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Abstract

Polymorphism facilitates coexistence of divergent morphs (e.g., phenotypes) of the
same species by minimizing intraspecific competition, especially when resources
are limiting. Arctic char (Salvelinus sp.) are a Holarctic fish often forming morpho-
logically, and sometimes genetically, divergent morphs. In this study, we assessed the
morphological and genetic diversity and divergence of 263 individuals from seven
populations of arctic char with varying length-frequency distributions across two
distinct groups of lakes in northern Alaska. Despite close geographic proximity, each
lake group occurs on landscapes with different glacial ages and surface water con-
nectivity, and thus was likely colonized by fishes at different times. Across lakes, a
continuum of physical (e.g., lake area, maximum depth) and biological characteristics
(e.g., primary productivity, fish density) exists, likely contributing to characteristics of
present-day char populations. Although some lakes exhibit bimodal size distributions,
using model-based clustering of morphometric traits corrected for allometry, we did
not detect morphological differences within and across char populations. Genomic
analyses using 15,934 SNPs obtained from genotyping by sequencing demonstrated
differences among lake groups related to historical biogeography, but within lake
groups and within individual lakes, genetic differentiation was not related to total
body length. We used PERMANOVA to identify environmental and biological fac-
tors related to observed char size structure. Significant predictors included water
transparency (i.e., a primary productivity proxy), char density (fish-ha™), and lake
group. Larger char occurred in lakes with greater primary production and lower char
densities, suggesting less intraspecific competition and resource limitation. Thus,
char populations in more productive and connected lakes may prove more stable to
environmental changes, relative to food-limited and closed lakes, if lake productiv-

ity increases concomitantly. Our findings provide some of the first descriptions of
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1 | INTRODUCTION

Complex selection pressures influenced by environmental fac-
tors and resource availability can determine the adaptive poten-
tial and persistence of populations (Reznick & Ghalambor, 2001).
Phenotypic plasticity allows for morphological and physiological
responses to spatial and temporal variation in the environment,
and thus, species’ evolution may stem in important ways from
plasticity (Agrawal, 2001; Schulte et al., 2011). However, less
abundant populations, especially in smaller ecosystems (e.g., small,
isolated lakes), may have limited adaptive potential due to genetic
bottlenecks that have reduced genetic diversity. In addition, other
intrinsic factors (e.g., dispersal capabilities) can limit the fitness of
different phenotypes of the same species (e.g., “morphs”; DeWitta
et al., 1998; Willi et al., 2006) and further can regulate commu-
nity structure across systems with variable landscape connectivity
(e.g., Hershey et al., 1999).

Considerable differences in morphology, life history, and behav-
ior of fishes often result from differences in resource and habitat-
related selection (e.g., Power et al., 2005), and these differences
may be even more profound within isolated lakes (Skulason &
Smith, 1995). Resource polymorphism can facilitate the coexistence
of morphs of the same species in the same environment, especially
when resources are limiting (Svanback & Persson, 2004). This poly-
morphism, which may arise from genetic factors or from phenotypic
plasticity (Andersson, 2003), can aid in maintaining genetic diversity
within populations. However, in many cases, phenotypic divergence
underlying phenotypic polymorphism may, at least initially, result
from plasticity rather than genetic divergence (Schluter, 2000). For
example, in temperate lakes, pumpkinseed sunfish (Lepomis gibbosus)
can exhibit high degrees of intraspecific variation in jaw morphology
based on the availability of a primary prey (gastropods), yet com-
mon garden experiments show these differences are driven by plas-
ticity instead of rapid evolution (Mittelbach et al., 1999; Robinson
& Wilson, 1996). In some cases, polymorphisms that initially result
from plasticity may lead to genetic divergence and differentiation
through genetic accommodation, and the situations under which this
may happen have received considerable interest (Bock et al., 2018;
West-Eberhard, 2005; Wund et al., 2008).

In high latitudes, arctic char (Salvelinus alpinus) exhibit wide-
spread polymorphism across their range and within lakes (Jonsson
& Jonsson, 2001). In fact, Klemetsen (2013) regarded arctic char as
“the most variable vertebrate on Earth.” Within-lake divergence of
morphs based on habitat (e.g., littoral, pelagic, profundal) and diet
(e.g., planktivorous, piscivorous) acts to limit intraspecific compe-

tition within char populations, and up to six distinct char morphs

genomic characteristics of char populations in arctic Alaska, and offer important con-

sideration for the persistence of these populations for subsistence and conservation.

arctic char, divergence, fish morphology, genomics, lakes, polymorphism

can occur within the same lake (Doenz et al., 2019; Jonsson &
Jonsson, 2001; Klemetsen, 2010). However, the presence of distinct
morphs, and the exact number of morphs, is highly variable from
lake to lake which could be attributed to abiotic (e.g., ecosystem
size, habitat availability), biotic (e.g., prey availability), and evolution-
ary (e.g., genetic diversity) factors, alone or in combination. Overall
ecosystem sizes, including lake depth, surface area, and volume, are
positively correlated with the degree of habitat segregation and, ac-
cordingly, polymorphism, in lakes in Scotland and Ireland (Recknagel
et al., 2017). In addition, interactions with other species can directly
or indirectly affect char trophic dynamics and survival (Eloranta
et al., 2013). Water temperature can also influence overall resource
availability and rate of consumption which thereby influence growth
rates (Hindar & Jonsson, 1993; Rikardsen et al., 2000). With such
dependence on biotic and abiotic factors, the development or per-
sistence of a particular morph can be highly variable and unpredict-
able as environmental conditions change, particularly when these
phenotypes are plastic rather than due to genetically differentiated
ecotypes. Understanding when ecomorph divergence is underlain
by plasticity and when it is genetically determined is a key unan-
swered question in the study of arctic char populations.

While polymorphism among sympatric char morphs is common
across their range, some studies have found significant genetic dif-
ferences among these divergent ecotypes (e.g., Gislason et al., 1999;
May-McNally et al., 2015; Skulason et al., 1996), while others attri-
bute morphs to plasticity (e.g., Andersson, 2003; Klemetsen, 2010)
. Thus, it is important to understand whether polymorphic char
types are genetically distinct and reproductively isolated. Genetic
divergence among ecomorphs of char can arise either from differ-
ences in functional traits related to feeding ecology (e.g., jaw mor-
phology or fin anatomy; Arbour et al., 2011; Bryce et al., 2016) or
from differences in life histories (e.g., May-McNally et al., 2015;
Skulason et al., 1996). The magnitude and consequences of genetic
differences can vary among ecomorph types that diverge in sym-
patry and allopatry, with sympatric pairs potentially demonstrating
higher levels of genetic differentiation than allopatric pairs (Praebel
et al., 2016). In addition, genetic differences among ecomorphs can
lead to divergent life histories (Praebel et al., 2016). Genetically
based differences in allometry can have functional consequences
related to behavior and life history, such as predator avoidance (e.g.,
Knutsdotter Simonsen et al., 2017), suggesting these differences can
also contribute to differential fithess among ecomorphs. The high
diversity of arctic char populations and associated trophic dynamics
(e.g., Klobucar et al., 2018; Klobucar & Budy, 2020) make them ideal
models for identifying the underlying genetic basis for these phe-

notypes in nature, which may help to predict potential evolutionary
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pathways under changing environmental conditions (Elmer, 2016;
Violle et al., 2014).

Postglacial lakes are often viewed as ideal systems to study
adaptive processes such as the origins and maintenance of resource
polymorphism (e.g., Schluter, 1996; Snorrason & Skulason, 2004)
due to relatively low species diversity and productivity, and fre-
quent high habitat segregation between littoral and pelagic morphs
(e.g., Klemetsen, 2010; Pielou, 2008). In postglacial lakes, coloniza-
tion and adaptation have occurred relatively recently, as recent as
10,000 years ago (e.g., Skulason et al., 1989). The age of the glacial
landscape affects physical, chemical, and biological characteristics
that may underpin morphological segregation of arctic char popula-
tions across the landscape (Hershey et al., 1999; Luecke et al., 2014).
For example, lakes at higher elevations typically have decreased sur-
face area, steeper shorelines, and may not have clearly segregated
habitat zones within a lake. These lakes are also less connected to
surrounding surface waters, creating barriers to gene flow, and pop-
ulations of char in these lakes are more isolated than populations in
lakes at lower elevation and with more surface water connections.
However, as the Arctic continues to warm, loss of surface water con-
nectivity between lakes (e.g., seasonal drying of streams) or reduced
availability of suitable habitat due to the combination of increased
water temperatures and decreased levels of dissolved oxygen in
lakes may disrupt access to habitats that create or maintain char
polymorphism (Hobbie & Kling, 2014).

In this study, we examined potential morphological and genomic
differences between arctic char populations within and across two
geographically close, but otherwise contrasting, lake groups in the
foothills of the Brooks Range, Alaska. These lakes vary in their abi-
otic (e.g., surface water connectivity, surface area) and biotic char-
acteristics (e.g., species richness, primary production), and we used
these gradients to potentially explain the divergence of arctic char
populations and their size structures. First, we tested for morpho-
logical differences between the arctic char populations of varying
size structures, and determined the factors potentially contributing
to char morphological divergence. Secondly, we used a genotyping-
by-sequencing approach to determine the genetic diversity and
extent of genetic differentiation across morphs and lake groups.
Ultimately, our findings contribute to our understanding of how abi-
otic and biotic factors can structure arctic char populations and pro-
vide some of the first descriptions of char morphological and genetic

divergence in northern Alaska.

2 | METHODS
2.1 | Study site

Our research was conducted in lakes near Toolik Field Station
(68°37.796'N, 149°35.834'W), home of the Arctic Long-Term
Ecological Research project (http://arc-Iter.ecosystems.mbl.edu/), in
the northern foothills of the Brooks Mountain Range, Alaska. Lakes in

this region were formed by glaciers over three periods approximately
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12-25 ka, 53-100 ka, and 250-300 ka in age (Hamilton, 2003).
Generally, the lakes are shallow (maximum depths of 3-30 m) and
ultra-oligotrophic, or low in productivity (chlorophyll-a concentra-
tions < 5 pg/L; Kling et al., 1992). Fish community composition is
broadly determined by landscape factors (e.g., lake depth, surface
water connectivity), but overall, fish species richness is low, with
maximum species richness of five species (Hershey et al., 1999,
2006).

We measured arctic char morphology from seven lakes in two
distinct lake groups (Figure 1; Table 1). One group of lakes (n = 4;
the Fog lakes) lacks surface water connectivity (“closed”) and con-
tains arctic char as the only apex predator. The other series of lakes
(n = 3; the LTER lakes) are connected by surface water (e.g., inlet and
outlet steams, “leaky”) and contain arctic char as well as arctic gray-
ling (Thymallus arcticus), lake trout (Salvelinus namaycush), and burbot
(Lota lota) as potential competing predators. All of the Fog and LTER
lakes also contain slimy sculpin (Cottus cognatus) as a potential prey
fish. While these lake groups are located in close proximity (~5 km),
they are situated on different glacial landscapes (Fog lakes = ltkillik
I, 12-25 ka; LTER lakes = Itkillik | > 53 ka). In combination with con-
trasting connectivity, this suggests different colonization periods and
different potential for historic gene flow. The LTER lakes are found in
a headwater subbasin of the Sagavanirktok River drainage whereas
the Fog lakes are located in the main drainage of Sagavanirktok. All
study lakes thermally stratify during summer months.

2.2 | Arctic char morphometric traits and growth

We sampled arctic char in 2016 (May-September) and 2017 (May)
via gill nets and hook-and-line sampling. We used eight-panel, exper-
imental benthic gill nets (gill net mesh size range = 18-64 mm; Lester
et al., 2009) set perpendicular to shore on the lake bottom, which
extended from the littoral zone to bottom depths in open water
areas, and checked nets every half hour to minimize mortalities. We
conducted hook-and-line sampling alone through the ice (May) and
concurrently with gill nets during open water periods. We used a mix
of hook-and-line methods (e.g., lure size), in addition to experimental
gill nets, to sample char across sizes classes. We sampled all lakes at
similar time periods and used same sampling methods at each lake.
Therefore, we are confident we sampled across all fish greater than
approximately 115 mm (but see Finstad and Berg 2004). For exam-
ple, hook-and-line sampling was conducted both in littoral and in
open water habitats throughout the water column. For each arctic
char captured, we measured, weighed, and then photodocumented
the fish on a grid board for later trait measurement. We placed each
fish flat, oriented head to the left, and photographed the fish from
approximately 60 cm directly above the fish prior to releasing the
char.

We subsequently used photographs to make morphometric mea-
surements (mm) including: snout length (SL), eye width (EW), maxilla
length (ML), head depth (HD), head length (HL), body depth poste-
rior (BDP), body depth anterior (BDA), postpelvic fin length (PPF),
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FIGURE 1 Map of the study area in northern Alaska. Colored inset represents different glacial landscape ages (dark blue = Sagavanirktok
River glaciation, Middle Pleistocene, >125,000 years before present; light blue = Itkillik Phase | glaciation, Late Pleistocene, >53,000 years
before present; orange = Itkillik Phase Il glaciation, Late Pleistocene, 11,500-25,000 years before present) adapted from Hamilton, 2003

and caudal peduncle depth (CP), using the software program Image)
(e.g., Skoglund et al., 2015; Figure 2). To account for allometric size
differences, we first log-transformed measurements to reduce het-
erogeneity in variance and then size-adjusted our measurement

using an allometric growth formula (e.g., Senar et al., 1994):
log™Y, = log!°M, + b (IogmLm - IogioLi) .

where Y, is the size-adjusted trait value, M, is the measured trait value,
L; is the measured total length, b is the slope of the log-transformed
measured trait (IoglOMi) against log-transformed total length (IogloL,.),
and L, is the mean total length for all fish (e.g., all char for comparisons
across lakes, all char within a lake for within-lake comparisons).

We collected otoliths from a subset of arctic char (e.g., opportu-
nistically and incidental mortalities) captured during our gill net and
hook-and-line sampling (n = 18 in Fog lakes, n = 18 in LTER lakes)
to further examine growth and size at age of arctic char across the
study systems. Due to relatively small char population abundances
in our study lakes, we limited opportunistic otolith collection to
sample otoliths from size classes of char not already collected via
incidental mortalities (e.g., small char in Lake Fog3). Otoliths were
mounted with glue on a slide and sanded to expose annual growth

rings. We measured annual growth along a radius from the origin

to the edge perpendicular to the growth rings and back-calculated
length at age using the biological intercept method (Campana, 1990).
We calculated the biological intercept by using an observed linear
relationship of log-transformed annual growth and otolith age for
the five youngest fish collected and used an average length at hatch
of 17 mm (Nordeng, 1983).

2.3 | Statistical analyses

To test for morphological differences, we performed model-based
clustering on the size-adjusted trait measurements using the
“mclust” package (version 5.4; Scrucca et al., 2016) and selected
the number of classifications based on clustering that maximized
Bayesian information criterion (BIC) with ABIC > 3 from the next
closest number of clusters. We expected distinct char morphs to
have distinct body and head shapes that best suit the ecology of a
given morph, and thus, these differences would not explained by al-
lometry alone (e.g., Jonsson & Jonsson, 2001; Skulason et al., 1989).
Our preliminary analyses indicated different arctic char length distri-
butions within and between the Fog and LTER lake groups (Figure 3),
suggesting morphological differences. Initial size-adjusted clustering

analyses did not reveal morphological differentiation. We therefore
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lake trout, SS = slimy sculpin) for study lakes. Lake area and

volume < 3 m are proportions of the total area or volume. AC abundance is population estimates from Klobucar et al., 2017 (Fog lakes) and modified Schnabel estimations from mark-

recapture (LTER lakes)

burbot, LT =

TABLE 1 Lake morphometry and fish community composition (AC = arctic char, AG = arctic grayling, BT

AC density

Fish

Secchi

Lake

Lake

Max depth Mean

(m)

Lake volume
(m*.10°)

Surface

Longitude

(°w)

Latitude
(°N)

area<3m volume <3m depth(m) community AC abundance (fish-ha™)

area (ha) depth (m)

Lake

Group

128

448 (290-693)

4.9 AC, SS

0.29
0.34
0.31
0.61
0.22
0.45
0.70

0.33
0.21
0.30
0.52
0.16
0.28
0.56

8.4
7.8
7.6
3.5
12.3

19.7

3.5 2.9

149.082
149.091

68.684
68.679
68.673
68.678
68.623
68.625
68.641

Fogl
Fog2
Fog3
Fog5

Fog

27
170
107

163 (105-288)

AC, SS

71
6.0

19.8

4.4
3.1

59

3.9
0.7

666 (477-1,073)

AC, SS

21.0

149.088
149.065
149.151

75 (55-119)
277 (177-540)

AC, SS

5.0
1.5
1.8
3.7

9.9
28.6

0.3
38.2

AC, AG, LT, SS

30.7

LTER345

LTER

73 (40-196)
331 (227-563)

AC, AG, LT, SS
AC, BT, SS

5.6
3.2

17.6

13.5 7.6

149.139

LTER347

58

9.6

1.9

5.7

149.127

LTER348
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reanalyzed the trait measurements without size adjustments (e.g.,
raw trait measurements) to classify the observed char size class dis-
tributions across all lakes.

Following these cluster models, we used PERMANOVA analy-
ses (adonis.ll) in the “RVAideMemoire” package (version 0.9-69;
Herve, 2018) to determine the abiotic and biotic factors that may
determine either: (a) the potential drivers of distinct arctic char
morphs; or (b) the potential drivers of arctic char size classes and
growth patterns. We considered PERMANOVA predictors signifi-
cant at « < 0.05 and included abiotic factors of: maximum lake depth
(m), mean lake depth (m), lake surface area (ha), lake volume (m®-
10°); and biotic factors of: char abundance, fish density (ind/ha), and
Secchi depth (m; as an index of primary production; Table 1, see also
http://arc-Iter.ecosystems.mbl.edu/ for standard methodology and
further lake information). As each of the LTER lakes contains other
apex fishes and the Fog lakes contain only char as the apex predator,
we first tested for a potential effect of lake group, which incorpo-
rates both lake connectivity and fish species richness, as a categori-
cal predictor of arctic char size structure. We also tested the abiotic
and biotic factors above, singularly and additively, to construct the
best fitting model with significant predictors and that minimized re-
sidual sums of squares. All statistical analyses of char morphological
data were conducted in R version 3.5.0 (R Core Team, 2018).

2.4 | Genomic analyses

For each arctic char we photodocumented for the two lake groups,
we also collected a fin clip from the anal fin for genomic analyses.
Fin clips were stored in 95% ethanol until DNA extraction. We gen-
erated a genotyping-by-sequencing dataset to determine whether
lakes with bimodal size distributions of fish exhibited genetic diver-
gence between putative ecotypes (Elshire et al., 2011; Parchman
et al., 2012). We extracted DNA from archived fin clips using a
QlAcube DNA extraction robot using DNEasy Blood &Tissue ex-
traction (Qiagen, Inc.), according to the manufacturer's instructions.
We then prepared reduced-representation genomic libraries using a
protocol (Parchman et al., 2012) that starts by digesting DNA with
two restriction enzymes, Msel and EcoRI. Following the restriction
digest, we ligated unique nucleotide barcodes to each individual's
DNA. To increase the template for sequencing, we then amplified
barcoded DNA using PCR. We multiplexed 192 individuals per
lane of sequencing. Prior to sequencing at the University of Texas
Genome Sequencing and Analysis Facility, the genomic library was
size-selected using BluePippin (Sage Science) to retain only frag-
ments 250-400 base pairs in length. The two genomic libraries were
sequenced on one lane each of an Illumina Hiseq 4,000 (SE, 1 x 150).

All analyses of genomic data requiring high-performance com-
puting were conducted on the University of Wyoming's Mount
Moran IBM SystemXcluster (Advanced Research Computing
Center, 2012) and Teton Intel x86_64 cluster (Advanced Research
Computing Center, 2018), and R analyses used version 3.5.3 (R Core

Team, 2019). Prior to population genomic analyses, we completed
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several bioinformatics steps necessary for processing data, similar to
Mandeville et al., (2017) and Underwood et al. (2016). First, we fil-
tered common contaminants and unwanted sequences (PhiX, E. coli,
and leftover barcodes, primers, and adaptors from library prepara-

tion) from our data using Bowtie2 (Langmead & Salzberg, 2012). We

600 700

FIGURE 2 Examples of arctic char
found in the “closed” Fog and “leaky”
LTER lakes near Toolik Field Station,
Alaska. Fish are scaled to the largest fish.
(a) “Small” char from Lake Fog3 aged at

9 years old when captured (TL = 160 mm).
(b) “Medium” char from Lake Fog3

aged at 11 years old when captured

(TL = 350 mm). (c) “Large” char from Lake
LTER348 (TL = 578 mm) with colored
lines provided as an illustration of the nine
morphometric measurements made on
each char in this study: snout length (SL),
eye width (EW), maxilla length (ML), head
depth (HD), head length (HL), body depth
posterior (BDP), body depth anterior
(BDA), postpelvic fin length (PPF), and
caudal peduncle depth (CP); D) “Medium”
char from Lake LTER348 (TL = 337 mm);
and E) “Large” char from Lake LTER348
(TL =587 mm)

FIGURE 3 Length-frequency
histogram of arctic char captured in the
Fog and LTER lakes 2014-2017. Middle
gray represents the overlap between Fog
(dark gray) and LTER (white) catches

then matched sequences to individual fish using a custom barcode

parsing Perl script. All data were assembled to the Atlantic salmon

genome (Lien et al., 2016) using the bwa mem algorithm (v0.7.17;
Li, 2013; Li & Durbin, 2009). We used the Atlantic salmon genome

because it is a high-quality reference genome from a relatively
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closely related species. After assembly, we removed individuals
from the dataset who had fewer than 10,000 assembled reads. We
then identified variable sites (i.e., single nucleotide polymorphisms;
SNPs) in the assembly using SAMtools and BCFtools (v1.8; Li, 2011;
Li et al., 2009). We filtered those SNPs by minor allele frequency
and amount of missing data using VCFtools (v0.1.14; Danecek
et al., 2011) to allow no more than 50% missing data and retained
only SNPs with minor allele frequency greater than 0.01 to decrease
the risk of including of SNPs that represent sequencing error, and to
emphasize major axes of genetic differentiation. We also analyzed a
dataset using a more stringent SNP filter (i.e., allowing no more than
30% missing data), to ensure that our overall results were not influ-
enced by our filtering methods. We additionally thinned sites to one
per GBS locus (--thin 90) to reduce linkage disequilibrium among loci.
After removing individuals with low coverage at these sites (>80%
missing genotype cells), we used this dataset—a matrix of estimated
genotype at each site for each individual fish—to generate a geno-
type covariance matrix of similarity among individuals. The genotype
covariance matrix contains a single value for each pair of individuals,
or the covariance calculated from all shared loci between that pair of
individuals (i.e., loci for which both individuals have a genotype call).
We then performed a principal components analysis (prcomp in R)
on the genotype covariance matrix.

Upon noticing that differentiation on the fourth principal com-
ponent corresponded precisely with sex of six individuals of known
sex, we further investigated differentiation among these groups
which we inferred to be males and females. We conducted discrim-
inant analysis of principal components (DAPC) in adegenet (v2.1.1;
Jombart & Ahmed, 2011) in R to identify loci with high loadings
explaining differentiation between putative sex groups. We used
cross-validation (xvalDapc) to determine the appropriate number of
principal component axes to retain in DAPC analyses and kept the
number of PC axes with the lowest root mean squared error. We
then calculated heterozygosity in each group independently at loci
with high loadings explaining sex differentiation.

We then performed population genomic analyses, including cal-
culating genetic diversity within and divergence between char in dif-
ferent lake groups, on the aligned BAM files using ANGSD (v 0.931;
Korneliussen et al., 2014), again using the Atlantic salmon genome as
a reference (Lien et al., 2016) and omitting chromosomes associated
with sex differences according to our DAPC results. Methods em-
ployed in ANGSD take genotype uncertainty into account instead
of basing analyses on called genotypes, which is especially useful
for low- and medium-depth genomic data (Korneliussen et al., 2014),
such as those obtained using genotyping-by-sequencing meth-
ods. While our data are not extremely low coverage (Buerkle &
Gompert, 2013), genotype likelihood methods have the advantage
of accounting for differences in depth among sites and individuals,
axes of variation for all next-generation sequencing datasets. From
these alignment files, we first calculated the site allele frequency
likelihoods based on individual genotype likelihoods assuming
Hardy-Weinberg equilibrium (option -doSaf 1) using the SAMtools

model (option -GL 1), with major and minor alleles inferred from
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genotype likelihoods (option -doMajorMinor 1) and allele frequen-
cies estimated according to the major allele (option -doMaf 2). We
filtered sites for a minimum read depth of 1 and maximum depth of
100, minimum mapping quality of 20, and minimum quality (g-score)
of 20. From the site allele frequency spectrum, we then calculated
the maximum-likelihood estimate of the folded site frequency spec-
trum (SFS) using the ANGSD realSFS program. The folded SFS was
used to calculate per-site theta statistics and genome-wide sum-
mary statistics, including genetic diversity, using the ANGSD the-
taStat program (Korneliussen et al., 2013). We performed each of
these steps on all individuals together and then individually for each
lake group. We then calculated genetic differentiation (F¢;) between
pairs of lakes and pairs of lake groups using the Reich-Patterson Fg;
estimator (Reich et al., 2009), which is unbiased even for small sam-
ple sizes, and estimated 95% confidence intervals for these F¢; esti-
mates using 100 bootstrap replicates.

We divided individual fish into lake groups and re-identified and
filtered variable sites within each of these groups using VCFTOOLS,
so that SNPs retained are only those that are variable within the lake
group. With these subsets of individuals, we again generated gen-
otype covariance matrices of individuals and performed principal
components analyses. We then analyzed the relationship between
the first two principal component axes and fish length within each
of the groups of lakes and within each individual lake. We also cal-
culated pairwise relatedness between all individuals within each
lake using the gl.grm() function from the package dartR (v1.1.11,
Gruber et al.,, 2018) in R, which calculates the additive relationship
matrix using a normalization constant, as described in Endelman and
Jannink (2012). If a population is not panmictic, and then, we expect
to see a bimodal distribution of pairwise relatedness estimates; oth-
erwise, a unimodal relationship is expected. We further calculated
expected heterozygosity, observed heterozygosity, and the inbreed-
ing coefficient (FIS) for each lake using dartR. Finally, we conducted
DAPC for each lake without assigning group membership a priori. To
do this, we first used find.clusters in adegenet to assign individuals
to three groups (for Fog3) and two groups (for LTER348). We then
conducted a DAPC using these group memberships, optimizing the
number of principal component axes to retain by using the optimal a-
score, which minimizes overfitting (Jombart et al., 2010). With these
DAPC results, we examined the posterior assignment accuracy of
individuals to groups to understand how distinct the phenotypic size
classes are genetically.

To formally test whether multiple genetically distinct groups
exist within each lake with a bimodal size distribution (LTER348
and Fog3), we used three different programs for ancestry infer-
ence: (a) the Bayesian genetic clustering program entropy (Gompert
et al., 2014); (b) the maximum-likelihood ancestry estimation pro-
gram ADMIXTURE (v1.9, Alexander et al., 2009); and (c) the mixture
model-based individual clustering package stockR (v1.0.74, Foster
et al., 2018). Entropy is a program and model much like STRUCTURE
(Falush et al. 2003; Pritchard et al. 2000), which also requires no a
priori assumption of individual assignment and only requires speci-

fication of the number of genetic clusters (K). In addition, entropy
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TABLE 2 Summary of fish captured and measured for morphological traits during 2016-2017 from study lakes on the North Slope, Alaska. Small, medium, and large size classes were

determined via model-based clustering of raw morphometric trait measurements

Large

Medium

Small

Range

Mean TL + SE

Range

Mean TL + SE

ge n

Range Mean TL + SE Ran

Mean TL + SE

424-601

534.3+77
4440+ 6.9

40
5

192-543
192-436
265-400

357

375.6+5.8
335.8 + 6.5

146
64
18

117-457
117-210

269.2 +9.4
269.2 + 9.4

47

117-601
117-457
265-453
150-357
117-436
209-457
223-601
304-590

359.3+8.5
269.2 + 9.4

233
116
19

All char

424-457
453

337.7 +8.9

47

343.8 + 10.4

“Closed” lakes

Fogl
Fog2
Fog3
Fog5

253.5 +103.5

232.0+ 111

150

424-431

427.5+ 3.5
455.0 + 1.0

2
2

192-436
212-397
223-543
304-497
223-543
260-532

328.5 + 10.9
346.9 +13.2

30
15
82
14
20
48

117-210

209

159.0+2.9

45

3514 +16.1

77
18

455-457
432-601

5472 + 6.1

406.6 +7.3

448.6 +8.1
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528.7 + 10.4

35

439.1 + 154

4854 +12.4

117
29
24

“Leaky” lakes

LTER345
LTER347

432-590
522-570

518-601

5445 +12.3

15
4

427.8 + 16.9

4472 + 16.9

565.2 + 6.2

388.3+8.5

223-570
260-601

432.5+11.6

16

64

LTER348

incorporates uncertainty about individuals’ true genotypes by tak-
ing into account genotype likelihoods as input. Thus, the model in-
tegrates outcomes over genotype uncertainty. For each of the two
lakes, we ran entropy and ADMIXTURE for K = 1 to K = 5 after
removing chromosomes containing putative sex loci. In entropy, for
each value of K, we ran three independent MCMC chains of 80,000
total steps, discarding the first 10,000 steps as burn-in and retaining
every 10th value (thin = 10), resulting in 7,000 samples from the
posterior distribution of each chain. We checked MCMC chains for
mixing and convergence of parameter estimates by plotting a trace
of the MCMC steps. We then calculated deviance information crite-
rion (DIC) for each value of K and used these to assess which model
fit the structure in our data the best, preferring models with the low-
est DIC values. In ADMIXTURE, we ran the model for each value of K
and inferred the value of K with the lowest 10-fold cross-validation
error to be the best fitting number of groups. In stockR, we assigned
individuals within each of the two lakes to K = 2 stocks, using 100
bootstrap replicates to assess uncertainty in stock assignments,
and compared these stock assignments with the morphological size
classes.

3 | RESULTS

From May 2016 to May 2017, we sampled and photodocumented
233 arctic char including 116 from the “closed” Fog lakes and 117
from the “leaky” LTER lakes (Table 2). Notably, arctic char popula-
tions in these lakes vary greatly in size structure (Figure 3) and the
lakes form a natural gradient of abiotic and biotic characteristics
(e.g., Secchi depth; see Table 1). Arctic char were generally larger
in the LTER lakes relative to the Fog Lakes (448.6 + 8.1 versus.
269.2 + 9.4; mean total length (mm) + SE). Despite these distinct size
differences across lake types, we did not detect the presence of dis-
tinct morphs from the nine measured traits across all size-corrected
morphological data using model-based clustering (BIC = 8,632.8;
ABIC > 25 over models with more clusters). Two lakes exhibited bi-
modal size distributions (Fog3 and LTER348); however, within the
lakes we did not identify separate morphometric classifications
using cluster analyses (Fog3 BIC = 2,912.3, ABIC > 8 over models
with more clusters; LTER348 BIC = 2,295.1, ABIC > 18 over models
with more clusters).

Following these analyses, based on raw morphological data
not corrected for allometry, we detected three distinct size classes
across all fish sampled using model-based clustering (e.g., “small,”
“medium,” “large”; BIC = 11,199.7, ABIC > 218 over models with
fewer clusters; Table 2). Accordingly, all morphometric trait mea-
surements scaled with size class, and in general, morphological traits
for fish from LTER lakes for each size class were larger than those
in the Fog lakes (Figure 4). All of the small size class fish were found
in the Fog lakes, and nearly all (n = 45 of 47) came from Lake Fog3.

Arctic char size structure appeared to be influenced more by bi-
otic factors than abiotic factors (Table 3). We observed a significant

multivariate effect of Secchi depth (p = 0.006), a proxy for primary
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productivity, and fish density (p = 0.005), followed by lake group
(p = 0.010) in our PERMANOVA of char size classes across lake eco-
systems. When tested as the primary predictor, lake group was not
significant (p = 0.268); however, this predictor (e.g., as a random effect)
was significant when coupled with the other predictors of Secchi depth
and fish density. No single abiotic predictor was significant (Table 3).
Accordingly, further analyses indicated size and growth differ-
ences between lake groups. In the Fog lakes only, the average size
of arctic char in the small size class was 159.8 mm (range = 117-
210 mm). Despite not clustering as a distinct morph based on
size-corrected morphology or genetic differentiation, our anal-
yses of growth using otoliths indicated “small” char, found almost
exclusively in Lake Fog3, and exhibit significantly slower growth
rates and smaller size-at-age relative to other char in Fog3 and all
other lakes (Figure 5). In both the medium and large size classes,
mean length of arctic char was significantly larger in the LTER lakes

(mean TL of medium char = 406.6 mm, range = 223-543 mm; mean

Srr'lall Meciium La;ge Sn‘wll Meciium La'rge

TL of large char = 547.2 mm, range = 432-601 mm; t = 23.85,
df = 91.2, p < 0.0001) relative to the Fog lakes (mean TL of me-
dium char = 335.8 mm, range = 192-436 mm; mean TL of large
char =444 mm, range = 424-457 mm; t = 7.26, df = 144, p < 0.0001;
Table 2). The larger sizes of arctic char in the LTER lakes were further
supported by larger size at age and increased growth rates when
compared to the Fog lakes (Figure 5).

Genotyping by sequencing resulted in 382,537,258 150 base
pair reads (average 1,015,270 reads per individual), of which 90.3%
assembled uniquely to the Atlantic salmon genome. After removing
individuals with fewer than 10,000 assembled reads, 5,222,819 vari-
able sites were identified in the complete dataset for 263 individuals.
These variants were then filtered to retain only biallelic SNPs more
than 90 bp apart, sites with less than 50% missing data, and sites
with a minor allele frequency greater than 0.01, resulting in a final
genomic dataset composed of 15,934 SNPs for all lakes in both lake

groups.
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TABLE 3 Summary statistics of PERMANOVA analyses to
determine best predictors of arctic char size structure across the
Fog and LTER lake groups on the North Slope, Alaska, for arctic
char captured 2016-2017. Significance codes: (*) p < 0.10, (**)

p < 0.05, (***) p < 0.01. For models including more than a single
predictor, only the best model's statistics are displayed

Source of variation df SS F p

Lake group 1 0.22 1.25 0.268

Char abundance 1 0.21 1.15 0.343

Char density by area 1 0.18 0.96 0.495
(fish-ha™)

Char density 1 0.11 0.54 0.809
by volume
(fish-m™.107)

Secchi depth (m) 1 0.32 2.00 0.065*

Maximum lake depth 1 0.01 0.03 0.997
(m)

Mean lake depth (m) 1 0.02 0.07 0.990

Lake surface area (ha) 1 0.10 0.48 0.646

Proportion of lake 1 0.08 0.40 0.854
area < 3 m depth

Proportion of lake 1 0.04 0.17 0.985
volume < 3 m depth

Lake volume 1 0.09 0.44 0.577
(m=3.107°)

Secchi depth + Char 2
density by area

Secchi depth 1 0.53 5.15 0.031**
Char density by area 1 0.39 3.79 0.045**
Residuals 4 0.41 - -
Secchi depth + Char 3

density by

area + Lake group
Secchi depth 1 0.28 5.10 0.006***
Char density by area 1 0.43 7.99 0.005***
Lake group 1 0.25 4.57 0.010***
Residuals S 0.16 = =

Differentiation along the fourth principal component corresponded
precisely with sex of six individuals of known sex (Reich-Patterson Fq;
between sexes = 0.008). Using a DAPC approach, we identified five
significant SNPs with strong sex biases (Figure éb,c). Four of these five
SNPs (mapped to Atlantic Salmon chromosomes ssall and ssa03) have
greater than 95% heterozygosity in the male group and are almost en-
tirely monomorphic in the female group (Figure 6c), consistent with
males being the heterogametic sex. One locus has genotypes only in
females and not in males (located on Atlantic salmon chromosome
ssal2). We removed chromosomes ssall, ssa03, and ssal2 in further
analyses assessing population differentiation and structure.

Using the dataset omitting chromosomes containing SNPs asso-
ciated with sex, the char populations in different lake groups were

genetically differentiated (mean pairwise weighted F; = 0.208;

Figures 6a and 7a,b). Genetic diversity, as measured using
Watterson's theta estimator (Watterson, 1975), was almost three
times greater in the “leaky” LTER lakes (©,, = 0.00078) than in the
“closed” Fog lakes (@, = 0.00029), and both of the lakes exhibiting
bimodal size distributions have higher diversity than the other lakes
in their respective groups (Figure 7a). All lakes and lake groups have
negative inbreeding coefficients (Table S1), suggesting an excess of
heterozygotes. Mean pairwise relatedness between individuals did
not differ between Fog lakes (two-sample t test, p > 0.05; Figure S1,
Table S1), but was higher in LTER348 than in the other LTER lakes
(two-sample t test, p « 0.01; Figure S1, Table S1).

We did not observe genetic differentiation between size classes
within lakes with bimodal size distributions (Figure 7). For the two
lakes exhibiting a bimodal size distribution of fish, Fog3 (n = 79) and
LTER348 (n = 85), we identified differentiation among individuals
within each lake based on sex (Figure 6), but genetic differentiation
as indicated by principal component analysis of genetic variation did
not correspond to the size of individuals (Figure 7c,d). Likewise, ge-
netic variation did not correspond to size of individuals in the other
study lakes (Figure 7e). We found the same patterns when using a
data set allowing for only 30% missing data per SNP (8,581 SNPs;
Figure S2). When conducting DAPC comparing group assignments
to morphological size classes, posterior assignment accuracy was
low for both lakes (37.2% in Fog3, 65.1% in LTER348; Figure S3).

To formally test for population structure within the two lakes
with bimodal size distributions (LTER348 and Fog3), we first used
the Bayesian hierarchical clustering program entropy, choosing val-
ues of K (number of clusters) from 1 to 5. The lake-specific datasets
for LTER348 and Fog3 (omitting chromosomes containing sex-
associated loci, and SNPs with > 50% missing data or a minor allele
frequency < 0.01) contained 12,730 SNPs for 85 individuals from
LTER348 and 10,769 SNPs for 79 individuals from Fog3. For both
lakes, the value of K with the lowest DIC value was K = 1 (LTER348
DIC = 1.45 x 10 Fog3 DIC = 1.07 x 10°), and groupings for val-
ues where K > 1 did not correspond to size structure in either lake
(Figure S4). This result was supported by both the ADMIXTURE re-
sults (lowest cross-validation error = 0.225 and 0.231 for Fog3 and
LTER348, respectively, at K = 1; Figure S5) and the stockR assess-
ment (no correlation between parent stock and size class; two-sided
Fisher's exact test, p = 0.18, 0.075; Figure Sé).

4 | DISCUSSION

While arctic char polymorphism has been widely studied for this
Holarctic species in Scandinavian regions (e.g., Klemetsen, 2010;
Skulason, Noakes, et al., 1989), Canada and the United Kingdom
(Jonsson & Jonsson, 2001; Recknagel et al., 2017), and even the
lower latitudes of Alaska (May-McNally et al., 2015), little is known
about char polymorphism and ecology for populations in the vast
number of lakes of arctic Alaska. Here, we set out to quantify the
morphological and genetic diversity and divergence of arctic char

populations across two contrasting lake complexes in northern
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Alaska. Although there are clearly different size-structured popula-
tions across lakes, including two individual lakes with strong bimodal
size structures, we did not detect differences in size-corrected
morphological traits across or within lakes. Between lake groups at
the watershed scale, however, we noted significant differences in
genetic structure and length-frequency distributions, indicating im-
portant biotic differences (e.g., primary production, fish density) and
the evolutionary distinctiveness of fish in these separated drainages.

Based on age of the glacial landscapes, it is possible that char in
the LTER lakes have been present for up to five times longer than
populations in the Fog lakes (>53 ka vs. 12-25 ka; Hamilton, 2003).
This geologic difference between the lake groups is consistent with
the strong genetic differentiation between arctic char populations
in the LTER and Fog lakes, and through increased genetic diversity
in the LTER lakes compared with the Fog lakes. Despite the older
age and higher genetic diversity of the LTER lakes, differentiation
between individual lake populations in the Fog lakes is generally
stronger, consistent with these lakes being disconnected by surface
waters, whereas the LTER lakes are at least partially connected.
Further, in other regions with arctic char, lakes of similar ages exhibit
genetically distinct populations. In Loch Rannoch, Scotland (~12 ka in
age), divergent traits of genetically distinct char were not correlated
with the age of lineage divergence; however, Loch Rannoch (surface
area = 17 km?% maximum depth = 134 m; Bryce et al., 2016) is also
much larger than our study lakes. In Iceland, char populations in a
series of lakes (~10 ka in age) exhibit varying degrees of phenotypic
and genetic differentiation, and divergent morphs are likely due to
sympatric divergence (Gislason et al., 1999).

Moreover, ecosystem size has previously been attributed to mor-
phometric differentiation in arctic char (Recknagel et al., 2017), and
many lakes where arctic char ecomorphs have been described are
large (>10 km?) and deep (maximum depth 100 to >200 m) bodies

of water (e.g., Arbour et al., 2011; Power et al., 2005; Skoglund
et al., 2015). Likewise, May-McNally et al. (2015) find genetically
differentiated ecomorphs only in the largest lake they studied in
southwestern Alaska (Lower Tazimina, 520 km?), and not the other
small lakes in their dataset (0.6-1.2 km?). We here studied multiple
lakes, singularly and in combination, that are relatively small (<0.3
km?) and shallow (generally < 20 m). One possibility for the lack of
clear ecomorph formation is that these lakes are not large enough
to allow for sympatric ecotype formation. For example, abiotic fac-
tors (e.g., lake surface area, maximum depth) were not significant
predictors of arctic char size structure in PERMANOVA analyses. As
noted, however, biotic factors including primary productivity and
arctic char density are more direct contributors to differences in arc-
tic char size structure. Small population sizes, particularly in “closed”
systems without substantial or any gene flow from other popula-
tions, may limit standing genetic variation available for adaptation
(e.g., Schluter & Conte, 2009). In addition, selection is not as effi-
cient in small populations due to the effects of genetic drift, and this
may inhibit ecotype formation in very small systems such as those
studied here. Comparative work across the northern hemisphere
examining the role of lake size in predicting the number of char eco-
morphs that form in lakes, and their genomic basis, is warranted to
fully understand the ecological and evolutionary drivers underlying
the relationship between lake size and char diversity.

Due to the relatively small lakes in this study, biotic factors
were more important and char population dynamics in these sys-
tems are driven by within-lake density-dependent cycles (Budy &
Luecke, 2014). Char populations are more abundant in the Fog lakes
(Klobucar, 2018; Klobucar et al., 2017) than in the LTER lakes, and
these lakes are also generally less productive (Kling et al., 1992).
In combination, competition for limited resources could limit the

maximum size char can achieve (Downing & Plante, 1993; Naslund
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FIGURE 6 Principal component analysis of genetic data for Arctic char on the North Slope, Alaska. (a) All individuals collected, colored
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groups, the second differentiates lakes within the Fog group, and the third differentiates lakes within the LTER group. The fourth principal
component differentiates males and females, thereby indicating genomic differentiation based on sex; individuals with known sex are
indicated with symbols (+ = male, triangle = female). (b) Discriminant function analyses clearly differentiate males and females, and three
loci in the dataset have high loadings in causing this differentiation. (c) Five SNPs underlie the differentiation at three loci which appear to be
sex-linked. Four of these loci show typical patterns of high heterozygosity in males and no heterozygosity in females, consistent with males
being the heterogametic sex. One locus (on ssal2) does not have genotypes in any male fish

et al., 1993; Pechlaner, 1984). In the LTER lakes, it is possible that
lake trout and/or burbot have, over time, selected for faster grow-
ing individuals and contribute to lower char densities and larger size
structure through consumptive effects relative to the Fog lakes
where other predators are absent (e.g., Lima, 1998). For example,
lake trout and burbot, also present in the LTER lakes, shift to pisciv-
ory at a smaller size than arctic char (Kahilainen & Lehtonen, 2003;
McDonald & Hershey, 1989), and we rarely observe piscivory (or
cannibalism) by arctic char in any of these populations regardless of
lake group (Klobucar, 2018; Klobucar & Budy, 2020). The char popu-
lations in this study are not exploited by fishing, whereas elsewhere,
an increase in char body size often correlates with decreased char
population density as a result of fishing harvest (Amundsen, 1989).
Size structure and morphometric differences described for arctic
char are often attributed to diverse foraging strategies (e.g., Floro-
Larsen et al., 2016; Malmquist et al., 1992). Water transparency (as
an index of primary productivity) and arctic char density were sig-
nificant predictors of size structure variation between lake groups.
That is, in leaky lakes with more primary production, and thus food

resources, we observed larger char and a more species-rich fish

community (the LTER lakes). In other work (e.g., Klobucar, 2018;
Klobucar & Budy, 2020), we observed generally high trophic over-
lap (e.g., diet, niche space) between all size classes of char in the
Fog lakes. For example, the overlap between estimates of trophic
niche space between small and medium sizes class in Lake Fog3 was
98.9%. However, in the LTER lakes, our diet and stable isotope data
suggest greater potential for habitat-related (e.g., littoral versus pe-
lagic) dietary differentiation relative to the Fog lakes. We estimated
that trophic niche space of medium char in the LTER lakes with large
char in the LTER lakes ranged from 37.2% to 65.7% (Klobucar, 2018;
Klobucar & Budy, 2020). Further, in the LTER lakes, we generally
observed larger char residing in the littoral zone and consuming in-
creased proportions of littoral prey (e.g., snails), while smaller char
appeared to feed more on pelagic prey items and consumed more
zooplankton and other aquatic macroinvertebrates (e.g., Trichoptera;
Klobucar, 2018). However, at times, across both the Fog lakes and
LTER lakes, we surveyed smaller char near shore and larger char off-
shore via both benthic gill nets and hook-and-line sampling. As such,
we are confident we sampled across all size classes present within

the study lakes.
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FIGURE 7 (a) Genetic diversity within each lake sampled (left) and lake group (right), colored by lake group, with asterisks denoting lakes

where we observed bimodal size distributions. (b) Differentiation (Reich-Patterson F;) between pairs of lake groups. (c) PCA of genetic
data for Lake Fog3 individually, with points colored by size class (small, dark red; large, light red). (d) PCA of genetic data for Lake LTER348
individually, with points colored by size class (small, dark blue; large, light blue). Note that for the right panel in both (c) and (d), PC2 is
replaced by total fish length (mm). (€) PCA for individual lakes Fog5, Fog1, LTER 347, LTER 345

Overall, we observed only one cluster of char individuals when
analyzing all size-corrected morphological traits, and further, we
did not find differences when applying model-based clustering to
head traits (e.g., snout length, eye width, maxilla length, head depth,
head length) or body traits (e.g., body depth posterior, body depth
anterior, post pelvic fin length, caudal peduncle depth) separately
as groups. Previous studies used the same size-corrected linear
measurements as this study to distinguish differences between
morphs based on these measurements (e.g., Skoglund et al., 2015).
Griffiths (1994) determined that 44% of published size data indicate
that arctic char populations were bimodal and included a “normal”
and “dwarf” morph within a cohort. While Skoglund et al. (2015)

distinguished differences between morphs using some of the same

size-corrected linear measurements we used in this study, they also
incorporated geometric measurements into their analyses. In con-
trast to their study, however, we did not subjectively assign morphs
based on appearance or capture location (e.g., littoral versus. pe-
lagic), and used a robust statistical approach used for other fish spe-
cies to cluster potential morphs (e.g., Muir et al., 2014). Our trophic
data (Klobucar, 2018; Klobucar & Budy, 2020) suggest some differ-
entiation of feeding habitats in the LTER lakes, but we still captured
char of all sizes in all habitats of the lakes. Thus, we could not reliably
assign a potential morphotype based on capture location or pheno-
typic appearance.

According to our analyses, the size structure observed is not re-

lated to genetic structure. If ecotypes were reproductively isolated,
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we would expect to see genetic differentiation between large and
small morphs, an axis of frequent differentiation in arctic char (e.g.,
Gislason et al., 1999). It is intriguing that the lakes with observed
bimodal size distributions have higher genetic diversity than lakes
with unimodal size distributions; however, we find that each lake
contains one panmictic population (Figures S4 and S5). Although
the increased genetic variation does not appear to be due to genetic
differentiation between the size classes, it is possible that increased
genetic variation facilitates greater size plasticity in these systems,
allowing for larger maximum body size. Initially plastic phenotypic
responses, such as growth rate variation, may be the first step to-
ward the formation of ecotypes which ultimately become genetically
differentiated (e.g., Klemetsen, 2010; West-Eberhard, 2003, 2005;
Woods et al., 2013). Interestingly, in a series of lakes in southwest-
ern Alaska approximately the same age of the Fog lakes (Stilwell &
Kaufman, 1996), only one morph was identified in three of four lakes
(Woods et al., 2013). However, the lake with two morphs, while also a
“closed” system, was a much larger lake (520 km?) and these morphs
(i.e., “small” and “large”) exhibited different growth rates and were
genetically distinct (May-McNally et al., 2015; Woods et al., 2013).
In contrast, in our study, there was no genetic divergence between
small and large char in “closed” Lake Fog3, which is smaller than all
lakes studied in Woods et al. (2013).

Although genomic data indicated higher genetic diversity in
lakes with bimodal size distributions than in those without bimodal
distributions, genetic differentiation did not correspond with fish
size, and instead was related to genetically based sex differentia-
tion across the dataset. The extent to which sex differentiation is
detectable with large genomic datasets is dependent upon the
size and differentiation of sex chromosomal regions (Gamble &
Zarkower, 2014), and not accounting for sex differentiation can bias
analyses of genetic structure when sampling is sex biased (Benestan
et al., 2017). For Arctic char, and for salmonids in general, sex is
known to be genetically determined (Yano et al., 2013), and previ-
ous studies have shown sex differentiation in char genomic data-
sets (Benestan et al., 2017). Here, we find five SNPs from three loci
with strongly sex-biased patterns, but even this small number of
strongly sex-biased loci causes strong differentiation between the
sexes in PCA. Four out of five of markers have high heterozygosity
in males and no heterozygosity in females, indicating heterogametic
males in these populations, consistent with general patterns known
from other salmonids (Yano et al., 2013). Although the loci map to
different Atlantic salmon chromosomes (ssa03, ssall, and ssal2)
which are not implicated in sex for Atlantic salmon (ssa02; Lien
et al., 2016; Phillips et al., 2009) or in the recent Arctic char genome
assembly (ACO4q and AC04p.2, which map to Atlantic salmon ssa09;
Christensen et al., 2018), we would expect that these loci either fall
on the arctic char Y-chromosome or are linked to sex-determining
loci; salmonid Y-chromosomes have little conserved synteny across
species although they do usually share the master sex determination
gene sdY (Yano et al., 2013). It is worth noting that we thinned our
dataset to include only one SNP per locus, and without this thinning,

we may have found a larger number of sex-linked SNPs; however, as

sex differentiation was not the goal of this study, we did not conduct
these analyses here. Regardless, the strong differentiation we ob-
serve even with a small number of sex-linked SNPs underscores the
importance of accounting for sex in the analysis of genomic datasets,
as sex-linked differentiation could easily be misinterpreted as cryp-
tic genetic structure if sexes were unknown. Once these sex-linked
regions were removed from our dataset, no genetic structure re-
mained, even within lakes with bimodal size distributions (Figure S1).
In this study, we provide some of the first descriptions of arc-
tic char morphological and genetic divergence in lakes of northern
Alaska. As lakes in this region are numerous and diverse (e.g., differ-
ent abiotic and biotic characteristics), we highlight the importance
of understanding how the morphological and genetic divergence of
different arctic char populations can vary over small spatial scales.
From a conservation standpoint, it is important to maintain the di-
versity of arctic char populations (e.g., populations of varying size
structures) across the landscape, in order for continued persistence
during periods of rapid change. In the short term, increases in tem-
perature (and thus, production) may increase population density
of the char populations studied here, especially in the Fog lakes.
However, population increases could actually lead to future popula-
tion susceptibility, if food does not also increase to meet increased
metabolic demand (Budy & Luecke, 2014) or habitat becomes lim-
iting (e.g., thermal conditions). From a subsistence standpoint, it is
important to maintain healthy populations and sustainable harvest.
While our study lakes are not exploited by harvest, the lakes are rep-
resentative of thousands of lakes in northern Alaska with arctic char
populations. Based on our growth analyses, lakes similar to the LTER
lakes could be susceptible to overharvest due to overall char densi-
ties and perceived low recruitment. On the other hand, closed lakes
with dense populations similar to the Fog lakes could potentially
benefit from some harvest, to decrease competition and thereby
likely increased mean individual growth, as a density-dependent re-
sponse. Continued study of these lakes as climate warming proceeds
will provide further insight into these issues and predictions.
Additionally, we show that the size-structured populations pres-
ent in some lakes in this area are likely due to plasticity in growth
rates rather than genetic differentiation. Given that genetically dif-
ferentiated ecotypes are frequent in Arctic char, these populations
may be constrained in divergence by the environment and species
interactions in these lakes, but also represent an interesting case
study in how plasticity may function as an initiator of ecotype for-
mation. Predators in the LTER lakes (e.g., lake trout, burbot) likely
inhibit the evolution of “dwarf” char in these lakes because these
predators would consume smaller individuals. In fact, through min-
now trap surveys, we observed no young of year for any species
in these lakes (Klobucar and Budy, unpublished data). In the Fog
lakes, limited spawning habitat availability may limit genetic diver-
gence or the potential for spawning habitat segregation between
ecotypes. Thus, these lakes may present a unique window into the
early plasticity-based stages of ecotype formation in arctic char, yet
be constrained in the formation of genetically divergent ecotypes by

the small size of these ecosystems and through species interactions
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with predators. The persistence of arctic char populations across the
landscape, especially in a warming climate, may depend both on phe-
notypic plasticity and genetic diversity that confers adaptive poten-
tial, especially as hydrologic cycles and lake connectivity shifts with

a changing climate.

ACKNOWLEDGMENTS

G.P. Thiede provided extensive logistical support, and T. Arnold
provided assistance in the laboratory. W. Pearse advised on sta-
tistical analyses. Substantial fieldwork assistance was provided
by many volunteers affiliated with the Budy Fish Ecology Lab and
Lounge One Fishing, Inc. Reviews by J. Falke, J. Gaeta, N. Huntly,
C. Luecke, S. Null, C. Sergeant, and two anonymous reviewers
improved previous versions of this manuscript. This work was
partially funded under the Arctic Long-Term Ecological Research
program (National Science Foundation DEB 1026843 and 1637459
to P. Budy, co-Pl). Additional support was provided by the US
Geological Survey Utah Cooperative Fish and Wildlife Research
Unit (in-kind) and The Ecology Center at Utah State University.
Computing for analysis of genomic data was accomplished with an
allocation from the University of Wyoming's Advanced Research
Computing Center, on its Mount Moran IBM SystemXcluster and
Teton Intel x86_64 cluster. Funding for genetic work and for JAR's
contributions to this work was provided by startup funds from the
University of Wyoming to CEW, as well as a Utah State University
Graduate Research and Creative Opportunity award to SLK. CEW
was partially supported by NSF grant DEB-1556963. Any use of
trade, firm, or product names is for descriptive purposes only and
does not imply endorsement by the U.S. Government. This study
was performed under the auspices of Utah State University IACUC
protocol 2369.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

Stephen L. Klobucar: Conceptualization (lead); Data curation (lead);
Formal analysis (lead); Investigation (lead); Methodology (lead);
Visualization (lead); Writing-original draft (lead); Writing-review &
editing (equal). Jessica A. Rick: Data curation (supporting); Formal
analysis (supporting); Methodology (supporting); Visualization
(supporting); Writing-review & editing (supporting). Elizabeth G.
Mandeville: Formal analysis (supporting); Methodology (support-
ing); Writing-review & editing (supporting). Catherine E. Wagner:
Conceptualization (supporting); Funding acquisition (supporting);
Supervision (supporting); Writing-review & editing (supporting).
Phaedra Budy: Conceptualization (equal); Funding acquisition (lead);
Investigation (supporting); Project administration (lead); Supervision
(lead); Writing-review & editing (supporting).

DATA AVAILABILITY STATEMENT
Arctic char morphometric data were deposited in the Dryad Digital
Repository, https://doi.org/10.5061/dryad.80gb5mkqgc, and char

Ecology and Evolution 15
= e WI LEY- |2

genetic data, https://doi.org/10.5061/dryad.lvhhmgqrs. Raw ge-
netic data are available in NCBI SRA BioProject PRINA687211.

ORCID
Stephen L. Klobucar https://orcid.org/0000-0002-0606-6081
https://orcid.org/0000-0002-8927-220X

https://orcid.org/0000-0001-8585-6120

Jessica A. Rick
Catherine E. Wagner

REFERENCES

Advanced Research Computing Center. (2012). Mount Moran: IBM System
X cluster. University of Wyoming.

Advanced Research Computing Center. (2018). Teton Computing
Environment, Intel x86_64 cluster. University of Wyoming.

Agrawal, A. A. (2001). Phenotypic plasticity in the interactions and evo-
lution of species. Science, 294, 321-326. https://doi.org/10.1126/
science.1060701

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

Amundsen, P. A. (1989). Effect of intensive fishing on food consumption
and growth of stunted Arctic charr (Salvelinus alpinus) in Takvatn
Northern Norway. Physiology and Ecology, Japan, Special, I, 265-278.

Andersson, J. (2003). Effects of diet-induced resource polymorphism on
performance in arctic charr (Salvelinus alpinus). Evolutionary Ecology
Research, 5, 213-228.

Arbour, J. H., Hardie, D. C., & Hutchings, J. A. (2011). Morphometric and
genetic analyses of two sympatric morph of Arctic char (Salvelinus
alpinus) in the Canadian High Arctic. Canadian Journal of Zoology, 89,
19-30. https://doi.org/10.1139/210-100

Benestan, L., Moore, J.-S., Sutherland, B. J. G., Le Luyer, J., Maaroufi, H.,
Rougeux, C., Normandeau, E., Rycroft, N., Atema, J., Harris, L. N,
Tallman, R. F., Greenwood, S. J., Clark, F. K., & Bernatchez, L. (2017).
Sex matters in massive parallel sequencing: Evidence for biases in
genetic parameter estimation and investigation of sex determina-
tion systems. Molecular Ecology, 26(24), 6767-6783. https://doi.
org/10.1111/mec.14217

Bock, D. G., Kantar, M. B., Caseys, C., Matthey-Doret, R., & Rieseberg,
L. H. (2018). Evolution of invasiveness by genetic accommodation.
Nature Ecology & Evolution, 2(6), 991-999. https://doi.org/10.1038/
s41559-018-0553-z

Bryce, C., Fraser, A., Knudsen, R., Greer, R., & Adams, C. (2016).
Divergent functional traits in three sympatric Arctic charr Salvelinus
alpinus morphs are not coupled with the age of lineage diver-
gence. Hydrobiologia, 783, 177-189. https://doi.org/10.1007/s1075
0-016-2964-7

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

Buerkle, C. A., & Gompert, Z. (2013). Population genomics based on low
coverage sequencing: How low should we go? Molecular Ecology,
22(11), 3028-3035. https://doi.org/10.1111/mec.12105

Campana, S. E. (1990). How reliable are growth back-calculations based
on otoliths? Canadian Journal of Fisheries and Aquatic Sciences, 47,
2219-2227. https://doi.org/10.1139/f90-246

Christensen, K. A., Rondeau, E. B., Minkley, D. R., Leong, J. S., Nugent,
C. M., Danzmann, R. G., Ferguson, M. M., Stadnik, A., Devlin, R. H.,
Muzzerall, R., Edwards, M., Davidson, W. S., & Koop, B. F. (2018).
The Arctic charr (Salvelinus alpinus) genome and transcriptome as-
sembly. PLoS One, 13(8), €0204706. https://doi.org/10.1371/journ
al.pone.0204076

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M.
A., Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean,


https://doi.org/10.5061/dryad.80gb5mkqc
https://doi.org/10.5061/dryad.1vhhmgqrs
info:x-wiley/PRJNA687211
https://orcid.org/0000-0002-0606-6081
https://orcid.org/0000-0002-0606-6081
https://orcid.org/0000-0002-8927-220X
https://orcid.org/0000-0002-8927-220X
https://orcid.org/0000-0001-8585-6120
https://orcid.org/0000-0001-8585-6120
https://doi.org/10.1126/science.1060701
https://doi.org/10.1126/science.1060701
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1139/Z10-100
https://doi.org/10.1111/mec.14217
https://doi.org/10.1111/mec.14217
https://doi.org/10.1038/s41559-018-0553-z
https://doi.org/10.1038/s41559-018-0553-z
https://doi.org/10.1007/s10750-016-2964-7
https://doi.org/10.1007/s10750-016-2964-7
https://doi.org/10.1007/s00442-014-2993-8
https://doi.org/10.1111/mec.12105
https://doi.org/10.1139/f90-246
https://doi.org/10.1371/journal.pone.0204076
https://doi.org/10.1371/journal.pone.0204076

KLOBUCAR ET AL.

16_|_Wl LEy_Ecology and Evolution

Open Access,

G., & Durbin, R. (2011). The variant call format and VCFtools.
Bioinformatics, 27, 2156-2158. https://doi.org/10.1093/bioinforma
tics/btr330

DeWitta, T. J., Silha, A., & Wilson, D. S. (1998). Costs and limits of pheno-
typic plasticity. Trends in Ecology and Evolution, 13, 77-81. https://doi.
org/10.1016/50169-5347(97)01274-3

Doenz, C. J., Krdhenbihl, A. K., Walker, J., Seehausen, O., & Brodersen,
J. (2019). Ecological opportunity shapes a large Arctic charr species
radiation. Proceedings of the Royal Society B, 286, 20191992. https://
doi.org/10.1098/rspb.2019.1992

Downing, J. A., & Plante, C. (1993). Production of fish populations in
lakes. Canadian Journal of Fisheries and Aquatic Sciences, 50, 110-120.
https://doi.org/10.1139/f93-013

Elmer, K. R. (2016). Genomic tools for new insights to variation, ad-
aptation, and evolution in the salmonid fishes: A perspective for
charr. Hydrobiologia, 783, 191-208. https://doi.org/10.1007/s1075
0-015-2614-5

Eloranta, A. P, Knudsen, R., & Amundsen, P.-A. (2013). Niche segre-
gation of coexisting Arctic charr (Salvelinus alpinus) and brown
trout (Salmo trutta) constrains food web coupling in subarctic
lakes. Freshwater Biology, 58, 207-221. https://doi.org/10.1111/
fwb.12052

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-
sequencing (GBS) approach for high diversity species. PLoS One, 6,
e19379. https://doi.org/10.1371/journal.pone.0019379

Endelman, J. B., & Jannink, J. L. (2012). Shrinkage estimation of the real-
ized relationship matrix. G3: Genes, Genomes, Genetics, 2, 1405-1413.
https://doi.org/10.1534/g3.112.004259

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of popu-
lation structure using multilocus genotype data: Linked loci and
correlated allele frequencies. Genetics, 164, 1567-1587. https://doi.
org/10.1093/genetics/164.4.1567

Finstad, A. G., & Berg, O. K. (2014). Bimodal population size distributions
and biased gillnet sampling. Canadian Journal of Fisheries and Aquatic
Sciences, 61, 2151-2157. https://doi.org/10.1139/f04-157

Floro-Larsen, B., Finstad, A. G., Berg, O. K., & Olsen, P. H. (2016). Otolith
size differences during early life history of dwarf and cannibal Arctic
char (Salvelinus alpinus). Ecology of Freshwater Fish, 25, 203-210.
https://doi.org/10.1111/eff/12202

Foster, S. D., Feutry, P., Grewe, P., Berry, O., Hui, F. K. C., & Davies,
C. (2018). Reliably discriminating stock structure with ge-
netic markers: Mixture models with robust and fast computa-
tion. Molecular Ecology Resources, 18, 1310-1325. https://doi.
org/10.1111/1755-0998.12920

Gamble, T., & Zarkower, D. (2014). Identification of sex-specific mo-
lecular markers using restriction site-associated DNA sequenc-
ing. Molecular Ecology Resources, 14(5), 902-913. https://doi.
org/10.1111/1755-0998.12237

Gislason, D., Ferguson, M. M., Skulason, 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. https://doi.org/10.1139/f99-245

Gompert, Z., Lucas, L. K., Buerkle, C. A,, Forister, M. L., Fordyce, J. A., &
Nice, C. C. (2014). Admixture and the organization of genetic diver-
sity in a butterfly species complex revealed through common and
rare genetic variants. Molecular Ecology, 23, 4555-4573. https://doi.
org/10.1111/mec.12811

Griffiths, D. (1994). The size structure of lacustrine Arctic charr (Pisces:
Salmonidae) populations. Biological Journal of the Linnean Society, 51,
337-357. https://doi.org/10.1111/j.1095-8312.1994.tb00966.x

Gruber, B., Unmack, P. J., Oliver, F. B., & Georges, A. (2018). dartr: An r
package to facilitate analysis of SNP data generated from reduced
representation genome sequencing. Molecular Ecology Resources, 18,
691-699. https://doi.org/10.1111/1755-0998.12745

Hamilton, T. D. (2003). Glacial geology of Toolik Lake and the Upper Kuparuk
River region. Biological papers of the University of Alaska, no. 26.
Alaska Geobotany Center, Institute of Arctic Biology, Fairbanks,
Alaska.

Hershey, A. E., Beaty, S., Fortino, K., Keyse, M., Mou, P. P, O'Brien, W.
J., & Whalen, S. C. (2006). Effects of landscape factors on fish distri-
bution in arctic Alaskan Lakes. Freshwater Biology, 51, 39-55. https://
doi.org/10.1111/j.1365-2427.2005.01474.x

Hershey, A. E., Gettel, G. M., McDonald, M. E., Miller, M. C., Mooers,
H., O'Brien, W. J., Pastor, J., Richards, C., & Schuldt, J. A. (1999). A
geomorphic-trophic model for landscape control of arctic lake food
webs. BioScience, 49, 887-897. https://doi.org/10.2307/1313648

Herve, M. (2018). RVAideMemoire: Testing and plotting procedures for bio-
statistics. R package version 0.9-69. Retrieved from https://CRAN.R-
project.org/package=RVAideMemoire

Hindar, K., & Jonsson, B. (1993). Ecological polymorphism in Arctic
charr. Biological Journal of the Linnean Society, 48, 63-74. https://doi.
org/10.1111/j.1095-8312.1993.tb00877.x

Hobbie, J. E. & Kling, G. W. eds. (2014). Alaska's changing Arctic:
Ecological consequences for tundra, streams, and lakes. Oxford
University Press.

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the anal-
ysis of genome-wide SNP data. Bioinformatics, 27(21), 3070-3071.
https://doi.org/10.1093/bioinformatics/btr521

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis
of principal components: A new method for the analysis of genet-
ically structured populations. BMC Genetics, 11, 94. https://doi.
org/10.1186/1471-2156-11-94

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

Kahilainen, K., & Lehtonen, H. (2003). Piscivory and prey selec-
tion of four predator species in a whitefish dominated sub-
arctic lake. Journal of Fish Biology, 63, 659-762. https://doi.
org/10.1046/j.1095-8649.2003.00179.x

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

Klemetsen, A. (2013). The most variable vertebrate on Earth. Journal
of Ichthyology, 53, 781-791. https://doi.org/10.1134/S003294521
3100044

Kling, G. W., O'Brien, W. J., Miller, M. C., & Hershey, A. E. (1992). The bio-
geochemistry and zoogeography of lakes and rivers in arctic Alaska.
Hydrobiologia, 240, 1-14. https://doi.org/10.1007/BF00013447

Klobucar, S. L. (2018). The abiotic and biotic controls of arctic lake food
webs: A multifaceted approach to quantifying trophic structure and
function, PhD Thesis. Utah State University.

Klobucar, S. L., & Budy, P. (2020). Trophic structure of apex fish com-
munities in closed and leaky lakes of arctic Alaska. Oecologia, 194,
491-504.

Klobucar, S. L., Gaeta, J. W., & Budy, P. (2018). A changing menu in a
changing climate: Using experimental and long-term data to pre-
dict invertebrate prey biomass and availability in lakes of arctic
Alaska. Freshwater Biology, 63, 1352-1364. https://doi.org/10.1111/
fwb.13162

Klobucar, S. L., Rodgers, T., & Budy, P. (2017). At the forefront: Evidence
of the applicability of using environmental DNA to quantify the
abundance of fish population in natural lentic waters with additional
sampling considerations. Canadian Journal of Fisheries and Aquatic
Sciences, 74, 2030-2034. https://doi.org/10.1139/cjfas-2017-0114

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD:
Analysis of Next Generation Sequencing Data. BMC Bioinformatics,
15, 356. https://doi.org/10.1186/s12859-014-0356-4

Korneliussen, T. S., Moltke, 1., Albrechtsen, A., & Nielsen, R. (2013).
Calculation of Tajima’s D and other neutrality test statistics from low


https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1016/S0169-5347(97)01274-3
https://doi.org/10.1016/S0169-5347(97)01274-3
https://doi.org/10.1098/rspb.2019.1992
https://doi.org/10.1098/rspb.2019.1992
https://doi.org/10.1139/f93-013
https://doi.org/10.1007/s10750-015-2614-5
https://doi.org/10.1007/s10750-015-2614-5
https://doi.org/10.1111/fwb.12052
https://doi.org/10.1111/fwb.12052
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1534/g3.112.004259
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1139/f04-157
https://doi.org/10.1111/eff/12202
https://doi.org/10.1111/1755-0998.12920
https://doi.org/10.1111/1755-0998.12920
https://doi.org/10.1111/1755-0998.12237
https://doi.org/10.1111/1755-0998.12237
https://doi.org/10.1139/f99-245
https://doi.org/10.1111/mec.12811
https://doi.org/10.1111/mec.12811
https://doi.org/10.1111/j.1095-8312.1994.tb00966.x
https://doi.org/10.1111/1755-0998.12745
https://doi.org/10.1111/j.1365-2427.2005.01474.x
https://doi.org/10.1111/j.1365-2427.2005.01474.x
https://doi.org/10.2307/1313648
https://CRAN.R-project.org/package=RVAideMemoire
https://CRAN.R-project.org/package=RVAideMemoire
https://doi.org/10.1111/j.1095-8312.1993.tb00877.x
https://doi.org/10.1111/j.1095-8312.1993.tb00877.x
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
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/10.1046/j.1095-8649.2003.00179.x
https://doi.org/10.1046/j.1095-8649.2003.00179.x
https://doi.org/10.1608/FRJ-3.1.3
https://doi.org/10.1134/S0032945213100044
https://doi.org/10.1134/S0032945213100044
https://doi.org/10.1007/BF00013447
https://doi.org/10.1111/fwb.13162
https://doi.org/10.1111/fwb.13162
https://doi.org/10.1139/cjfas-2017-0114
https://doi.org/10.1186/s12859-014-0356-4

KLOBUCAR ET AL.

depth next-generation sequencing data. BMC Bioinformatics, 14, 289.
https://doi.org/10.1186/1471-2105-14-28

Langmead, B., & Salzberg, S. (2012). Fast gapped-read alignment with
Bowtie 2. Nature Methods, 9, 357-359. https://doi.org/10.1038/
nmeth.1923

Lester, N. P, Bailey, P. E., & Hubert, W. A. (2009). Coldwater fish in small
standing waters. In S. A. Bonar, W. A. Hubert, & D. W. Willis (Eds.),
Standard methods for sampling North American freshwater fishes (pp.
85-96). American Fisheries Society.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., Durbin, R., &1000 Genome Project Data Processing
Subgroup. (2009). The Sequence Alignment/Map format and
SAMtools. Bioinformatics, 25, 2078-2079. https://doi.org/10.1093/
bioinformatics/btp352

Li, H. (2011). A statistical framework for SNP calling, mutation discovery,
association mapping and population genetical parameter estimation
from sequencing data. Bioinformatics, 27, 2987-2993. https://doi.
org/10.1093/bioinformatics/btr509

Li, H. (2013). Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv. http://doi.org/arXiv:1303.3997 [g-
bio.GN].

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

Lien, S., Koop, B. F., Sandve, S. R., Miller, J. R, Kent, M. P, Nome, T,
Hvidsten, T. R., Leong, J. S., Minkley, D. R., Zimin, A., Grammes,
F., Grove, H., Gjuvsland, A., Walenz, B., Hermansen, R. A., von
Schalburg, K., Rondeau, E. B., Di Genova, A., Samy, J. K. A, ...
Davidson, W. S. (2016). The Atlantic salmon genome provides
insights into rediploidization. Nature, 533, 200-205. https://doi.
org/10.1038/naturel7164

Lima, S. L. (1998). Nonlethal effects in the ecology of predator-prey in-
teractions. BioScience, 49, 25-34. https://doi.org/10.2307/1313225

Luecke, C., Giblin, A. E., Bettez, N. D., Burkart, G., Crump, B. C., Evans,
M. A., Gettel, G., Maclntyre, S., O’'Brien, W. J., Rublee, P., & Kling, G.
W. (2014). The response of lakes near the Arctic-LTER to environ-
mental change. In J. E. Hobbie, & G. W. Kling (Eds.), A changing arc-
tic: Ecological consequences for tundra, streams, and lakes. University
Press.

Malmquist, H. J., Snorrason, S. S., Skdlason, S., Jonnson, B., Sandlund,
O. T., & Jonasson, P. M. (1992). Diet differentiation in polymorphic
Arctic charr in Thingvallavatn, Iceland. Journal of Animal Ecology, 61,
21-35. https://doi.org/10.2307/5505

Mandeville, E. G., Parchman, T. L., Song, S. J., Thompson, K. G., Compton,
R. I., Gelwicks, K., & Buerkle, C. A. (2017). Inconsistent reproductive
isolation revealed by interactions between Catostomus fish species.
Evolution Letters, 1, 255-268. https://doi.org/10.1002/evI3.29

May-McNally, S. L., Quinn, T. P., Woods, P. J., & Taylor, E. B. (2015).
Evidence for genetic distinction among sympatric ecotypes of Arctic
char (Salvelinus alpinus) in south-western Alaskan lakes. Ecology of
Freshwater Fish, 24, 562-574. https://doi.org/10.1111/eff.12169

McDonald, M. E., & Hershey, A. E. (1989). Size structure of a lake trout
(Salvelinus namaycush) population in an arctic lake: Influence of
angling and implications of fish community structure. Canadian
Journal of Fisheries and Aquatic Sciences, 46, 2153-2156. https://doi.
org/10.1139/f89-266

Mittelbach, G. G., Osenberg, C. W., & Wainwright, P. C. (1999). Variation in
feeding morphology between pumpkinseed populations: Phenotypic
plasticity or evolution? Evolutionary Ecology Research, 1, 111-128.

Muir, A. M., Vecsei, P., Power, M., Krueger, C. C., & Reist, J. D. (2014).
Morphology and life history of the Great Slave Lake ciscoes
(Salmoniformes: Coregonidae). Ecology of Freshwater Fish, 23, 453-
469. https://doi.org/10.1111/eff.12098

Naslund, 1., Milbrink, G., Eriksson, L. O., Holmgren, S., & Naslund, 1.
(1993). Importance of habitat productivity differences, competition

Ecology and Evolution 17
= e WI LEY-Y

and predation for the migratory behaviour of Arctic charr. Oikos, 66,
538-546. https://doi.org/10.2307/3544950

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. https://doi.org/10.1139/f83-159

Parchman, T. L., Gompert, Z., Mudge, J., Schilkey, F., Benkman, C. W.,
& Buerkle, C. A. (2012). Genome-wide association genetics of an
adaptive trait in lodgepole pine. Molecular Ecology, 21, 2991-3005.
https://doi.org/10.1111/j.1365-294X.2012.05513.x

Pechlaner, R. (1984). Dwarf population of Arctic charr in high-mountain
lakes of the Alps resulting from under-exploitation. In L. Johnson, &
B. L. Burns (Eds.), Biology of the Arctic Charr (pp. 319-372). University
of Manitoba Press.

Phillips, R. B., Keatley, K. A., Morasch, M. R., Ventura, A. B., Lubieniecki,
K. P., Koop, B. F., Danzmann, R. G., & Davidson, W. S. (2009).
Assignment of Atlantic salmon (Salmo salar) linkage groups to specific
chromosomes: Conservation of large syntenic blocks corresponding
to whole chromosome arms in rainbow trout (Oncorhynchus mykiss).
BMC Genetics, 10, 46. https://doi.org/10.1186/1471-2156-10-46

Pielou, E. C. (2008). After the ice age: The return of life to glaciated North
America. University of Chicago Press.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Population structure
using multilocus genotype data. Genetics, 155, 945-959. https://doi.
org/10.1093/genetics/155.2.945

Power, M., O'Connell, M. F., & Dempson, J. B. (2005). Ecological segre-
gation within and among Arctic char morphotypes in Gander Lake,
Newfoundland. Environmental Biology of Fishes, 73, 263-274. https://
doi.org/10.1007/s10641-005-2137-4

Praebel, K., Couton, M., Knudsen, R., & Amundsen, P.-A. (2016). Genetic
consequences of allopatric and sympatric divergence in Arctic charr
(Salvelinus alpinus (L.)) from Fjellfroskvatn as inferred by microsatel-
lite markers. Hydrobiologia, 783, 257-267. https://doi.org/10.1007/
s10750-016-2648-3

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Recknagel, H., Hooker, O. E., Adams, C. E., & Elmer, K. R. (2017).
Ecosystem size predicts eco-morphological variability in a postgla-
cial diversification. Ecology and Evolution, 7, 5560-5570. https://doi.
org/10.1002/ece3.3013

Reich, D., Thangaraj, K., Patterson, N., Price, A. L., & Singh, L. (2009).
Reconstructing Indian population history. Nature, 461, 489-494.
https://doi.org/10.1038/nature08365

Reznick, D. N., & Ghalambor, C. K. (2001). The population ecology of
contemporary adaptations: What empirical studies reveal about the
conditions that promote adaptive evolution. Genetica, 112, 183-198.
https://doi.org/10.1023/A:1013352109042

Rikardsen, A. H., Amundsen, P.-A., Bjorn, P. A., & Johansen, M. (2000).
Comparison of growth, diet and food consumption of sea-run and
lake-dwelling Arctic charr. Journal of Fish Biology, 57, 1172-1188.
https://doi.org/10.1006/jfbi.2000.1380

Robinson, B. W., & Wilson, D. S. (1996). Genetic variation and phenotypic
plasticity in a trophically polymorphic population of pumpkinseed
sunfish (Lepomis gibbosus). Evolutionary Ecology, 10, 631-652. https://
doi.org/10.1007/BF01237711

Schluter, D. (1996). Evolution on islands- Ecological speciation in postgla-
cial fishes. Philosophical Transactions of the Royal Society B, 351, 807-
814. https://doi.org/10.1098/rsth.1996.0075

Schluter, D. (2000). The ecology of adaptive radiation. Oxford University
Press.

Schluter, D., & Conte, G. L. (2009). Genetics and ecological speciation.
Proceedings of the National Academy of Sciences of the United States of
America, 106(Supplement_1), 9955-9962. https://doi.org/10.1073/
pnas.0901264106


https://doi.org/10.1186/1471-2105-14-28
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/nature17164
https://doi.org/10.1038/nature17164
https://doi.org/10.2307/1313225
https://doi.org/10.2307/5505
https://doi.org/10.1002/evl3.29
https://doi.org/10.1111/eff.12169
https://doi.org/10.1139/f89-266
https://doi.org/10.1139/f89-266
https://doi.org/10.1111/eff.12098
https://doi.org/10.2307/3544950
https://doi.org/10.1139/f83-159
https://doi.org/10.1111/j.1365-294X.2012.05513.x
https://doi.org/10.1186/1471-2156-10-46
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1007/s10641-005-2137-4
https://doi.org/10.1007/s10641-005-2137-4
https://doi.org/10.1007/s10750-016-2648-3
https://doi.org/10.1007/s10750-016-2648-3
https://doi.org/10.1002/ece3.3013
https://doi.org/10.1002/ece3.3013
https://doi.org/10.1038/nature08365
https://doi.org/10.1023/A:1013352109042
https://doi.org/10.1006/jfbi.2000.1380
https://doi.org/10.1007/BF01237711
https://doi.org/10.1007/BF01237711
https://doi.org/10.1098/rstb.1996.0075
https://doi.org/10.1073/pnas.0901264106
https://doi.org/10.1073/pnas.0901264106

KLOBUCAR ET AL.

&I_Wl LEy_Ecology and Evolution

Open Access,

Schulte, P. M., Healy, T. M., & Fangue, N. A. (2011). Thermal performance
curves, phenotypic plasticity, and the time scales of temperature ex-
posure. Integrative and Comparative Biology, 51, 691-702. https://doi.
org/10.1093/icb/icr097

Scrucca, L., Fop, M., Murphy, T. B., & Raftery, A. E. (2016). Mclust 5:
Clustering, classification and density estimation using Gaussian finite
mixture models. The R Journal, 8, 205-233. https://doi.org/10.32614/
RJ-2016-021

Senar, J. C., Lleonart, J., & Metcalfe, N. B. (1994). Wing-shape variation
between resident and transient wintering siskins Carduelis spinus.
Journal of Avian Biology, 25, 50-54. https://doi.org/10.2307/3677293

Simonsen, M. K., Siwertsson, A., Adams, C. E., Amundeen, P.-A.,,
Praebel, K., & Knudsen, R. (2017). Allometric trajectories of body
and head morphology in three sympatric Arctic charr (Salvelinus al-
pinus (L.)) morphs. Ecology and Evolution, 7, 7277-7289. https://doi.
org/10.1002/ece3.3224

Skoglund, S., Siwertsson, 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

Skulason, 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

Skulason, S., & Smith, T. B. (1995). Resource polymorphisms in verte-
brates. Trends in Ecology and Evolution, 10, 366-370. https://doi.
org/10.1016/50169-5347(00)89135-1

Skulason, S., Snorrason, S. S., Noakes, D. L. G., & Ferguson, M. M. (1996).
Genetic basis of life history variation among sympatric morphs
of Arctic char, Salvelinus alpinus. Canadian Journal of Fisheries and
Aquatic Sciences, 53, 1807-1813.

Skulason, S., Snorrason, S. S., Noakes, D. L. G., Ferguson, M. M., &
Malmquist, H. J. (1989). Segregation in spawning and early life
history among polymorphic Arctic charr, Salvelinus alpinus, in
Thingvallavatn, Iceland. Journal of Fish Biology, 35, 225A-232A.
https://doi.org/10.1111/j.1095-8649.1989.tb03065.x

Snorrason, S. S., & Skulason, S. (2004). Adaptive speciation in northern
freshwater fishes. In U. Dieckmann, M. Boebeli, J. A. J. Mertz, & D.
Tautz (Eds.), Adaptive Speciation (pp. 210-228). Cambridge University
Press.

Stilwell, K. B., & Kaufman, D. S. (1996). Late Wisconsin glacial history of
the Northern Alaska Peninsula, Southwestern, Alaska, U.S.A. Arctic
and Alpine Research, 28, 475-487. https://doi.org/10.2307/1551858

Svanbéck, R., & Persson, L. (2004). Individual diet specialization, niche
width and population dynamics: Implications for trophic poly-
morphisms. Journal of Animal Ecology, 73, 973-982. https://doi.
org/10.1111/j.0021-8790.2004.00868.x

Underwood, Z. E., Mandeville, E. G., & Walters, A. W. (2016). Population
connectivity and genetic structure of burbot (Lota lota) populations

in the Wind River Basin, Wyoming. Hydrobiologia, 765, 329-342.
https://doi.org/10.1007/s10750-015-2422-y

Violle, C., Reich, P. B., Pacala, S. W., Enquist, B. J., & Kattge, J. (2014). The
emergence and promise of functional biogeography. Proceedings of
the National Academy of Sciences of the United States of America, 111,
13690-13696. https://doi.org/10.1073/pnas.1415442111

Watterson, G. A. (1975). On the number of segregating sites in genetical
models without recombination. Theoretical Population Biology, 7(2),
256-276. https://doi.org/10.1016/0040-5809(75)90020-9

West-Eberhard, M. J. (2003). Developmental plasticity and evolution (794
pp.). Oxford University Press.

West-Eberhard, M. J. (2005). Developmental plasticity and the origin of
species differences. Proceedings of the National Academy of Sciences
of the United States of America, 102(Supplement 1), 6543-6549.
https://doi.org/10.1073/pnas.0501844102

Willi, Y., Van Buskirk, J., & Hoffman, A. A. (2006). Limits to the adaptive
potential of small populations. Annual Review of Ecology, Evolution,
and Systematics, 37,433-458. https://doi.org/10.1146/annurev.ecols
ys.37.091305.110145

Woods, P. J., Young, D., Skulason, S., Snorrason, S. S., & Quinn, T. P.(2013).
Resource polymorphism and diversity of Arctic charr Salvelinus alpi-
nus in a series of isolated lakes. Journal of Fish Biology, 82, 569-587.
https://doi.org/10.1111/jfb.12011

Wund, M. A., Baker, J. A., Clancy, B., Golub, J. L., & Foster, S. A. (2008).
A test of the “flexible stem” model of evolution: Ancestral plas-
ticity, genetic accommodation, and morphological divergence in the
threespine stickleback radiation. The American Naturalist, 172(4),
449-462. https://doi.org/10.1086/590966

Yano, A., Nicol, B., Jouanno, E., Quillet, E., Fostier, A., Guyomard, R., &
Guiguen, Y. (2013). The sexually dimorphic on the Y-chromosome
gene (sdY ) is a conserved male-specific Y-chromosome sequence
in many salmonids. Evolutionary Applications, 6(3), 486-496. https://
doi.org/10.1111/eva.12032

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

How to cite this article: Klobucar SL, Rick JA, Mandeville EG,
Wagner CE, Budy P. Investigating the morphological and
genetic divergence of arctic char (Salvelinus alpinus)
populations in lakes of arctic Alaska. Ecol Evol. 2021;00:1-18.
https://doi.org/10.1002/ece3.7211



https://doi.org/10.1093/icb/icr097
https://doi.org/10.1093/icb/icr097
https://doi.org/10.32614/RJ-2016-021
https://doi.org/10.32614/RJ-2016-021
https://doi.org/10.2307/3677293
https://doi.org/10.1002/ece3.3224
https://doi.org/10.1002/ece3.3224
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/10.1016/S0169-5347(00)89135-1
https://doi.org/10.1016/S0169-5347(00)89135-1
https://doi.org/10.1111/j.1095-8649.1989.tb03065.x
https://doi.org/10.2307/1551858
https://doi.org/10.1111/j.0021-8790.2004.00868.x
https://doi.org/10.1111/j.0021-8790.2004.00868.x
https://doi.org/10.1007/s10750-015-2422-y
https://doi.org/10.1073/pnas.1415442111
https://doi.org/10.1016/0040-5809(75)90020-9
https://doi.org/10.1073/pnas.0501844102
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1111/jfb.12011
https://doi.org/10.1086/590966
https://doi.org/10.1111/eva.12032
https://doi.org/10.1111/eva.12032
https://doi.org/10.1002/ece3.7211

