
substructure that may correspond to sympatric morphs (Bernatchez 
et al., 1998, 2002; Primmer et al., 1999; Wilson et al., 2004). Studies 
focused on the distinction of sympatric morphs have become more 
common, and results from different lakes indicate that the degree of 
genetic differentiation varies from very low to complete (reviewed 
in Jonsson & Jonsson, 2001, e.g., Adams, Wilson, & Ferguson, 2008; 
Alekseyev et al., 2009; Alekseyev, Gordeeva, Matveev, Vokin, & 
Yur'ev AL., 2014; Danzmann et al., 1991; Gíslason et al., 1999; 
Gordeeva, Alekseyev, Matveev, & Samusenok, 2015; May‐McNally 
et al., 2014; Samusenok et al.., 2006; Wilson et al., 2004;). Overall, 
the genetic differentiation estimated among allopatric and sympat‐
ric morphs, as well between anadromous and resident individuals, 
appears to vary significantly across the entire range of Arctic charr.

It is currently uncertain how Arctic charr morphs will be af‐
fected by climate change. As freshwater productivity increases 
with climate change, resident morphs are predicted to increase 
in frequency, with fewer anadromous migrants occurring (Finstad 
& Hein, 2012; Reist, Wrona, Prowse, Dempson et al., 2006). This 
change may result in a reduced rate of gene flow and an increased 
degree of genetic differentiation among allopatric populations. 
Elevated freshwater temperatures and an increase in ice‐free days 
are also predicted to lengthen the potential growing season for 
Arctic charr (Elliott & Elliott, 2010; Reist et al., 2006a), which may 
cause small‐sized morphs to grow larger (Budy & Luecke, 2014). 
This size shift could increase the intensity of competition among 
small and larger sized sympatric morphs (Budy & Luecke, 2014) 
and result in more matings between morphs, eroding their genetic 
differentiation.

To investigate how Arctic charr may respond to climate change, 
we focus on morphs from two high latitude lakes, Linne´vatn and 
Ellasjøen, in the Svalbard archipelago, a Norwegian territory in the 
Arctic Ocean. An improved understanding of the genetic diversity 
within and among these morphs should indicate the adaptability of 
Arctic charr in Svalbard and other high latitude locations to factors 
such as increased freshwater temperatures and ice‐free days. Using 
a genotyping‐by‐sequencing (GBS) approach (Elshire et al., 2011), we 
identify both neutral and putatively adaptive loci and test for genetic 
differentiation among the sympatric and allopatric morphs to deter‐
mine the degree of reproductive isolation that can be attributed to 
genetic drift or local adaptation.

Linne´vatn contains three morphs: Anadromous, typical‐sized 
Normal resident, and Dwarf resident fish. The morphs are all 
generalist feeders, although large individuals belonging to the 
Anadromous and Normal morphs are mainly cannibals, whereas 
small individuals (primarily the Dwarf morph) mostly eat insect 

larvae in open water (zooplanktivory; Svenning et al., 2007). 
Since climate change is predicted to increase freshwater pro‐
ductivity, potentially leading to a reduction or total loss of anad‐
romy (Finstad & Hein, 2012; Jensen et al., 2018), we test for 
evidence of gene flow between the Anadromous and two res‐
ident morphs. If Anadromous individuals represent a distinct 
gene pool from resident fish, the propensity to migrate could be 
lost entirely among Linne´vatn Arctic charr. Increased tempera‐
tures may also lengthen the growing season of small‐sized Arctic 
charr (Budy & Luecke, 2014; Elliott & Elliott, 2010; Reist et al., 
2006a), such that Dwarf individuals in Linne´vatn reach larger 
body sizes. This size change could increase the intensity of com‐
petition and rate of interbreeding between the Dwarf and typi‐
cal‐sized Anadromous and Normal morphs, eroding any potential 
genetic differentiation and possibly leading to the extinction of 
the Dwarf morph.

In Lake Ellasjøen, a large‐sized, nearshore Littoral benthivore 
morph coexists with a small‐sized Pelagic zooplanktivorous morph 
(Hawley et al., 2016; Hawley, Rosten, Haugen, Christensen, & Lucas, 
2017). A third dwarf morph (profundal benthivore) also occurs in 
Ellasjøen (Hawley et al., 2016), but was not included in this study. 
Our sample size was limited from Ellasjøen, but as a preliminary in‐
vestigation, we tested for gene flow between the Littoral and Pelagic 
morphs. Climate change is likely to increase freshwater tempera‐
tures and productivity, facilitating the invasion of novel prey and 
parasite species (Davidson et al., 2011; Fossheim et al., 2015). This 
change in diversity is likely to modify the trophic structure of Lake 
Ellasjøen, altering foraging preferences and intensity of competition 
between the Littoral and Pelagic morphs. In turn, such change may af‐
fect the relative frequency of the two morphs. If gene flow is limited 
between Littoral and Pelagic fish, then each morph will need to adapt 
independently to the effects of climate change, or face extinction.

2  | MATERIALS AND METHODS

2.1 | Field sites and sample collections

Linne´vatn (78°03′N, 13°50′E) is located on western Spitsbergen, 
the largest island in the Svalbard archipelago (Figure 1). It is the sec‐
ond largest lake on Svalbard with an area of 4.6 km2 and a maximum 
depth of 37 m, occurring ~10 m above sea level (Bøyum & Kjensmo, 
1978). There is a brief ice‐free period from late July to mid‐August, 
and the high water flow in the 2‐km long river between the lake 
and the coast allows access to the sea (Bøyum & Kjensmo, 1978). 
Lake Ellasjøen (74°30′N, 19°00′E) is located on Bear Island, a re‐
mote smaller island, equidistant between Spitsbergen and mainland 
Norway. The lake is 21 m above sea level with an area of 0.73 km2 
and a maximum depth of 43 m (Bertram & Lack, 1933; Klemetsen, 
Grotnes, Holthe, & Kirstoffersen, 1985). Lake Ellasjøen flows into 
the short River Fossåa, but the lake outlet is too steep to permit 
the migration of Arctic charr (Klemetsen et al., 1985). The ice‐free 
period occurs from late June to mid‐September or October (Bertram 
& Lack, 1933).
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Anadromous and resident fish were sampled from Linne´vatn 
in August 2013. Anadromous fish were captured in the main inlet 
river using a box trap net while resident fish were captured in the 
lake using a gill net. Two gill nets were used, the first of which 
had dimensions 1.5 m high and 30 m long with a mesh size of 
26–39 mm, whereas the second net was 1.5 m high and 40 m long 
with a mesh size 10–45 mm. Both nets were used at a depth of 
0–5 m in the littoral zone. Fork length (FL) measurements and sex 
(M/F) were recorded for each individual. A small piece of the ad‐
ipose fin was removed from each fish and stored in a 1.5‐ml vial 
filled with 95% ethanol. In total, 24 Anadromous fish (FL range: 
315–587 mm; M/F = 12/12) were collected from Linne´vatn River 
as they migrated from the sea to the lake. Resident fish were clas‐
sified as either a Dwarf or Normal morph based upon FL, morphol‐
ogy, and sexual maturity. Fish caught in the lake were dissected 
to determine sexual maturity. Fish that were sexually mature and 
<205 mm were classified as Dwarf charr. According to these cri‐
teria, twenty Normal (FL range: 207–540 mm; M/F = 5/15) and 28 

Dwarf (N = 28; FL range: 109–204 mm; M/F = 9/19) samples were 
collected from Lake Linne´vatn (Table 1).

Arctic charr were sampled from Lake Ellasjøen in 2009 as part 
of a previous study (Hawley et al., 2016). In total, 19 resident in‐
dividuals were obtained for genetic analysis. From these samples, 
two morphs were categorized based upon behavioral and phys‐
iological results from Hawley et al. (2016): 13 Littoral (FL range: 
308–505 mm; M/F = 3/6) and 6 Pelagic samples (FL range: 212–
314 mm; M/F = 2/1; Table 1). Sex was not recorded for seven Lake 
Ellasjøen samples.

2.2 | Library preparation and sequencing

DNA extraction, library construction, and sequencing were con‐
ducted at Oregon State University's Center for Genome Research 
and Biocomputing, largely following the methodology of Elshire 
et al. (2011); modifications included the incorporation of a second 
restriction enzyme and a size selection step (see below). Briefly, 

F I G U R E  1   Location of the two lakes, Linne´vatn and Ellasjøen in the Svalbard archipelago. Anadromous Arctic charr were sampled in the 
Linne´vatn River, and both resident Normal and resident Dwarf charr were sampled from Lake Linne´vatn. Littoral and Pelagic Arctic charr 
samples were collected from Lake Ellasjøen. The inset map for the Svalbard archipelago was generated using the R package maps (Becker & 
Wilks, 2008)

Sampling information Summary statistics

Lake Location Morph n HO HE FIS AR

Linne´vatn River Anadromous 22 0.2304 0.2354 0.0211* 1.585

Lake Normal 20 0.2254 0.2341 0.0372* 1.585

Lake Dwarf 28 0.2261 0.2358 0.0411* 1.594

Ellasjøen Lake Littoral 13 0.1499 0.1536 0.0242* 1.373

Lake Pelagic 6 0.1547 0.1593 0.0291* 1.384

*Heterozygote deficit (p < 0.001). 

TA B L E  1   Arctic charr sampling 
information and summary statistics for 
filtered loci (8,075 SNPs) identified within 
each morph
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genomic DNA was isolated from ~50 mg of tissue using a DNeasy 
Blood and Tissue Kit (Qiagen) and normalized to 20 ng/µl. Each 
sample was double digested in a 20 µl reaction using high fidel‐
ity HindIII and MspI restriction enzymes (New England Biolabs) 
at 37°C for 2 hr. Following digestion, 91 barcoded adapters and 
a common adapter were ligated to individual samples using T4 
Ligase (New England Biolabs) at 22°C for 2 hr, and heat inacti‐
vated at 65°C for 30 min. All samples were pooled and cleaned 
using QIAquick PCR Purification Kit (Qiagen) and 300–500‐bp 
fragments isolated on a Blue Pippin (Sage Science). Size‐selected 
fragments were then amplified with an Illumina primer under the 
following conditions: 98°C 30″; 98°C 10″, 68°C 30″, 72°C 30″ 
(15 cycles); 72°C 5′, 4°C hold. The PCR product was purified, 
eluted, and quantified using a Qubit fluorometer (Thermo Fisher 
Scientific). Quality was assessed on an Agilent 2100 Bioanalyzer 
and loading concentration determined by qPCR. The final library 
was run on one Illumina HiSeq 3000 lane, using paired‐end 150‐
bp sequence chemistry. Only single‐end reads were used for the 
current study.

2.3 | SNP calling and quality filtering

Raw Illumina reads were first assessed for quality using fastqc (v. 
0.11.5 Babraham Bioinformatics, Babraham Institute). The entire 
read length was retained as a visual examination of terminal read 
quality showed no substantial decrease in base call accuracy (median 
terminal base Q score = 32). Raw reads were then demultiplexed 
and constructed into putative genetic loci using the stacks pipeline 
(v.1.35; Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011; 
Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013). The pro‐
cess_radtags script in stacks was used to demultiplex raw sequences 
by assigning individual reads to corresponding samples through 
unique ligated in‐line barcodes. After trimming verified barcodes 
(5–9 nucleotides), truncated 142 bp single‐end reads were checked 
for the presence of the HindIII restriction cut‐site sequence, and 
those with base call errors were discarded. Using a sliding window 
(15% of read length), reads showing an average decrease in qual‐
ity score (Q score < 10; 90% base call accuracy) were also removed. 
Demultiplexed reads were then assembled into loci using stacks 
denovo_map.pl wrapper program with default parameters, with the 
exception of the following: ustacks: ‐m 2 ‐M 2 ‐‐bound_high 0.05; 
cstacks: ‐n 2. The parameters are defined as: m = minimum depth of 

coverage to create a stack, M = maximum distance (in nucleotides) 
allowed between stacks, and n = number of mismatches allowed 
between sample loci when building a catalog. Following comple‐
tion of the assembly, a population map was used to assign individu‐
als to their respective phenotypic group (Linne´vatn = Anadromous, 
Normal, Dwarf; Ellasjøen = Littoral, Pelagic), and stacks populations 
module was implemented, requiring loci to be present in ≥60% of 
individuals in each group with a minimum allele read depth of 10× 
(‐r 0.6 ‐m 10). To maintain independence of loci with multiple poly‐
morphisms, only the first SNP within each locus was retained for 
downstream analyses (‐‐write_single_snp).

In an attempt to remove putative paralogous sequence variants 
(PSVs), the output vcf file (Danecek et al., 2011) from stacks pop‐
ulations module was used to identify PSVs using the method of 
McKinney, Waples, Seeb, and Seeb (2016). Each locus showing a 
proportion of heterozygotes >0.55 and/or an allele read depth ratio 
deviation ±5 were labeled as a probable PSV. A blacklist contain‐
ing putative PSVs and SNPs with a global minor allele count (MAC) 
<3 was then supplied to stacks, and the populations module was run 
again using the same parameters as above. The filtered dataset 
was exported in plink format (Purcell et al., 2007), converted using 
pgdspider (v.2.0.5.2; Lischer & Excoffier, 2012), and hierfstat in R (v. 
0.04‐22; Goudet, 2005) was used to calculate allelic richness using 
rarefied allele counts (AR), overall and per‐locus observed heterozy‐
gosity (HOBS), expected heterozygosity (HEXP), and inbreeding coef‐
ficients (FIS). Tests of heterozygote excess/deficit within each morph 
were conducted with default parameters using the exact test imple‐
mented in genepop (v.4.3; Rousset, 2008).

2.4 | Identification of outlier loci

Delineation of both neutral genetic variation and adaptive genetic 
variation can be important for evaluating differentiation among 
populations (Funk, McKay, Hohenlohe, & Allendorf, 2012). While 
assessment of neutral variation can provide insight into stochastic 
processes as well as the demographic history of populations, evalua‐
tion of adaptive variation can help elucidate the role of selective pro‐
cesses in shaping population differentiation. We therefore sought to 
independently examine the contribution that neutral variation and 
adaptive variation have on phenotypic differentiation among Arctic 
charr morphs.

Using the full filtered dataset with individual phenotype sup‐
plied as prior information, neutral loci and those potentially under 
selection were identified with bayescan (v.2.1; Foll & Gaggiotti, 
2008). Using default parameters and a prior of 100, the signif‐
icance of candidate outlier loci was determined using a q‐value 
threshold of 0.05, which corresponds to a false discovery rate 
(FDR) of 0.05. To reduce type I error, results were verified with a 
coalescent‐based approach by identifying putative outliers exhib‐
iting high FST values relative to neutrality as implemented in lositan 
v. 1.6 (Antao, Lopes, Lopes, Beja‐Pereira, & Luikart, 2008). The analysis 
was performed using 100,000 simulations, confidence intervals of 
99%, and a FDR of 0.05. Since the accuracy of outlier detection 

TA B L E  2   The number of loci remaining after filtering out 
paralogous sequence variants (PSVs) and SNPs with a minor allele 
count (MAC) <3. The final number of retained loci is shown for the 
full filtered dataset, and the neutrala and adaptive datasets, as 
determined by agreement between bayescan and lositan

Filtering steps Dataset

SNPs PSVs MAC Filtered Neutral Adaptive

12,271 10,914 8,075 8,075 5,976 17

aAfter removing four loci in linkage disequilibrium. 
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programs is known to vary according to sample size and the ob‐
served pattern of genetic variation (Ahrens et al., 2018; Narum 
& Hess, 2011), outlier was required to be identified by both losi-
tan and bayescan in order to be cl assified as putativel y adaptive. These 
outlier loci are considred putaitvely adaptive until future validation 
studies are conducted (Shafer et al., 2015). A conservative ap‐
proach was used for categorizing SNPs as neutral, using a p‐value 
range estimated by lositan of 0.10–0.90, and a q‐value threshold 
>0.50 as calculated by bayescan. A list containing putative adaptive 
and neutral SNPs were then used to extract each set of loci from 
the filtered dataset using plink v. 1.07.

2.5 | Differentiation among morphs based on 
neutral loci

Pairwise linkage disequilibrium (LD) of neutral SNPs was esti‐
mated for each morph using plink. For each locus pair in strong LD 
(r2 ≥ 0.80) in two or more morphs, the locus with the lowest geno‐
typing frequency was discarded. The degree of pairwise genetic 
differentiation (FST) was then examined between morphs at neu‐
tral loci. To determine whether pairwise comparisons significantly 
differed from zero, 1,000 bootstraps were used across all loci and 
95% confidence intervals (95% CI) were generated using the di-
versity package in R (v. 1.9.9; Keenan, McGinnity, Cross, Crozier, & 
Prodöhl, 2013).

To further evaluate the genetic relationship among Arctic charr 
morphs, we used the successive k‐means clustering algorithm im‐
plemented in the R package adegenet (v.2.01; Jombart, 2008). After 
transforming the data using principal component analysis (PCA) 
to reduce the number of variables, k‐means clustering was used 
for increasing values of K (1–10), identifying the optimal number 
of clusters using the Bayesian information criterion (BIC). Using 
the inferred group assignment (based upon k‐means clustering), 
a discriminant analysis of principal components (DAPC) was then 
implemented, replacing missing values with overall mean allele fre‐
quencies and using the optim.a.score function to prevent over fitting 
the model (Jombart, 2008). The first two axes from the DAPC were 
then plotted using the R package ggplot2 (v. 3.0; Wickham, 2009). 
Results were also verified by estimating individual admixture pro‐
portions using the Bayesian clustering algorithm implemented in 
admixture (v.1.23; Alexander, Novembre, & Lange, 2009). Model  com‐
plexity was estimated for each value of k (1–10) and evaluated using 
the cross‐validation function (‐cv) to identify the value of k with the 
lowest associated error.

2.6 | Signatures of selection

In order to disentangle whether one or multiple morphs were driving 
any observed patterns of deviation from neutral expectation, three 
different approaches were used to attempt to resolve signatures of 
divergent selection. First, to provide a visual comparison of adap‐
tive SNPs across all five morphs at each locus, allele frequencies 
were generated using genodive (v.2.0; Meirmans & Van Tienderen, 

2004). Second, the degree of genetic differentiation (FST) between 
morphs at adaptive SNPs was calculated using the same methods 
listed above (see differentiation among morphs section). Confidence 
intervals for neutral and adaptive pairwise FST values were then 
compared to infer evidence of divergent selection between morphs. 
Third, using the same methods listed above, bayescan was repeated 
using individuals from either Ellasjøen or Linne´vatn to test for re‐
peated outliers at a local scale.

The 142 bp consensus sequence of each outlier was down‐
loaded from the stacks catal og, converted to fasta format, and 
blastn (Johnson, Zaretskaya, RaytselisY, McGinnis, & Madden, 
2008) was used to align and map the location of consensus outlier 
sequences with the Salvelinus alpinus reference genome (RefSeq: 
GCF_002910315.2). The position of the top alignment for each 
query sequence was examined for annotated regions within a 
50 kb window using NCBI's Salvelinus alpinus genome browser 
(http://www.ncbi.nlm.nih.gov/genome/gdv/), and UniProtKB 
(http://www.uniprot.org/) was used to infer potential biological 
function.

3  | RESULTS

3.1 | SNP calling and quality filtering

Following library preparation and sequencing, 342,141,354 raw 
Illumina reads were evaluated using stacks process_radtags script. 
Of these reads, 321,417,116 (93.9% of total reads) were re‐
tained, with demultiplexed samples averaging 3.84 million reads 
(±0.91 SD). A preliminary stacks run identified two individuals with 
low genotyping rate (>80% missing data; 2 Anadromous samples), 
which were excluded from the analysis. Assembling loci across 
the remaining individuals (N = 89) resulted in retention of 12,271 
loci, containing a total of 18,095 SNPs (mean = 1.5 SNPs/locus). 
After restricting the analysis to one SNP per locus, and excluding 
49 SNPs that were homozygous, 1,308 SNPs were identified as 
putative paralogs (Supporting Information Figure S1). stacks popu‐
lations module was then supplied a blacklist containing putative 
PSVs and SNPs with a global minor allele count (MAC) <3 (2,839 
SNPs), resulting in a final matrix of 8,075 filtered SNPs for down‐
stream analyses (Table 2).
Overall, the filtered dataset had a mean coverage depth of 60× 
across all individuals and loci. When sample sizes were normal‐
ized by rarefaction for six diploid individuals, mean allelic richness 
(AR) was lower for Ellasjøen samples (AR range = 1.373–1.384) 
compared to Linne´vatn samples (AR range = 1.585–1.594), with 
little observable difference between morphs from the same geo‐
graphic area (Table 1). Likewise, Ellasjøen samples had lower ex‐
pected heterozygosity (HE range = 0.153–0.159) compared to 
Linne´vatn samples (HE range = 0.234–0.235; Table 1; Supporting 
Information Table S1). Inbreeding coefficients varied slightly 
among morphs from each lake (FIS range = 0.021 to −0.041), with 
all morphs exhibiting significant evidence of heterozygote deficit 
(p = 0.00–0.001; Table 1).

://www.ncbi.nlm.nih.gov/genome/gdv/
://www.uniprot.org/
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3.2 | Identification of outlier loci

Using the full filtered dataset (8,075 single SNP loci), bayescan iden‐
tified 17 candidate outliers (0.21% of SNPs), with q‐values of can‐
didate outliers ranging from 0.0002 to 0.049 (Table 2; Supporting 
Information Table S2). All of these 17 candidate outliers were also 
identified by lositan, which classified 418 SNPs as candidates for 
positive selection, with probabilities (simulated FST < sample FST) 
ranging from 0.996 to 1.0. Overall, examination of bayescan and losi-
tan output resul ted in agreement of 17 putatively adaptive and 5,980 
neutral SNPs (Table 2; Supporting Information Table S2), which were 
subsequently extracted from the filtered dataset using plink.

3.3 | Differentiation among morphs based on 
neutral loci

Out of the 5,980 neutral SNPs, four SNPs were excluded based upon 
evidence of strong LD (r2 > 0.8) in two or more morphs, with the 
remainder (5,976 SNPs) used to examine patterns of group differ‐
entiation and neutral population structure. Substantial variation in 

TA
B

LE
 3

 
Pa

irw
is

e 
F ST

 (9
5%

 c
on

fid
en

ce
 in

te
rv

al
s)

 v
al

ue
s 

us
in

g 
pu

ta
tiv

el
y 

ad
ap

tiv
e 

(a
bo

ve
 d

ia
go

na
l, 

no
t s

ha
de

d;
 1

7 
SN

Ps
) a

nd
 n

eu
tr

al
 lo

ci
 (b

el
ow

 d
ia

go
na

l, 
sh

ad
ed

 g
ra

y;
 5

,9
76

 S
N

Ps
a )

Li
nn
e´
va
tn

El
la

sj
øe

n

An
ad

ro
m

ou
s

N
or

m
al

D
w

ar
f

Li
tt

or
al

Pe
la

gi
c

Li
nn

e´
va

tn
An

ad
ro

m
ou

s
0.

05
8 

(0
.0

07
–0

.1
08

)*
0.

51
1 

(0
.3

52
–0

.6
45

)*
0.

85
3 

(0
.7

71
–0

.9
24

)*
0.

83
4 

(0
.6

91
–0

.9
43

)*

N
or

m
al

0.
02

0 
(0

.0
18

–0
.0

22
)*

0.
44

5 
(0

.3
05

–0
.5

69
)*

0.
85

1 
(0

.7
82

–0
.9

02
)*

0.
82

7 
(0

.6
97

–0
.9

22
)*

D
w

ar
f

0.
07

4 
(0

.0
70

–0
.0

77
)*

0.
05

8 
(0

.0
55

–0
.0

61
)*

0.
82

4 
(0

.7
20

–0
.9

08
)*

0.
80

8 
(0

.6
55

–0
.9

27
)*

El
la

sj
øe

n
Li

tt
or

al
0.

17
8 

(0
.1

72
–0

.1
83

)*
0.

17
8 

(0
.1

72
–0

.1
84

)*
0.

17
4 

(0
.1

68
–0

.1
79

)**
−0

.0
40

 (0
.0

00
–0

.6
33

6)

Pe
la

gi
c

0.
15

4 
(0

.1
48

–0
.1

59
)*

0.
15

4 
(0

.1
48

–0
.1

59
)*

0.
15

2 
(0

.1
47

–0
.1

58
)*

0.
00

2 
(−

0.
00

1–
0.

00
6)

a A
ft

er
 re

m
ov

in
g 

fo
ur

 lo
ci

 in
 li

nk
ag

e 
di

se
qu

ili
br

iu
m

. * Si
gn

ifi
ca

nt
ly

 d
iff

er
en

t f
ro

m
 z

er
o 

(b
as

ed
 u

po
n 

lo
w

er
 b

ou
nd

 9
5%

 C
I).

 

F I G U R E  2   Cluster analyses of 5,076 neutral loci among 
five different Arctic charr morphs from lakes Ellasjøen and 
Linne´vatn: (a) first two axes from a discriminant analysis of 
principal components with points corresponding to individuals. 
Shape of points is based upon actual phenotypic group, with color 
corresponding to inferred group; (b) barplot of inferred group 
membership probability (k = 3 clusters) from k‐means clustering; 
and (c) k = 3 also identified by admixture as best describing the 
structure in the data



     |  2011O’MALLEY et al.

pairwise genetic differentiation was observed among morphs (FST 
range = 0.002–0.178). As expected, high differentiation was ob‐
served among allopatric morphs (FST = 0.152–0.178), with low to 
moderate differentiation among sympatric morphs (FST = 0.002–
0.074; Table 3). All pairwise FST values were statistically significant 
from zero (based upon lower bound 95% CI), with the exception of 
the pairwise comparison between the sympatric Littoral and Pelagic 
morphs in Ellasjøen (FST = 0.002), which may be attributed to small 
sample sizes.
Evaluating the BIC scores following successive k‐means clustering 
identified k = 3 as the optimal number of genetic groups in the data‐
set (Supporting Information Figure S2a). This inferred group size was 
used for the DAPC after retaining seven principal components (27.9% 
conserved variance), as identified using the a‐score optimization cri‐
terion. The first axis of the DAPC clearly discriminated between 
the allopatric morphs, whereas the second axis largely separated 
the Dwarf morph from the Anadromous and Normal morphs from 
Linne´vatn (Figure 2a). Based on cluster membership probabilities 
generated from the DAPC, samples from Ellasjøen grouped together 
(blue crosses and filled circles), whereas the Anadromous and Normal 
samples from Linne´vatn formed a distinct cluster (red diamonds and 
triangles), from the Dwarf samples (green empty circles; Figure 2b). 
However, one Normal and one Anadromous sample showed evidence 
of admixture with the Dwarf cluster, with membership probabilities 
of 0.15 and 0.78, respectively (Figure 2b). The cross‐validation func‐
tion implemented in admixture also identified k = 3 as the most likely 
number of genetic clusters in the dataset (Supporting Information 
Figure S2). Individual admixture coefficients showed similar re‐
sults to k‐means clustering, yet revealed additional overlap of the 
Anadromous and Normal morphs with the Dwarf morph (admixture 
range = 0.0001–0.641; Figure 2c).

3.4 | Signatures of selection

Using individuals from both lakes, we identified 17 putatively adap‐
tive SNPs supported by both bayescan and lositan. Similar to the set 
of neutral SNPs, high differentiation was observed among allopatric 
morphs (FST = 0.808–0.853), yet a substantial range in genetic dif‐
ferentiation occurred among sympatric morphs (FST = −0.04–0.511; 
Table 3). Again, all pairwise FST values were statistically significant 
from zero, with the exception of the comparison of the sympatric 
Littoral and Pelagic morphs in Ellasjøen (Table 3). Pairwise compari‐
son of confidence intervals between adaptive and neutral SNPs illus‐
trated that all allopatric morphs showed significant differences (i.e., 
confidence intervals did not overlap), while sympatric morphs only 
differed for the Dwarf versus Anadromous and Dwarf versus Normal 
comparisons (Supporting Information Figure S4).

Examining the distribution of allele frequencies for these 17 
loci indicated that a majority (15/17) showed allele frequency dis‐
parities among allopatric morphs, largely driven by the presence of 
multiple monomorphic loci for Ellasjøen samples. Repeating bayes-
can using only the Ellasjøen samples failed to identify any outliers. 
Two loci (56596|Sequence 13 and 85782|Sequence 16) showed 

substantially different allele frequencies within the Linne´vatn sam‐
ples (Supporting Information Figure S3), and repeating bayescan anal‐
ysis using only the Linne´vatn samples identified these loci as repeat 
outliers at a local scale, with q‐values ranging from 0.0002 to 0.0003.

Using all of the consensus outlier sequences as queries (n = 17), 
blastn had sol id hits against the Salvelinus alpinus reference genome, 
with E‐scores ranging from 9.00e‐21 to 6.00e‐67 (Supporting 
Information Table S3). Four outlier sequences aligned to an unplaced 
scaffold, two sequences aligned to a linkage group with no coding 
regions within a 50 kb window, and the remaining 11 sequences 
mapped to a genomic location containing one or more coding re‐
gions within a 50 kb window (Supporting Information Table S3). 
These targets for selection included genes associated with the reg‐
ulation of transcription, regulation of telomeres, ion transport, iron 
binding, protein folding, embryonic development, bone morphogen‐
esis, and memory (Supporting Information Table S3). The two local 
outliers (56596|Sequence 13 and 85782|Sequence16) identified 
within the Linne´vatn samples aligned to an unplaced scaffold and 
Linkage Group 6.1, respectively. The outlier sequence on Linkage 
Group 6.1 (85782|Sequence 16) mapped to within 50 kb of the in‐
terleukin 1 receptor accessory protein like 2 (IL1RAPL2), which is 
located on the X chromosome in humans and is linked to cognitive 
disability (Supporting Information Table S3). An important paralog of 
this gene is IL1RAPL1, which is expressed at a high level in the hip‐
pocampal memory system, suggesting a specialized role in the phys‐
iological processes underlying memory and learning abilities (www.
genecards.org/cgi-bin/carddisp.pl?gene=IL1RAPL1).

4  | DISCUSSION

4.1 | Neutral and adaptive genomic differentiation

We found that landlocked Arctic charr in Ellasjøen had lower genetic 
diversity (i.e., mean allelic richness and expected heterozygosity) 
than those in Linne´vatn. Varying levels of genetic differentiation 
were detected among allopatric and sympatric morphs using 5,976 
neutral and 17 adaptive loci. Fifteen of the identified adaptive loci 
were shared between Linne´vatn and Ellasjøen, and consensus se‐
quences had solid hits against the Salvelinus alpinus reference genome 
(E‐scores range: 9.00e‐21–6.00e‐67; Supporting Information Table 
S3). Two adaptive loci were restricted to samples from Linne´vatn. 
Only one (85782|Sequence 16) of the two adaptive loci mapped to 
an annotated genomic location. We found one coding region within a 
50 kb window of this locus, interleukin 1 receptor accessory protein 
like 2 (IL1RAPL2), which is located on the X chromosome in humans. 
While mutations in this gene have been shown to cause cognitive 
disabilities in humans, its role in fishes has yet to be determined. In 
contrast, we failed to detect FST outliers using only samples from 
Ellasjøen, suggesting that there were no sequenced adaptive genetic 
differences between the Littoral and Pelagic morphs. However, these 
findings should be considered preliminary given our limited sampling 
from Ellasjøen. A more comprehensive study focusing on all morphs 
within this system is definitely warranted.

http://www.genecards.org/cgi-bin/carddisp.pl?gene
http://www.genecards.org/cgi-bin/carddisp.pl?gene
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4.2 | Comparison of allopatric morphs

Pairwise FST estimates based on neutral and adaptive loci indi‐
cated high differentiation among allopatric morphs (Table 3), and 
cluster analyses of neutral loci separated samples from Linne´vatn 
and Ellasjøen (Figure 2). Considering that fish within Ellasjøen are 
landlocked, the neutral and adaptive genetic differences observed 
between morphs from the two lakes were expected. High genetic 
differentiation based on neutral markers has also been previously 
reported for six landlocked populations of Arctic charr across 
Fennoscandia (Shikano et al., 2015), and 12 landlocked populations 
in Maine (Bernatchez et al., 2002). Like Linne´vatn and Ellasjøen 
(Bøyum & Kjensmo, 1978; Klemetsen et al., 1985), these lakes are of 
postglacial origin (<12,000 years old) but it is uncertain if any have 
been geographically isolated for a similar length of evolutionary time 
as Ellasjøen (Bernatchez et al., 2002; Shikano et al., 2015). Our find‐
ings suggest that the allopatric morphs in Linne´vatn and Ellasjøen 
are locally adapted, and thus, responses to climate change will be 
variable between the lakes.

4.3 | Comparison of sympatric morphs

We could not genetically distinguish the sympatric Littoral and 
Pelagic morphs in Ellasjøen, indicating that they represent a single 
breeding population. The FST values based on both neutral and adap‐
tive loci were statistically insignificant (Table 3), and cluster analysis 
of neutral loci failed to distinguish any subgroups of genetic variation 
within Ellasjøen (Figure 2). Interestingly, previous research differen‐
tiated between the Littoral and Pelagic morphs based on foraging 
differences as well as different sensitivities to photoperiod varia‐
tion (Hawley et al., 2016, 2017). Our genetic results from Ellasjøen, 
however, are consistent with other genetic studies which found 
that certain sympatric Arctic charr morphs are not genetically or 
reproductively distinct (see review Jonsson & Jonsson, 2001; e.g., 
Nordeng, 1983). However, the failure to detect genetic differentia‐
tion (i.e., neutral or adaptive) between the Littoral and Pelagic morphs 
in Ellasjøen may reflect inadequate sampling of these sympatric 
morphs. Future genetic investigations of Ellasjøen charr should also 
include the previously described dwarf morph (Hawley et al., 2016) to 
determine whether those individuals represent a genetically distinct 
group. A more comprehensive investigation, sampling additional in‐
dividuals and all morphs in Ellasjøen, should indicate whether adap‐
tive differences are present among these morphs. If our preliminary 
genetic results are accurate though, Arctic charr in Lake Ellasjøen 
may be more resilient to climate change than expected. For instance, 
a single population exhibiting substantial variation in morphology, 
foraging preferences, and photosensitivity (Hawley et al., 2016, 
2017) may adapt more readily to increased light penetration and 
elevated freshwater productivity (Heino et al., 2009; Michelutti et 
al., 2005; Prowse et al., 2006; Woodward et al., 2010) than a set of 
smaller, fragmented populations with distinct phenotypes.

Within Linne´vatn, cluster analysis of neutral loci failed to distin‐
guish the Anadromous and resident Normal morphs (Figure 2). The 

FST values estimated for neutral and adaptive loci were both moder‐
ate and statistically significant between these sympatric morphs, al‐
though differences were somewhat higher for adaptive loci (Table 3). 
This result is not necessarily a surprise, as anadromous and resident 
Arctic charr both overwinter in freshwater, and the relationship be‐
tween migratory behavior and gene flow is known to vary (Moore 
et al., 2013). To assess the opportunity for reproduction between 
morphs, otolith chemistry, tagging, and radio telemetry (albeit logis‐
tically challenging in the Arctic environment) could be used to deter‐
mine the spatial and temporal patterns in migration and spawning 
of the Anadromous and resident Normal morphs in Linne´vatn (e.g., 
Brenkman & Corbett, 2007).

Our genetic results for the Anadromous and resident Normal 
morphs in Linne´vatn are consistent with previous studies of Arctic 
charr in the Salangen River, Norway, which suggested that anad‐
romous and resident individuals belonged to the same population 
(Nordeng, 1961, 1983). In addition, Nordeng (1983) conducted ex‐
tensive rearing experiments and found that a fraction of the resident 
Arctic charr always transformed into anadromous fish. That said, a 
higher proportion of the offspring from anadromous parents smolt‐
ified (i.e., underwent physiological changes to adapt to seawater) 
when released into the river compared to offspring from resident 
parents, indicating that there is some genetic influence on anadromy 
(Nordeng, 1983).

Climate change is predicted to increase light penetration, 
water temperature, and carbon dioxide concentrations for fresh‐
water systems (Heino et al., 2009; Michelutti et al., 2005; Prowse 
et al., 2006; Woodward et al., 2010). Such changes are expected 
to enhance freshwater productivity, making the risk of predation 
while feeding at sea more costly. As a result, the frequency of resi‐
dent Arctic charr may increase (Finstad & Hein, 2012; Jensen et al., 
2018; Reist, Wrona, Prowse, Dempson et al., 2006). Our GBS ap‐
proach (Elshire et al., 2011) only sequenced a fraction of the Arctic 
charr genome, but if results are representative, a reduced num‐
ber of Anadromous individuals relative to resident Normal morph 
may not result in a significant loss of genetic diversity. However, 
anadromous Arctic charr represent a valuable fishery compared to 
freshwater residents, particularly for indigenous Arctic communi‐
ties (Christiansen & Reist, 2013; Moore et al., 2013; Tallman et al., 
2018). Therefore, there are considerable socioeconomic concerns 
if anadromous individuals across the Arctic become less frequent 
due to climate change.

In contrast to our findings for Anadromous and Normal Arctic 
charr, we found strong evidence for reduced gene flow and adap‐
tive differences between the non‐migratory Dwarf morph and the 
Anadromous and resident Normal fish in Linne´vatn. FST values were 
moderate for neutral sites but high for putatively adaptive loci 
(Table 3). Cluster analysis of neutral loci distinguished Dwarf Arctic 
charr from the Anadromous and Normal morphs, although some 
shared genotypes may indicate genetic drift or a degree of introgres‐
sion among all three morphs within Linne´vatn (Figure 2). Our find‐
ings are consistent with other studies of sympatric variation in Arctic 
charr that also found evidence for strong genetic differentiation 
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between Dwarf individuals and larger sized morphs (e.g., Adams et 
al., 2008; Alekseyev et al., 2014; Gordeeva et al., 2015; Samusenok 
et al., 2006).

Previous studies have documented differences in breeding time 
between typical‐sized and dwarf morphs from other lakes (Jonsson 
& Hindar, 1982; Pavlov & Osinov, 2008). A similar “adaptation by 
time” (Hendry & Day, 2005) could explain the genetic differentia‐
tion observed for the Dwarf morph in Linne´vatn. It is possible that 
assortative mating based on spawning site or depth could also be an 
important driver of reproductive isolation among sympatric morphs 
(Jonsson & Hindar, 1982). Alternatively, like many profundal morphs 
of Arctic charr from other lakes, the Dwarf charr in Linne´vatn may 
be an example of paedomorphosis where juvenile traits are retained 
during adulthood (Danzmann et al., 1991; Jonsson & Jonsson, 2001; 
Klemetsen et al., 2003; Knudsen et al., 2006; Parsons et al., 2011; 
Skoglund et al., 2015; Skùlason et al., 1989). If Dwarf individuals are 
paedomorphs, it may be physiologically or behaviorally difficult for 
matings to occur with Anadromous or Normal individuals, substan‐
tially limiting the opportunity for gene flow.

The high FST values for adaptive loci indicate that there may be 
substantial divergence between the Dwarf morph and Anadromous 
and resident Normal individuals. Aside from developmental differ‐
ences due to the possibility of paedomorphosis, traits such as forag‐
ing preferences and habitat usage are likely to be influential. In other 
lakes, foraging differences can be subtle, but dwarf Arctic charr are 
often more generalist feeders (Adams et al., 2008; Samusenok et 
al., 2006) or focused upon benthos (Alekseyev et al., 2014; Fraser 
et al., 1998). Larger morphs often cannibalize dwarf or small‐sized 
morphs (Knudsen et al., 2016; Samusenok et al., 2006). Svenning 
et al. (2007) found that the diet of small individuals in Linne´vatn 
(<15 cm, predominantly Dwarf) was strongly characterized by chi‐
ronomid Oliveridia tricornis (Oliver, 1976) larvae, whereas larger 
Arctic charr (>15 cm; Anadromous and Normal) within the lake were 
mainly cannibals (Svenning et al., 2007). These feeding differences 
could affect habitat use and the potential for gene flow, given that 
cannibalism by Anadromous and Normal morphs is potentially mortal 
risk to the reproductive success of Dwarf individuals. If cannibalism 
during spawning is common, we would expect selection to be strong 
against Dwarf individuals mating outside of their morph, unless such 
matings provide increased fitness, which could lead to the evolution 
of sexual cannibalism (Elgar & Schneider, 2004). In future studies, it 
would be useful to examine the rates of breeding and cannibalism 
between larger sized and Dwarf Arctic charr to determine whether 
this is a plausible factor to have affected gene flow.

Overall, the Dwarf morph represents a genetically distinct com‐
ponent of Arctic charr diversity in the Linne´vatn. Considering simi‐
lar genetic evidence from other studies of Dwarf morphs (Alekseyev 
et al., 2014; Gordeeva et al., 2015; Samusenok et al., 2006), the 
potential response of small or profundal resident morphs to climate 
change warrants further investigation. It should be noted, how‐
ever, that elevated freshwater temperatures are predicted to result 
in a lengthened growing season for Arctic charr (Budy & Luecke, 
2014). If Dwarf individuals are not restricted to small body sizes due 

paedomorphosis or other heritable genetic changes, it is possible 
that Dwarf individuals could reach large enough sizes to compete or 
reproduce more often with larger morphs (Budy & Luecke, 2014). 
Such a change could lead to increased introgression among morphs 
and a reduction in overall genetic diversity in Linne´vatn. Further 
research is needed to determine whether Dwarf individuals are re‐
stricted to small body sizes, and whether increased freshwater tem‐
perature affects the growth rate of the morph.

5  | CONCLUSIONS

The results of this study demonstrate the value of utilizing putatively 
adaptive loci to investigate intraspecific variation. Geographically 
isolated, allopatric populations of Arctic charr are likely to be ge‐
netically distinct, but genetic divergence among sympatric morphs 
varies, and response of populations and morphs to climate change 
probably needs to be considered on a case‐by‐case basis. That said, 
results from Anadromous and Normal morphs in Linne´vatn indicate 
that migratory differences do not necessarily indicate substan‐
tial genetic differences within a single lake. In concordance with 
previous studies (Alekseyev et al., 2014; Gordeeva et al., 2015; 
Samusenok et al., 2006), Dwarf Arctic charr in Linne´vatn were 
the most genetically distinct group observed, and the response of 
Dwarf morphs to climate change therefore warrants further inves‐
tigation. Given that we observed substantial adaptive and neutral 
genetic diversity between just two lakes in the geographically re‐
mote Svalbard Archipelago, out results suggest that Arctic charr 
exhibit significant genetic diversity across the Arctic. The impact 
of continued climate change upon the diversity of other Arctic ana‐
dromous and freshwater fish species, and in turn, the wider eco‐
system, fisheries, and affected indigenous communities, requires 
further investigation.

ACKNOWLEDGMENTS

We would like to thank our CharrAdapt project collaborators C. 
Rosten, K. Hawley, G. Christensen, and M. Powell. Financial sup‐
port for sampling Arctic charr was provided by the Norwegian 
Research Council (project No. 227044). We also thank Oregon State 
University's Center for Genome Research and Biocomputing for pro‐
cessing the tissue samples.

AUTHOR CONTRIBUTIONS

K.G.O. and A.N.B. designed the experiments; K.G.O. and A.N.B. per‐
formed the experiments; K.G.O. and A.N.B. analyzed the data; and 
K.G.O., A.N.B., and F.V. wrote the manuscript.

DATA ACCESSIBILITY

Three genepop files representing the filtered dataset (8,075 loci), 
the neutral dataset (5,976 loci), the adaptive dataset (17 loci), and a 



2014  |     O’MALLEY et al.

script depicting all code used in stacks pipeline, analyses, and figure 
generation.

Dryad DOI: https://doi.org/10.5061/dryad.8hq6qv2.

ORCID

Kathleen G. O’Malley   https://orcid.org/0000-0003-0995-599X 

Felix Vaux   https://orcid.org/0000-0002-2882-7996 

REFERENCES

Adams, C. E., Wilson, A. J., & Ferguson, M. M. (2008). Parallel divergence 
of sympatric genetic and body size forms of Arctic charr, Salvelinus al‐
pinus, from two Scottish lakes. Biological Journal of the Linnean Society, 
95, 748–757. https://doi.org/10.1111/j.1095-8312.2008.01066.x

Adrian, R., O’Reilly, C. M., Zagarese, H., Baines, S. B., Hessen, D. O., 
Keller, W., … Winder, M. (2009). Lakes as sentinels of climate 
change. Limnology and Oceanography, 54, 2283–2297. https://doi.
org/10.4319/lo.2009.54.6_part_2.2283

Ahrens, C. W., Rymer, P. D., Stow, A., Bragg, J., Dillon, S., Umbers, K. D. L., 
& Dudaniec, R. Y. (2018). The search for loci under selection: Trends, 
biases and progress. Molecular Ecology, 27, 1342–1356. https://doi.
org/10.1111/mec.14549

Alekseyev, S. S., Bajno, R., Gordeeva, N. V., Reist, J. D., Power, M., Kirillov, 
A. F., … Matveev, A. N. (2009). Phylogeography and sympatric differ‐
entiation of the Arctic charr Salvelinus alpinus (L.) complex in Siberia 
as revealed by mtDNA sequence analysis. Journal of Fish Biology, 75, 
368–392.

Alekseyev, S. S., Gordeeva, N. V., Matveev, S. V. P., Vokin, A. I., & Yur’ev, 
A. L. (2014). Three sympatric forms of Arctic charr Salvelinus alpi‐
nus complex (Salmoniformes, Salmonidae) from Lake Kamkanda, 
Northern Transbaikalia. Journal of Ichthyology, 54, 384–408. https://
doi.org/10.1134/S0032945214040018

Alekseyev, S. S., Samusenok, V. P., Matveev, A. N., & Pichugin, M. Y. 
(2002). Diversification, sympatric speciation and trophic polymor‐
phism of Arctic charr, Salveninus alpinus complex, in Transbaikalia. 
Environmental Biology of Fishes, 64, 97–114.

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

Antao, T., Lopes, A., Lopes, R. J., Beja‐Pereira, A., & Luikart, G. (2008). 
LOSITAN: A workbench to detect molecular adaptation based 
on a Fst‐outlier method. BMC Bioinformatics, 9, 323. https://doi.
org/10.1186/1471-2105-9-323

Becker, R. A., & Wilks, A. R. (Original S Code) et al. (2008). maps: Draw 
Geographical Maps. R package version 2.0‐40.

Berg, O. K., Finstad, A. G., Olsen, P. H., Vegar Arnekleiv, J., & Nilssen, 
K. (2010). Dwarfs and cannibals in the Arctic: Production of Arctic 
char (Salvelinus alpinus (L.)) at two trophic levels. Hydrobiologia, 652, 
337–347. https://doi.org/10.1007/s10750-010-0366-9

Bernatchez, L., Dempson, J. B., & Matin, S. (1998). Microsatellite gene di‐
versity in anadromous Arctic char, Salvelinus alpinus, from Labrador, 
Canada. Canadian Journal of Fisheries and Aquatic, 55, 1264–1272.

Bernatchez, L., Rhydderch, J. G., & Kircheis, F. W. (2002). 
Microsatellite gene diversity analysis in landlocked Arctic char 
from Maine. Transactions of the American Fisheries Society, 131, 
1106–1118. https://doi.org/10.1577/1548-8659(2002)131<110
6:MGDAIL>2.0.CO;2

Bertram, G. C. L., & Lack, D. (1933). Bear Island. The Geographical Journal, 
81, 45–53. https://doi.org/10.2307/1783894

Bøyum, A., & Kjensmo, J. (1978). Physiography of Lake Linnévatn, 
Western Spitsbergen. In: Proceedings: 20th Congress, Internationale 

Vereinigung fur Theoretische und Angewandte Limnologie, Stuttgart, 
Germany, 609–614.

Brander, K. (2010). Impacts of climate change on fisheries. Journal 
of Marine Systems, 79, 389–402. https://doi.org/10.1016/j.
jmarsys.2008.12.015

Brenkman, S. J., & Corbett, S. C. (2007). Use of otolith chemistry and 
radio telemetry to determine age‐specific migratory patterns of 
anadromous bull trout in the Hoh River, Washington. Transactions of 
the American Fisheries Society, 136, 1–11.

Brunner, P. C., Douglas, M. R., & Bernatchez, L. (1998). Microsatellite and 
mitochondrial DNA assessment of population structure and stock‐
ing effects in Arctic charr Salvelinus alpinus (Teleostei: Salmonidae) 
from central Alpine lakes. Molecular Ecology, 7, 209–223. https://doi.
org/10.1046/j.1365-294x.1998.00341.x

Budy, P., & Luecke, C. (2014). Understanding how lake populations of 
Arctic char are structured and function with special consideration 
of the potential effects of climate change: A multi‐faceted approach. 
Oecologia, 176, 81–94. https://doi.org/10.1007/s00442-014-2993-8

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J. 
H. (2011). Stacks: Building and genotyping loci de novo from short‐
read sequences. G3: Genes Genomes, Genetics, 1, 171–182.

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. 
(2013). Stacks: An analysis tool set for population genomics. Molecular 
Ecology, 22, 3124–3140. https://doi.org/10.1111/mec.12354

Christiansen, J. S., & Reist, J. D. (2013). Chapter 6: Fishes. In H. Meltofte 
(Ed.), Arctic Biodiversity Assessment. Status and trends in Arctic biodi‐
versity (pp. 192–245). Akureyri, Iceland: Conservation of Arctic Flora 
and Fauna (CAFF), Arctic Council.

Craig, P. C. (1989). An introduction to anadromous fishes in the Alaskan 
Arctic. Biological Papers of the University of Alaska, 24, 27–54.

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, 
M. A., … 1000 Genomes Project Analysis Group. (2011). The variant 
call format and VCFtools. Bioinformatics, 27, 2156–2158. https://doi.
org/10.1093/bioinformatics/btr330

Danzmann, R. G., Ferguson, M. M., Skùlason, S., Snorrason, S. S., 
& Noakes, D. L. G. (1991). Mitochondrial DNA diversity among 
four sympatric morphs of Arctic charr, Salvelinus alpinus L., from 
Thingvallavatn, Iceland. Journal of Fish Biology, 39, 649–659. https://
doi.org/10.1111/j.1095-8649.1991.tb04395.x

Davidson, R., Simard, M., Kutz, S. J., Kapel, C. M. O., Hamnes, I. S., & 
Robertston, L. J. (2011). Arctic parasitology: Why should we care? 
Trends in Parasitology, 27, 238–244.

Elgar, M. A., & Schneider, J. M. (2004). Evolutionary significance of sex‐
ual cannibalism. In P. J. B. Slater, J. S. Rosenblatt, C. T. Snowdon, T. 
J. Roper, J. Brockmann, & M. Naguib (Eds.), Advances in the Study of 
Behavior 34 (pp. 135–164). San Diego, CA: Elsevier USA.

Elliott, J. M., & Elliott, J. A. (2010). Temperature requirements of Atlantic 
salmon Salmo salar, brown trout Salmo trutta and Arctic charr Salvelinus 
alpinus: Predicting the effects of climate change. Journal of Fish 
Biology, 77, 1793–1817. https://doi.org/10.1111/j.1095-8649.2010. 
02762.x

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, 
E. S., & Mitchell, S. E. (2011). A robust, simple genotyping‐by‐se‐
quencing (GBS) approach for high species diversity. PLoS ONE, 6, 
e19379.

Ficke, A. D., Myrick, C. A., & Hansen, L. J. (2007). Potential impacts 
of global climate change on freshwater fisheries. Reviews in Fish 
Biology and Fisheries, 17, 581–613. https://doi.org/10.1007/
s11160-007-9059-5

Finstad, A. G., & Hein, C. L. (2012). Migrate or stay: Terrestrial 
primary productivity and climate drive anadromy in Arctic 
char. Global Change Biology, 18, 2487–2497. https://doi.
org/10.1111/j.1365-2486.2012.02717.x

Foll, M., & Gaggiotti, O. (2008). A genome‐scan method to iden‐
tify selected loci appropriate for both dominant and codominant 

https://doi.org/10.5061/dryad.8hq6qv2
https://orcid.org/0000-0003-0995-599X
https://orcid.org/0000-0003-0995-599X
https://orcid.org/0000-0002-2882-7996
https://orcid.org/0000-0002-2882-7996
https://doi.org/10.1111/j.1095-8312.2008.01066.x
https://doi.org/10.4319/lo.2009.54.6_part_2.2283
https://doi.org/10.4319/lo.2009.54.6_part_2.2283
https://doi.org/10.1111/mec.14549
https://doi.org/10.1111/mec.14549
https://doi.org/10.1134/S0032945214040018
https://doi.org/10.1134/S0032945214040018
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1007/s10750-010-0366-9
https://doi.org/10.1577/1548-8659(2002)131<1106:MGDAIL>2.0.CO;2
https://doi.org/10.1577/1548-8659(2002)131<1106:MGDAIL>2.0.CO;2
https://doi.org/10.2307/1783894
https://doi.org/10.1016/j.jmarsys.2008.12.015
https://doi.org/10.1016/j.jmarsys.2008.12.015
https://doi.org/10.1046/j.1365-294x.1998.00341.x
https://doi.org/10.1046/j.1365-294x.1998.00341.x
https://doi.org/10.1007/s00442-014-2993-8
https://doi.org/10.1111/mec.12354
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1111/j.1095-8649.1991.tb04395.x
https://doi.org/10.1111/j.1095-8649.1991.tb04395.x
https://doi.org/10.1111/j.1095-8649.2010.02762.x
https://doi.org/10.1111/j.1095-8649.2010.02762.x
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1111/j.1365-2486.2012.02717.x
https://doi.org/10.1111/j.1365-2486.2012.02717.x


     |  2015O’MALLEY et al.

markers: A Bayesian perspective. Genetics, 180, 977–993. https://
doi.org/10.1534/genetics.108.092221

Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R. B., Aschan, 
M. M., & Dolgov, A. V. (2015). Recent warming leads to a rapid bore‐
alization of fish communities in the Arctic. Nature Climate Change, 5, 
673–678. https://doi.org/10.1038/nclimate2647

Fraser, D., Adams, C. E., & Huntingford, F. A. (1998). Trophic poly‐
morphism among Arctic charr Salvelinus alpinus L., from Loch 
Ericht. Scotland. Ecology of Freshwater Fish, 7, 184–191. https://doi.
org/10.1111/j.1600-0633.1998.tb00185.x

Funk, W. C., McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W. (2012). 
Harnessing genomics for delineating conservation units. Trends 
in Ecology and Evolution, 27, 489–496. https://doi.org/10.1016/j.
tree.2012.05.012

Gilbert, M. J. H., Donad, C. R., Swanson, H. K., & Tierney, K. B. (2016). 
Low annual fidelity and early upstream migration of anadromous 
Arctic char in a variable environment. Transactions of the American 
Fisheries Society, 145, 931–942. https://doi.org/10.1080/00028487.
2016.1173095

Gíslason, D., Ferguson, M. M., Skúlason, S., & Snorrason, S. S. (1999). 
Rapid and coupled phenotypic and genetic divergence in Icelandic 
Arctic char (Salvelinus alpinus). Canadian Journal of Fisheries and 
Aquatic Sciences, 56, 2229–2234.

Gordeeva, N. V., Alekseyev, S. S., Matveev, A. N., & Samusenok, V. P. 
(2015). Parallel evolutionary divergence in Arctic char Salvelinus al‐
pinus complex from Transbaikalia: Variation in differentiation and 
segregation of genetic diversity among sympatric forms. Canadian 
Journal of Fisheries and Aquatic Sciences, 72, 96–115.

Goudet, J. (2005). hierfstat, a package for r to compute and test hierar‐
chical F‐statistics. Molecular Ecology Notes, 5, 184–186. https://doi.
org/10.1111/j.1471-8286.2004.00828.x

Harrison, S., Kargel, J. S., Huggel, C., Reynolds, J., Shugar, D. H., Betts, 
A., … Vilímek, V. (2018). Climate change and the global pattern of 
moraine‐dammed glacial lake outburst floods. The Cryosphere, 12, 
1195–1209. https://doi.org/10.5194/tc-12-1195-2018

Hawley, K. L., Rosten, C. M., Christensen, G., & Lucas, M. C. (2016). 
Fine‐scale behavioural differences distinguish resource use by eco‐
morphs in a closed ecosystem. Scientific Reports, 6, 24369. https://
doi.org/10.1038/srep24369

Hawley, K. L., Rosten, C. M., Haugen, T. O., Christensen, G., & Lucas, 
M. C. (2017). Freezer on, lights off! Environmental effects of activity 
rhythms fish in the Arctic. Biology Letters, 13, 20170575.

Hein, C. L., Öhlund, 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: A Journal 
of the Human. Environment, 41, 303–312. https://doi.org/10.1007/
s13280-012-0308-z

Heino, J., Virkkala, R., & Toivonen, H. (2009). Climate change and fresh‐
water biodiversity: Detected patterns, future trends and adapta‐
tions in northern regions. Biological Reviews, 84, 39–54. https://doi.
org/10.1111/j.1469-185X.2008.00060.x

Hendry, A. P., & Day, T. (2005). Population structure attribut‐
able to reproductive time: Isolation by time and adapta‐
tion by time. Molecular Ecology, 14, 901–916. https://doi.
org/10.1111/j.1365-294X.2005.02480.x

Hooker, O. E., Barry, J., Van Leeuwen, T. E., Lyle, A., Newton, J., 
Cunningham, P., & Adams, C. E. (2016). Morphological, ecological and 
behavioural differentiation of sympatric profundal and pelagic Arctic 
charr (Salvelinus alpinus) in Loch Dughaill Scotland. Hydrobiologia, 
783, 209–221. https://doi.org/10.1007/s10750-015-2599-0

Intergovernmental Panel on Climate Change. (2013). Climate Change 
2013: The Physical Science Basis. Working Group II Contribution to the 
IPCC 5th Assessment Report.

Jensen, A. J., Finstad, B., & Fiske, P. (2018). Evidence for the linkage of 
survival of anadromous Arctic charr and brown trout during winter 

to marine growth during the previous summer. Canadian Journal of 
Fisheries and Aquatic Sciences, 75, 663–672.

Jensen, J. L. A., & Rikardsen, A. H. (2008). Do northern riverine anad‐
romous Arctic charr Salvelinus alpinus and sea trout Salmo trutta 
overwinter in estuarine and marine waters? Journal of Fish Biology, 
73, 1810–1818.

Johnson, M., Zaretskaya, I., RaytselisY, M. Y., McGinnis, S., & Madden, 
T. L. (2008). NCBI BLAST: A better web interface. Nucleic Acids 
Research, 36, W5–W9. https://doi.org/10.1093/nar/gkn201

Jombart, T. (2008). adegenet: A R package for the multivariate analy‐
sis of genetic markers. Bioinformatics, 24, 1403–1405. https://doi.
org/10.1093/bioinformatics/btn129

Jonsson, B., & Hindar, K. (1982). Reproductive strategy of dwarf and 
normal Arctic charr (Salvelinus alpinus) from Vangsvatnet Lake, 
Western Norway. Canadian Journal of Fisheries and Aquatic Sciences, 
39, 1404–1413.

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.tb00518.x

Keenan, K., McGinnity, P., Cross, T. F., Crozier, W. W., & Prodöhl, P. A. 
(2013). diveRsity: An R package for the estimation and exploration of 
population genetics parameters and their associated errors. Methods 
in Ecology and Evolution, 4, 782–788.

Klemetsen, A. (2010). The charr problem revisited: Exceptional phe‐
notypic plasticity promotes ecological speciation in postglacial 
lakes. Freshwater Reviews, 3, 49–74. https://doi.org/10.1608/
FRJ-3.1.3

Klemetsen, A., Amundsen, P.‐A., Dempson, J. B., Jonsson, B., Jonsson, N., 
O’Connell, M. F., & Mortensen, E. (2003). Atlantic salmon Salmo sadar 
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.

Klemetsen, A., Grotnes, P. E., Holthe, H., & Kirstoffersen, K. (1985). Bear 
Island charr. Report – Institute of Freshwater Research. Drottningholm, 
62, 98–119.

Knudsen, G. K. Ø., Eloranta, A. P., Hayden, B., Siwertsson, A., Amundsen, 
P.‐A., & Klemetsen, A. (2016). A specialised cannibalistic Arctic charr 
morph in the piscivore guild of a subarctic lake. Hydrobiologia, 783, 
65–78. https://doi.org/10.1007/s10750-015-2601-x

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

Lehnherr, I., St. Louis, V. L., Sharp, M., Gardner, A. S., Smol, J. P., Schiff, 
S. L., … Talbot, C. H. (2018). The world’s largest High Arctic lake re‐
sponds rapidly to climate warming. Nature Communications, 9, 1290. 
https://doi.org/10.1038/s41467-018-03685-z

Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: An automated data 
conversion tool for connecting population genetics and genomics 
programs. Bioinformatics, 28, 298–299. https://doi.org/10.1093/
bioinformatics/btr642

May‐McNally, S. L., Quinn, T. P., Woods, P. J., & Taylor, E. B. (2014). 
Evidence for genetic distinction among sympatric ecotypes of Arctic 
char (Salvelinus alpinus) in south‐western Alaskan lakes. Ecology of 
Freshwater Fish, 24, 562–574.

McKinney, G., Waples, R., Seeb, L., & Seeb, J. (2016). Proportion of het‐
erozygotes and deviations in read ratios reveals paralogs in popula‐
tion data generated by genotyping by sequencing. Molecular Ecology 
Resources, 17, 656–669.

Meirmans, P. G., & Van Tienderen, P. H. (2004). Genotype and genodive: 
Two programs for the analysis of genetic diversity of asexual organ‐
isms. Molecular Ecology Resources, 4, 792–794.

Michelutti, N., Wolfe, A. P., Vinebrooke, R. D., Rivard, B., & Briner, 
J. P. (2005). Recent primary production increases in Arctic 

https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1038/nclimate2647
https://doi.org/10.1111/j.1600-0633.1998.tb00185.x
https://doi.org/10.1111/j.1600-0633.1998.tb00185.x
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1080/00028487.2016.1173095
https://doi.org/10.1080/00028487.2016.1173095
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.5194/tc-12-1195-2018
https://doi.org/10.1038/srep24369
https://doi.org/10.1038/srep24369
https://doi.org/10.1007/s13280-012-0308-z
https://doi.org/10.1007/s13280-012-0308-z
https://doi.org/10.1111/j.1469-185X.2008.00060.x
https://doi.org/10.1111/j.1469-185X.2008.00060.x
https://doi.org/10.1111/j.1365-294X.2005.02480.x
https://doi.org/10.1111/j.1365-294X.2005.02480.x
https://doi.org/10.1007/s10750-015-2599-0
https://doi.org/10.1093/nar/gkn201
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
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/10.1608/FRJ-3.1.3
https://doi.org/10.1608/FRJ-3.1.3
https://doi.org/10.1007/s10750-015-2601-x
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1038/s41467-018-03685-z
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1093/bioinformatics/btr642


2016  |     O’MALLEY et al.

lakes. Geophysical Research Letters, 32, L19715. https://doi.
org/10.1029/2005GL023693

Moore, J.‐S., Harris, L. N., Tallman, R. F., & Taylor, E. B. (2013). The in‐
terplay between dispersal and gene flow in anadromous Arctic char 
(Salvelinus alpinus): Implications for potential for local adaptation. 
Canadian Journal of Fisheries and Aquatic Sciences, 70, 1327–1338.

Narum, S. R., & Hess, J. E. (2011). Comparison of FST outlier tests for 
SNP loci under selection. Molecular Ecology Resources, 11, 184–194.

Nordeng, H. (1961). On the biology of char (Salmo alpinus L.) in Salangen, 
North Norway. I. Age and spawning frequency determined from 
scales and otoliths. Nytt Magasin for Zoologi (Oslo), 10, 67–123.

Nordeng, H. (1983). Solution to the “char problem” based on Arctic 
char (Salvelinus alpinus) in Norway. Canadian Journal of Fisheries and 
Aquatic Sciences, 40, 1372–1387.

Parkinson, A. J., & Butler, J. C. (2005). Potential impacts of climate 
change on infectious diseases in the Arctic. International Journal of 
Circumpolar Health, 64, 478–486.

Parsons, K. J., Sheets, H. D., Skúlason, S., & Ferguson, M. M. (2011). 
Phenotypic plasticity, heterochrony and ontogenetic repatterning 
during juvenile development of divergent Arctic charr (Salvelinus 
alpinus). Journal of Evolutionary Biology, 24, 1640–1652. https://doi.
org/10.1111/j.1420-9101.2011.02301.x

Pavlov, D. A., & Osinov, A. G. (2008). Reproduction and development 
in the dwarf form of Arctic charr Salvelinus alpinus from Lake 
Davatchan, Transbaikalia. Journal of Ichthyology, 48, 96–113. https://
doi.org/10.1134/S0032945208010098

Power, M., Reist, J. D., & Dempson, J. B. (2008). Chapter 14: Fish in high‐
latitude Arctic lakes. In W. F. Vincent, & J. Laybourn‐Parry (Eds.), 
Polar lakes and rivers: Limnology of arctic and antarctic aquatic ecosys‐
tems (pp. 249–268). Oxford, UK: Oxford University Press.

Primmer, C. R., Aho, T., Piironen, J., Estoup, A., Cornuet, J.‐M., & Ranta, 
E. (1999). Microsatellite analysis of hatchery stocks and natural pop‐
ulations of Arctic char, Salvelinus alpinus, from the Nordic region: 
Implications for conservation. Hereditas, 130, 277–289.

Prowse, T., Alfredsen, K., Beltaos, S., Bonsal, B. R., Bowden, W. B., 
Duguay, C. R., … Weyhenmeyer, G. A. (2011). Effects of change in 
Arctic lake and river ice. AMBIO: A Journal of the Human. Environment, 
40, 63–74.

Prowse, T. D., Wrona, F. J., Reist, J. D., Gibson, J. J., Hobbie, J. E., 
Lévesque, L. M. J., & Vincent, W. F. (2006). Climate change ef‐
fects on hydroecology of Arctic freshwater ecosystems. AMBIO: 
A Journal of the Human. Environment, 35, 347–358. https://doi.
org/10.1579/0044-7447(2006)35[347:CCEOHO]2.0.CO;2

Purcell, S., Neale, B., Todd‐Brown, K., Thomas, L., Ferreira, M. A. R., 
Bender, D., … Sham, P. C. (2007). PLINK: A tool set for whole‐ge‐
nome association and population‐based linkage analyses. The 
American Journal of Human Genetics, 81, 559–575. https://doi.
org/10.1086/519795

Radtke, R., Svenning, M., Malone, D., Klementsen, A., Ruzicka, J., & 
Fey, D. (1996). Migrations in an extreme northern population of 
Arctic charr Salvelinus alpinus: Insights from otolith microchemistry. 
Marine Ecology Progress Series, 136, 12–23. https://doi.org/10.3354/
meps136013

Reist, J. D., Wrona, F. J., Prowse, T. D., Dempson, J. B., Power, M., Köck, 
G., … Tallman, R. F. (2006). Effects of climate change and UV radi‐
ation on fisheries for Arctic freshwater and anadromous species. 
AMBIO: A Journal of the Human Environment, 35, 402–410.

Reist, J. D., Wrona, F. J., Prowse, T. D., Power, M., Dempson, J. B., 
Beamish, R. J., … Sawatzky, C. D. (2006a). General effects of climate 
change on arctic fishes and fish populations. AMBIO: A Journal of the 
Human Environment, 35, 370–380.

Reist, J. D., Wrona, F. J., Prowse, T. D., Power, M., Dempson, J. B., King, J. 
R., & Beamish, R. J. (2006b). An overview of effects of climate change 
on selected Arctic freshwater and anadromous fishes. AMBIO: A 
Journal of the Human Environment, 35, 381–387.

Rouse, W. R., Douglas, M. S. V., Hecky, R. E., Hershey, A. E., Kling, 
G. W., Lesack, L., … Smol, J. P. (1997). Effects of climate change 
on the freshwaters of Arctic and Subarctic North America. 
Hydrological Processes, 11, 873–902. https://doi.org/10.1002/
(SICI)1099-1085(19970630)11:8<873::AID-HYP510>3.0.CO;2-6

Rousset, F. (2008). genepop’007: A complete re‐implementation of the ge‐
nepop software for Windows and Linux. Molecular Ecology Resources, 
8, 103–106. https://doi.org/10.1111/j.1471-8286.2007.01931.x

Samusenok, V. P., Alekseyev, S. S., Matveev, A. N., Gordeeva, N. V., 
Yur’ev, A. L., & Vokin, A. I. (2006). The second population of Arctic 
charr Salvelinus alpinus complex (Salmoniformes, Salmonidae) in 
the Lake Baikal Basin, the highest mountain charr population in 
Russia. Journal of Ichthyology, 46, 587–599. https://doi.org/10.1134/
S0032945206080066

Schindler, D. W., & Smol, J. P. (2008). Cumulative effects of climate warm‐
ing and other human activities on freshwaters of Arctic and Subarctic 
North America. AMBIO: A Journal of the Human Environment, 35, 
160–168.

Shafer, A. B. A., Wolf, J. B. W., Alves, P. C., Bergström, L., Bruford, M. W., 
Brännström, I., … Zieliński, P. (2015). Genomics and the challenging 
translation into conservation practice. Trends in Ecology and Evolution, 
30, 78–87. https://doi.org/10.1016/j.tree.2014.11.009

Shikano, T., Järvinen, A., Marjamäki, P., Kahilainen, K. K., & Merilä, J. 
(2015). Genetic variability and structure of Arctic charr (Salvelinus 
alpinus) populations in Northern Fennoscandia. PLoS ONE, 10, 
e0140344.

Skoglund, S., Siwersson, A., Amundsen, P.‐A., & Knudsen, R. (2015). 
Morphological divergence between three Arctic charr morphs – the 
significance of the deep‐water environment. Ecology and Evolution, 5, 
3114–3129. https://doi.org/10.1002/ece3.1573

Skùlason, S., Noakes, D. L. G., & Snorrason, S. S. (1989). Ontogeny of tro‐
phic morphology in four sympatric morphs of Arctic charr Salvelinus 
alpinus in Thingvallavatn, Iceland. Biological Journal of the Linnean 
Society, 38, 281–301. https://doi.org/10.1111/j.1095-8312.1989.
tb01579.x

Snorrason, S. S., Skùlason, S., Jonsson, B., Malmquist, H. J., Jónsson, 
P. M., Sandlund, O. T., & Lindem, T. (1994). Trophic specialization 
in Arctic charr Salvelinus alpinus (Pices Salmonidae): Morphological 
divergence and ontogenetic niche shifts. Biological Journal of the 
Linnean Society, 52, 1–18.

Svenning, M.‐A., Klemetsen, A., & Olsen, T. (2007). Habitat and food 
choice of Arctic charr in Linnévatn on Spitsbergen, Svalbard: The first 
year‐round investigation in a High Arctic lake. Ecology of Freshwater 
Fish, 16, 70–77. https://doi.org/10.1111/j.1600-0633.2006.00183.x

Tallman, R. F., Roux, M.‐J., & Martin, Z. A. (2018). Governance and as‐
sessment of small‐scale data‐limited Arctic charr fisheries using 
productivity‐susceptibility analysis coupled with life history in‐
variant models. Marine Policy (in press). https://doi.org/10.1016/j.
marpol.2017.11.032.

White, D. M., Gerlach, S. C., Loring, P., Tidwell, A. C., & Chambers, M. C. 
(2007). Food and water security in a challenging Arctic environment. 
Environmntal Research Letters, 2, 045018.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis. New York, 
NY: Springer‐Verlag.

Wilson, A. J., Gíslason, D., Skúlason, S., Snorrason, S., Adams, C. E., 
Alexander, G., … Ferguson, M. M. (2004). Population genetic struc‐
ture of Arctic charr, Salvelinus alpinus from northwest Europe on 
large and small spatial scales. Molecular Ecology, 13, 1129–1142. 
https://doi.org/10.1111/j.1365-294X.2004.02149.x

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change 
and freshwater ecosystems: Impacts across multiple levels of orga‐
nization. Philosophical Transactions of the Royal Society B, 365, 2093–
2106. https://doi.org/10.1098/rstb.2010.0055

Wrona, F. J., Prowse, T. D., Reist, J. D., Hobbie, J. E., Lévesque, L. M. 
J., & Vincent, W. F. (2006). Climate impacts on Arctic freshwater 

https://doi.org/10.1029/2005GL023693
https://doi.org/10.1029/2005GL023693
https://doi.org/10.1111/j.1420-9101.2011.02301.x
https://doi.org/10.1111/j.1420-9101.2011.02301.x
https://doi.org/10.1134/S0032945208010098
https://doi.org/10.1134/S0032945208010098
https://doi.org/10.1579/0044-7447(2006)35[347:CCEOHO]2.0.CO;2
https://doi.org/10.1579/0044-7447(2006)35[347:CCEOHO]2.0.CO;2
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.3354/meps136013
https://doi.org/10.3354/meps136013
https://doi.org/10.1002/(SICI)1099-1085(19970630)11:8<873::AID-HYP510>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1099-1085(19970630)11:8<873::AID-HYP510>3.0.CO;2-6
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1134/S0032945206080066
https://doi.org/10.1134/S0032945206080066
https://doi.org/10.1016/j.tree.2014.11.009
https://doi.org/10.1002/ece3.1573
https://doi.org/10.1111/j.1095-8312.1989.tb01579.x
https://doi.org/10.1111/j.1095-8312.1989.tb01579.x
https://doi.org/10.1111/j.1600-0633.2006.00183.x
https://doi.org/10.1016/j.marpol.2017.11.032
https://doi.org/10.1016/j.marpol.2017.11.032
https://doi.org/10.1111/j.1365-294X.2004.02149.x
https://doi.org/10.1098/rstb.2010.0055


     |  2017O’MALLEY et al.

ecosystems and fisheries: Background, rationale and approach of 
the Arctic climate impact assessment (ACIA). AMBIO: A Journal of the 
Human. Environment, 35, 326–329. https://doi.org/10.1579/0044-74
47(2006)35[326:CIOAFE]2.0.CO;2

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.       

How to cite this article: O’Malley KG, Vaux F, Black AN. 
Characterizing neutral and adaptive genomic differentiation in 
a changing climate: The most northerly freshwater fish as a 
model. Ecol Evol. 2019;9:2004–2017. https://doi.org/10.1002/
ece3.4891

https://doi.org/10.1579/0044-7447(2006)35[326:CIOAFE]2.0.CO;2
https://doi.org/10.1579/0044-7447(2006)35[326:CIOAFE]2.0.CO;2
https://doi.org/10.1002/ece3.4891
https://doi.org/10.1002/ece3.4891

