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Abstract

Conserving biodiversity in an era of rapid climate change requires understanding the mechanisms that influence dispersal,
gene flow and, ultimately, species persistence. This information is becoming critical for conserving key species in rapidly
warming places such as the Arctic. Arctic freshwater fish not only face warmer conditions, but also the drying of tundra
streams due to climate change. Here, we examined population structure, gene flow, and the influence of landscape features on
the neutral genetic variation of the Arctic grayling on Alaska’s North Slope. We estimated the number of genetically distinct
clusters and determined effective population sizes for and patterns of gene flow among geographic regions. We predicted
that river distance, river drying, distance to the coast, and elevational gradient would influence genetic differentiation for
Arctic grayling. Bayesian clustering and discriminant analysis of principal components found support for five or six genetic
clusters roughly corresponding to downstream and headwater subwatersheds. Estimates of gene flow revealed asymmetric
downstream bias. River distance and river dry zones were significantly associated with increasing genetic differentiation
among sampling locations despite this species’ high dispersal capability and the temporary nature of dry zones. Isolation
and downstream-biased dispersal could contribute to high levels of inter-population genetic variation among the headwaters
of the North Slope Arctic grayling metapopulation, which might be particularly important for species conservation during
rapid climate change. More generally, small, isolated populations might drive particular alleles to higher frequencies due to
selection or drift, thus promoting the genetic potential for rapid evolutionary changes under future climate change.
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Introduction 2006; Scheffers et al. 2016; Urban et al. 2016). In particular,

estimating dispersal across natural landscapes often requires

To persist through this era of rapid climate change, spe-
cies must either adjust to new conditions through evolu-
tion, employ phenotypic plasticity, or track suitable habitat
through dispersal or gene flow. Gaps in understanding these
responses reduces our ability to predict the fate of individ-
ual populations, species, and natural ecosystems (Parmesan
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quantifying the effect of temporary, but important, barri-
ers that appear during critical periods of movement (Manel
et al. 2003; Richardson 2012). These landscape barriers to
movement not only can affect demographic dynamics, but
also gene flow, the transfer of genes among populations,
which in turn can influence population persistence by alter-
ing genetic diversity and adaptability (Hoffmann and Sgro
2011; Schloss et al. 2012; Urban et al. 2013). Thus, popu-
lation genetics is especially useful for discovering cryptic
barriers to movement and assessing their effect on genetic
variation across natural landscapes.

Freshwater river species are particularly sensitive to habi-
tat fragmentation and genetic isolation due to the limited
number of movement pathways defined by their dendritic
river systems. Population isolation due to river fragmen-
tation can decrease freshwater species genetic variation
and increase extinction risk (Fagan 2002). Anthropogenic
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barriers, such as dams and culverts, often restrict the disper-
sal of aquatic organisms (Junker et al. 2012; Peterson and
Ardren 2009; Roberts et al. 2013). Natural environmental
drivers, such as droughts and floods (Fitzpatrick et al. 2014;
Hopken et al. 2013; Meeuwig et al. 2010; Perkin et al. 2015)
or changes to the location of spawning areas and overwin-
tering refugia (Fausch et al. 2002; Kanno et al. 2011; Maria
et al. 2012; Ozerov et al. 2012; Vihi et al. 2007), also influ-
ence dispersal, genetic structure, and extinction risk for
numerous freshwater species (Fagan et al. 2007; Kanno et al.
2011; Mossop et al. 2015; Poissant et al. 2005). Many fresh-
water species display elevated levels of genetic isolation
compared to other geographically structured populations
(Morrissey and Kerckhove 2009), possibly due to semi-iso-
lated upstream populations with downstream-biased disper-
sal. Effective conservation requires a better understanding of
how changing environments influence population structure,
genetic differentiation, and extirpation (Campbell Grant
et al. 2007; Fagan 2002; Labonne et al. 2008).

Arctic grayling (Thymallus arcticus) play a keystone
role in the Arctic by integrating stream and lake ecosys-
tems through their annual migrations between the two sys-
tems. Clear, cool, low-order streams provide spring spawn-
ing and summer feeding and rearing habitats for Arctic
grayling. However, because most tundra streams freeze
solid in winter, current evidence indicates that grayling
either must overwinter in deep lakes, higher-order coastal
streams, or other locations that resist freezing (Beauchamp
1990; Parkinson et al. 1999; West et al. 1992). Appro-
priate spawning, feeding, and overwintering habitats can
occur more than 100 km apart, thus necessitating extensive
long-distance seasonal migrations among habitats (West
et al. 1992). As the climate warms, sections of Tundra
rivers are becoming dry and impassable when summer

evapotranspiration exceeds precipitation, causing breaks
in aquatic connectivity (ACIA 2005; Hinzman et al. 2005;
Martin et al. 2009). This increased frequency and dura-
tion of river drying could restrict fish movement (Betts
and Kane 2015; Junker et al. 2012; Primmer et al. 2006;
Reist et al. 2006), potentially altering dispersal and gene
flow. Grayling are restricted to freshwater habitats and
rarely occur in near-shore habitats, unlike other salmonids
which can tolerate higher salinities (Northcote 1995; Blair
et al. 2016). Due to their reliance on a variable freshwa-
ter network, Arctic grayling population persistence likely
depends on the spatial and temporal connectivity of this
freshwater environment (Opdam and Wascher 2004). How-
ever, no studies have identified what factors might limit
dispersal and gene flow or if climate-induced fragmenta-
tion might alter population structure or persistence for this
keystone fish.

Here, we applied population genetics to assess the num-
ber of potential genetic clusters, determine effective popula-
tion size, estimate gene flow, and identify the landscape fea-
tures that influence fragmentation and genetic differentiation
for the freshwater salmonid, Arctic grayling, on Alaska’s
North Slope, a region undergoing the fastest rates of climate
change (IPCC 2013). We predicted that landscape features
would strongly influence genetic differentiation among sam-
pled locations and geographic regions as indicated by pat-
terns of isolation by distance and isolation by environment
(Table 1; Meffe and Vrijenhoek 1988; Stamford and Taylor
2004; Lowe et al. 2006; Jenkins et al. 2010; Perkin et al.
2015). Alternatively, the Arctic grayling’s long-distance
dispersal ability might override the effects of isolation by
distance and environment, thereby fostering a panmictic dis-
tribution and potentially offering simpler decisions regarding
its management and conservation.

Table 1 Hypotheses, predicted patterns of genetic differentiation, and key references regarding isolation by distance (river distance) and isola-

tion by environment (watershed factors, elevation, and river dry zones)

Variable Hypotheses

tion

Predicted patterns of genetic differentia- Key references

River distance  Increasing river distance among
sampled locations decreases dispersal

within the stream network

Watersheds Watershed boundaries decrease
dispersal for freshwater fish because
individuals must travel through estua-
rine coastal water to enter neighboring

watersheds

Differences in elevation constrain
dispersal

Elevation

River Dry Zones River dry zones create physical barri-
ers that restrict fish movement and
decrease gene flow

A gradient of decreasing genetic
similarities, producing patterns of
isolation by distance

Populations differentiate among
watersheds or correlated with coastal
distance between watershed outlets

Differentiation is higher among sites
that differ more in elevation

Increased genetic differentiation among
locations separated by river dry zones 1988
or correlated with cumulative dry

Jenkins et al. 2010; Kanno et al. 2011

Stamford and Taylor 2004

Lowe et al. 2006

Perkin et al. 2015; Mefte and Vrijenhoek

zone distance between locations
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Methods
Site description

We worked in the Itkillik, Kuparuk, and Sagavanirktok
watersheds that drain the foothills of the Brooks Range
(Fig. 1, Site Map inset). The Kuparuk and Sagavanirktok
rivers drain directly into the Arctic Ocean, whereas the
Itkillik drains into the Colville River ~40 km from the
Arctic Ocean. These watersheds formed during the middle
to late Pleistocene (Hamilton 2003), originate within the
Brooks Mountains, drain northward to the Arctic Ocean,
and are separated at their mouths by coastal estuarine
habitat. We chose these three watersheds because of their
observed differences in their susceptibility to river drying:
the Sagavanirktok upper watershed (including Oksrukuyik

Creek) harbors many potential dry zones along its length,
the Kuparuk watershed is less susceptible to dry zones,
but still contains temporary dry zones, and the Itkillik
watershed is well-connected along its length to the coast.
We chose 15 sampling locations to stratify habitats within
and among these watersheds and to represent locations
separated by specific dry river zones (Fig. 1; Table S1).
Additionally, we incorporated the Ublutuoch River on the
coastal plain located approximately 25 km from the Arctic
Ocean, close to the mouth of the Colville River and its
connections to the upstream Itkillik reach. Hereafter, we
use the term, geographic region, to group sampling loca-
tions into a set of pre-defined locations, corresponding to
hypothesized genetic differentiation (1) among the three
watersheds and (2) between upstream (near headwater
lakes) and downstream locations (in larger rivers that drain
to the coast) that could be separated by river dry zones.

Fig.1 Map of study area and (A-C) and Arctic grayling popula-
tion structure (D). On the map at left, we display the overall study
region (A) on Alaska’s North Slope (C), including a finer scaled inset
map (B) of sampling locations in the foothills of the Brooks Range.
The Colville/Itkillik, Kuparuk, and Sagavanirktok watersheds flow
from the headwaters in the Brooks Range north to the Arctic Ocean.
At each sampling location, different symbols depict different water-
sheds, and colors correspond to the most dominant genetic cluster at
that location. The gray color for K7 indicates a mixture of all genetic
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clusters. To the right (D), STRUCTURE plots depict individual
assignment probabilities to six genetic clusters (indicated by color)
for individuals captured at each of the 16 sampling locations. Fresh-
water stream sections are show in blue, coastal sections are shown
in green, and intermittently dry sections are shown in red. Thick red
lines indicate dry zones > 1.5 km in extent, and narrow red lines indi-
cate dry zones < 1.5 km in extent. Number of samples are indicated

above each subplot. Full site names and characteristics can be found
in Table S1
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Fish sampling

We sampled adult Arctic grayling from May to August from
2010 to 2013 after fish had migrated into the streams from
their overwintering locations. We collected approximately
30 individuals from each sampling location to determine
population genetic structure and assess genetic differentia-
tion among locations. Due to logistically challenging condi-
tions on the North Slope, we only collected 22 individuals
from the Lower Sagavanirktok River and nine individuals
from the Lower Kuparuk River. Here we use the term, lower,
to indicate regions downstream from upstream regions of
each watershed rather than anything regarding stream gra-
dient. We captured Arctic grayling using a combination of
seine, fyke, and gill nets, as well as via hook and line. We
collected caudal fin tissue from each individual, preserved
the tissue in 95% ethanol and stored the preserved samples
at —20 °C until DNA extractions were conducted.

Microsatellites and descriptive statistics

DNA was extracted from fin tissue using DNeasy blood
and tissue kits (Qiagen, CA). Multiplex polymerase chain
reactions (PCRs) were optimized for allelic range for twelve
highly variable nuclear microsatellite markers specific to
Arctic grayling (Diggs and Ardren 2008) following Steed
(2007) (Table S2). PCR products were analyzed on an ABI
3130x1 DNA sequencer with GeneScan 500(—250) LIZ size
standard. Allele sizes were scored along with positive and
negative controls using the program GeneMarker (Softgenet-
ics, LLC, State College, PA). Output genotypes with ampli-
fications that were too weak to resolve peaks or had excess
stutter were re-amplified and rerun for better resolution
and to ensure accuracy. Any remaining unresolved alleles
were treated as missing data. We ran multiple individuals
as positive controls, with at least one positive control per
well plate, and using multiple positive controls to ensure
consistent peaks were obtained from run to run. In the few
cases where we received different results for controls, we
re-ran the samples.

We screened for null alleles, large allele dropout, and
scoring errors using the program MICRO-CHECKER
v.2.2.3 (Van Oosterhout et al. 2004). Exact tests (Guo and
Thompson 1992) were used to test for deviations from
Hardy—Weinberg equilibrium across all loci and all regions
with 1,000,000 Markov Chain Monte Carlo (MCMC) and
100,000 dememorization steps in the program ARLEQUIN
v3.5 (Excoffier and Lischer 2010). We also used ARLE-
QUIN v3.5 to test for deviations from linkage equilibrium
across all pairs of loci using an expectation—-maximization
algorithm with 10,000 permutations. Probability values were
Bonferroni-corrected whenever multiple testing occurred.
We calculated descriptive statistics for allelic richness and
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private alleles using the program GenoDive 2.0b23 (Meir-
mans and Van Tienderen 2004) and observed and expected
heterozygosity using ARLEQUIN v3.5. Unbiased estimates
of allelic richness and private alleles per sampling location
were calculated via rarefaction using the program HP-Rare
1.0 (Kalinowski 2005).

Analysis of molecular variance (AMOVA)

We used analysis of molecular variance (AMOVA) in the
program GenoDive 2.0b23 with both an infinite alleles
model (F-statistics) and a stepping-stone model (R-statistics)
with 10,000 iterations to investigate partitioning of genetic
variation within and among sampled locations. We first par-
titioned variance among individuals (F;;), among individu-
als within sampled locations (F}g) and among sampled loca-
tions (Fgr). We also conducted a hierarchical AMOVA in
R using the poppr package (Kamyar et al. 2014) to provide
assessment of broad-scale regional distribution of genetic
variation. Individual genotypic data were first converted to
Nei’s genetic distances and then used in a hierarchical model
to investigate nested regional population structure. We par-
titioned genetic variation among individuals within regions
defined by the three major watersheds (Fp;) and within and
among sub-regions defined by sub-watersheds (Fg, and Fg,
respectively). We used a more detailed approach to inves-
tigate the correlation of landscape features with genetic
differentiation (see Sect. 2.3 Landscape Genetics). Besides
generating broad-scale F-statistics, we determined pairwise
genetic differentiation (pairwise Fg;) and its significance
among sampling locations using ARLEQUIN v3.5 and
GENEPOP (Rousset 2008) with the Markov Chain param-
eterized using 10,000 dememorization steps, 100 batches
and 5000 iterations per batch. We compared values of pair-
wise Fgr with pairwise G’y and Jost’s D and found that all
metrics produced similar results (Table S3). Ultimately, we
chose to use pairwise F-statistics throughout this manuscript
for their appropriateness for assessing deviations from pan-
mixia and analyzing potential barriers to gene flow (Whit-
lock 2011).

Genetic structure

We conducted analyses to estimate the number of geneti-
cally determined clusters represented by our data. Genetic
structure was inferred using two complementary approaches:
Bayesian assignment in STRUCTURE (Pritchard et al. 2000)
and discriminant analysis of principal components (DAPC)
within the adegenet package (Jombart et al. 2010) in R.
STRUCTURE was used to estimate the number of genetic
clusters (K) using the log likelihood of individual assign-
ment into a range of potential genetic clusters. We used the
genetic admixture option with a burn-in length of 25,000
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iterations preceding each MCMC simulation (100,000 itera-
tions for K=1 to 12, repeated 20 times for each value of K).
We used CLUMPP (Jakobsson and Rosenberg 2007) to com-
bine results of separate STRUCTURE runs and DISTRUCT
(Rosenberg 2003) to visualize solutions for different genetic
clusters. STRUCTURE HARVESTER (Earl and VonHoldt
2011) was used to assess and visualize likelihood values,
including AK, which evaluates the net rate of change mov-
ing from one K to the next (Evanno et al. 2005). We used
CLUMPAK (Li and Liu 2018) to calculate the MedMeaK,
MaxMeaK, MedMedK and MaxMedK estimates of number
of genetic clusters, which are less susceptible to biases intro-
duced by uneven sampling (Puechmaille 2016).

We used multiple methods to evaluate support for various
numbers of genetic clusters (K) in our data, including STRU
CTURE log probability, the AK method, BIC from a DAPC
analysis, MedMeaK, MaxMeaK, MedMedK and MaxMedK,
as well as statistical similarities and differences in pairwise
F¢ramong sampling locations (Table 2, S4-S5). DAPC pro-
duced Bayesian Information Criterion (BIC) values indicat-
ing support for K=3-5 genetic clusters (Fig. S1B). Based
on support for larger numbers of genetic clusters in STRU
CTURE, we chose the highest value of K=35 for the DAPC
analysis. The log probability of data for STRUCTURE
analyses peaked at K=5 and 7 (Supplementary Fig. S1A).
For AK, we found peaks at K=2, 5 and 7 (Supplementary
Fig. S2). However, MedMeaK, MaxMeaK, MedMedK and
MaxMedK indicated K values from 6-7. Based on these
inferences, we chose a compromise value of K=6 genetic
clusters for STRUCTURE, which includes the value sug-
gested by the less biased MedMeaK/MedMedK approach,

and is close to the K=35 supported by the DAPC approach.
However, choosing alternative cluster numbers from K=3 to
K =7 did not qualitatively change the overall interpretation
of our results (Supplementary Fig. S3).

Effective population size

We measured effective population size (V,) via the linkage-
disequilibrium method of Nomura (2008). We used the pro-
gram NeEstimator V2.1 (Do et al. 2014) to evaluate broad-
scale regional differences in N, (England et al. 2006). We
estimated N, for geographic regions within each watershed
based on location (upstream or downstream) to evaluate if
effective population size was greater in downstream regions
due to downstream flow and upstream barriers (Table 1) and
between areas within watersheds separated by significant
dry zones. Downstream locations included S7 within the
Sagavanirktok watershed, K7 within the Kuparuk water-
shed, and C2, the Ublutuoch, close to the mouth of the main
Colville River (Fig. 1; Table S1). Other regions consisted
of sampling locations within sub-watersheds located near
headwater areas, including the Upper Sagavanirktok (S1
to S4) versus the Oksrukuyik (S5 and S6) separated by a
substantial dry zone, the Upper Kuparuk (K1 to K4) versus
Toolik (K5 and K6) separated by a substantial dry zone, and
Upper Itkillik/Colville (C1), which is far upstream from C2,
but is likely not interrupted by dry zones. Here we define
substantial dry zones as those stream reaches with no sur-
face expression of water for more than 7 days during the
Arctic open-water period from early May to mid-September.
Location and number of river dry zones were defined using

Table 2 Pairwise standardized F ¢, (lower triangle) and Chi square significance (p-value) for pairwise F (upper triangle)

S1 S2 S3 S4 S5 S6 S7 K1

K2 K3 K4 K5 K6 K7 C1 C2

S1 - 0.007 0.040 0.000 * * * * * * * * * * * *
S2  0.009 - 0.074 0.000 * * 0.000 * * * * * * * * *
S3  0.006 0.007 - 0.064 * * * * * * * * * * * *
S4 0.009 0.012 0.004 - * * * * * * * * * * * *
S5 0.066 0.064 0.057 0.078 - 0.000 * * * * * * * * * *
S6 0.031 0.033 0.025 0.038 0.014 - * * * * * * * * * *
S7 0.026 0.019 0.024 0.034 0.043 0.018 - * * * * * * * * *
K1 0.062 0.048 0.047 0.064 0.060 0.050 0.042 - 0.528 0.074 0.121 * * * * *
K2 0.059 0.042 0.045 0.064 0.068 0.047 0.037 0.004 - 0.134 0.132  * * * * *
K3 0.066 0.049 0.055 0.070 0.069 0.052 0.041 0.001 0.001 - 0482 * * * * *
K4 0.060 0.044 0.050 0.065 0.067 0.050 0.040 0.002 0.002 0.003 - * 0.000 0.000 * *
K5 0.070 0.059 0.058 0.073 0.070 0.058 0.049 0.022 0.022 0.020 0.020 - 0.786  * * *
K6 0.063 0.050 0.052 0.071 0.068 0.049 0.041 0.017 0.013 0.015 0.015 0.002 - * * *
K7 0.057 0.044 0.042 0.057 0.063 0.043 0.043 0.022 0.020 0.034 0.023 0.029 0.023 - * *
Cl  0.057 0.040 0.048 0.067 0.069 0.046 0.036 0.035 0.029 0.036 0.032 0.046 0.035 0.040 - *
C2 0.055 0.038 0.048 0.060 0.067 0.044 0.032 0.037 0.031 0.035 0.032 0.046 0.038 0.039 0.016 -

Asterisks indicate significant differences between sampling locations corrected for multiple tests (p < 4 x 10-5)
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GPS coordinates from helicopter flight surveys and ground
surveys as well as with game cameras and/or temperature
and pressure loggers placed at various locations throughout
our study system. We chose consensus values of N, for each
geographic region based on allele frequencies using P,
defined as 1/(2S) where S is the sample size (Do et al. 2014).
Similar to rarefication, this method reduces the downward
bias that occurs when sample size is low and the potential
to miss rare alleles is high and reduces upward bias when
sample size is relatively high (England et al. 2006; Waples
and Do 2010). Because single-sample N, estimates tend to
be biased downward for iteroparous species due to potential
mixed age-class Wahlund effect (Waples et al. 2014), we
interpreted our estimates as relative, not absolute, estimates
for effective population size comparison and dispersal poten-
tial among regions.

Rates of gene flow

We estimated contemporary bi-directional rates of gene flow
over the last two generations using BAYESASS v3.0 (Wil-
son and Rannala 2003). Because genetic migration terminol-
ogy can be confusing when discussing migratory species,
we use the term migration to refer to seasonal movement of
individuals between habitats without genetic displacement
from local populations, gene flow to refer to movement rate
of genes from one population to another, and dispersers to
refer to individuals contributing genes via dispersal from
one population to another. We used the same geographic
regions discussed for N, to test hypotheses regarding
gene flow within and among watersheds. BAYESASS3 is
a Bayesian resampling method that provides estimates of
recent asymmetrical gene flow by determining the propor-
tion of individuals in each region with non-resident ancestry.
Recent dispersers and their progeny display genotypic dis-
equilibrium relative to the population from which they were
sampled (Wilson and Rannala 2003). The program assumes
that background gene flow is relatively low (Fgp> 0.05)
and that loci are in linkage equilibrium, but it allows for
deviations from Hardy—Weinberg equilibrium by estimat-
ing population-specific inbreeding coefficients (Faubet et al.
2007). We obtained estimates of posterior mean gene flow
and the standard deviation of the marginal posterior distri-
bution using a random starting seed, 20,000,000 MCMC
iterations, a burn-in of 3,000,000 iterations, and a sampling
interval every 100 iterations. We adjusted the dispersal,
allele frequency, and inbreeding coefficient mixing param-
eters to 0.1, 0.2, and 0.2, respectively, which ensured that the
proposed changes between chains were between 40 and 60%
of the total number of iterations (Rannala 2007). BAYES-
ASS3 estimates of recent gene flow can vary in accuracy
depending on adherence to model assumptions and degree
of genetic differentiation among populations (Faubert et al.
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2007). We assessed accuracy of our gene flow estimates
based on precision, convergence, and deviance of multiple
model runs (Meirmans 2014) by examining trace files from
multiple BAYESASS3 runs that differed in starting seed
using the program TRACER v1.7 (Rambaut et al. 2003) and
by comparing model deviance (Meirmans 2014).

Landscape genetics

Landscape genetic analyses investigate correlations between
the genetic differentiation of individuals sampled across
geographic locations and corresponding landscape features.
Hierarchical AMOVA, discussed above, is limited in its abil-
ity to evaluate factors associated with genetic differentia-
tion by the way it partitions genetic variation broadly among
nested geographic areas. We used more detailed landscape
genetics models to investigate potential correlations with
environmental features using redundancy analysis (RDA)
and Moran’s eigenvector maps (MEMs). These landscape
genetics models use spatial and ecological predictor varia-
bles measured among sampled locations to explain observed
differences in genetic variation (Manel and Helderegger
2013; Storfer et al. 2010). We assessed a priori predictions
listed in Table 1 about the influence of river distance (km),
river dry zone distance (km), estuary distance (km), and
elevation (m) on genetic variation among individuals sam-
pled at 16 locations.

Environmental matrices were derived using the STARS
ArcGIS toolset (Peterson and Ver Hoef 2014) in ARCMAP
v10.2 (ESRI 2013). GIS data included a digital elevation
model (SDMI 2013) and stream and water body shape-
files (USGS 2014). River dry zones were identified in the
field during helicopter and ground surveys, monitored with
game cameras and/or temperature and pressure loggers,
and mapped using GPS coordinates during the Arctic open-
water period from early May to mid-September 2010 to 2014
(Fig. 1, red lines). Our genetic distance matrix consisted of
pairwise standardized F, obtained using individual geno-
type data in the program GenoDive 2.0b23, described above.
Matrices for genetic distance, river distance, river dry zone
distance, and other environmental covariates are included
in Tables S4 and S5.

We removed spatial dependencies within our distance
matrices using Moran’s eigenvector maps (MEMs), a more
powerful approach than the alternative Mantel test. Using
the R package memgene (Galpern et al. 2014), we converted
pairwise environmental variables into sets of site-based
environmental MEM vectors (Table S5). Then for each set
of MEM vectors, we used forward selection redundancy
analysis (RDA) against the pairwise F; matrix to identify
variables significantly explaining genetic variation among
locations (significance level P <0.05 after 10,000 random
permutations). RDA combines multivariate multiple linear
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regression analysis with principal components analysis to
model multivariate genetic response data. Significant MEM
vectors were combined to create a set of explanatory vari-
ables used in a final RDA in the R package vegan (Oksanen
et al. 2013). In addition to the environmental variables
described here, we tested alternative models using similar
collinear environmental factors, including number of river
dry zones instead of dry zone distance and watershed asso-
ciation, where sample locations are either from the same
or different watersheds, instead of coastal distance. We
obtained similar model results when we substituted fac-
tor variables for distance variables (Table S6A), and chose
to present our analysis based on environmental distances.
Results obtained using Mantel tests and partial Mantel tests
with the same environmental variables produced similar
results to those obtained using RDA with MEM transformed
variables (Table S6B).

Results
Microsatellite screening and descriptive statistics

Of the 12 original microsatellite loci, two loci (Tar109 and
Tar112) exhibited homozygote excess in five of 16 sampling
locations and evidence of either null alleles, large allele
dropout, or scoring errors (Van Oosterhout et al. 2004).
Although variation from population genetics null models
might reflect multiple subpopulations within sampled loca-
tions (Wahlund 1928; Nei and Li 1973), these two loci were
consistently difficult to score and were removed from fur-
ther analyses as a precautionary measure due to the high
likelihood of scoring errors. Our final dataset included 10
loci and a total of 437 individuals from 16 sampling loca-
tions. Across the remaining 10 loci, we found no significant
deviations from Hardy Weinberg equilibrium, except for a
single locus (7ar114) in one sampling location (Oksrukuyik
Creek) with P <0.0003 (Table S7 and Fig. S4). We found
no evidence of linked loci. All remaining loci were highly
polymorphic with a mean of 32.2 + 6.3 alleles per locus
(Table S8) and location-specific gene diversity ranging from
0.84 to 0.93 (Table S9). Number of alleles per sampling
location varied from 11 to 20 alleles with similar patterns
of diversity reflected in effective number of alleles, rarified
allelic richness, rarified private allele richness and heterozy-
gosity (Table S1). Within the Sagavanirktok and Kuparuk
watersheds, private allele richness increased from 0.2 for
furthest upstream headwater locations (S1, S5, K1, and K5)
to 0.4 for downstream-most locations (S7 and K7), with
similar patterns of increasing diversity from headwaters to
downstream for all indices (Table S1). The two locations
within the Colville/Itkillik watershed (C1 and C2) had the
highest allelic richness compared to all other locations. In

a post hoc analysis, we found a pattern of increasing het-
erozygosity with increasing latitude (r=0.176, P=0.026)
using a linear model in R, but no relationship after removing
our only high latitude location, the Ublutuoch (C2) on the
coastal plain, from the analysis (Fig. S5).

Broad-scale patterns of genetic differentiation

Hierarchical nested analysis of molecular variance
(AMOVA) indicated lower than expected genetic vari-
ance within sub-watersheds, higher than expected genetic
variance among sub-watersheds, and higher than expected
genetic variance among watersheds (P value =0.0001 for all
levels, Fig. S6). The highest percentage of covariance (91%)
occurred among sub-watersheds (Fg¢;=0.088, p<0.001).
AMOVA based on sampling locations indicated that most
of the genetic variation occurred among individuals within
the total population (F;;=0.057, R;;=0.088) and 4-7% of
genetic variation could be accounted for by genetic differ-
ences among sampling locations (Fgr=0.041, Rgr=0.065),
which underscores the importance of regional geographic
associations in this system. These broad-scale AMOVA
results support results of regional population structure found
in STRUCTURE and DAPC analyses. Patterns of pairwise
F¢ramong sampling locations also supported these patterns
of genetic differentiation across our study area. Clusters of
sampling locations with low pairwise F; corresponded to
distinct geographic regions (Table 2). Sampling locations
with low among-location genetic differentiation included the
following groups: S1, S2, S3, S4, and S7 (F¢;<0.01); S5
and S6 (F¢;<0.01); K1, K2, K3, K4, and K7 (F¢+<0.01);
K5 and K6 (F<0.002); and C1 and C2 (F;<0.016).

Genetic structure

Results from STRUCTURE and DAPC further indicated
significant and consistent genetic structure across our
study area (Figs. 1, 2). Assignment probability to genetic
clusters varied among individuals with specific genetic
clusters dominating distinct geographic regions (Fig. 1).
STRUCTURE analysis indicated that cluster 1 (green)
dominated the Colville/Itkillik watershed (C1-2), cluster
2 (blue) dominated the upper Kuparuk watershed (K1-4),
and cluster 3 (purple) dominated the Toolik tributary of
the Kuparuk (K5-6), upstream from a substantial dry
zone. The Mid-Kuparuk region (K7), which is separated
from the upper Kuparuk by another substantial dry zone,
was strongly admixed with clusters 1-6. Cluster 4 (orange)
dominated in the upper Sagavanirktok watershed (S1-4),
whereas cluster 5 (maroon) dominated in the Oskrukuyik
tributary of the Sagavanirktok (S5-6), above another sub-
stantial dry zone. The mid-Sagavanirktok region (S7) was
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Fig.2 Discriminant analysis of principal components (DAPC) on
microsatellite genotype data. Individuals are assigned to one of five
genetic clusters, represented by both color and shape (black-open

dominated by cluster 6 (pink) with additional admixture,
especially from the upper Sagavanirktok and Oksrukuyik
clusters.

DAPC analysis produced similar results for individual
assignment probabilities to those found using STRUCTU
RE. However, DAPC assigned individuals from the Too-
lik region (K5 and K6), Lower Kuparuk region (K7) and
Lower Sagavanirktok region (S7) to the same cluster. Both
STRUCTURE and DAPC indicated genetic admixture for
individuals from the Lower Sagavanirktok (K7) and Lower
Kuparuk (K7) regions (Figs. 1 and 2).

Effective population size

Effective population size estimates for upstream headwater
regions ranged from 168 to 551 individuals, including the
Upper Sagavanirktok region (S1-S4) N,=458, Oksruku-
yik region (S5, S6) N,=168, Upper Kuparuk region (K1
— K4) N,=551, Toolik region (K5 & K6) N,=213 and
Upper Itkillik region (C1) N,=320. The effective popula-
tion size for all downstream locations was not estimable
(returning an arbitrarily large number, 99,999), which is
a common outcome when population sizes are large and
the signal of drift is small (Waples and Do 2010). Given
that the same sample sizes from headwater populations
returned sensible population estimates and the known
behavior of these estimators for large populations, we
cautiously suggest that downstream populations are larger
in census size than upstream populations even if a pre-
cise estimate is not possible. Thus, estimates of effective
population size (NV,) are likely larger for downstream loca-
tions (S7, K7, and C2) compared to upstream (headwater)
locations (Fig. 3; Table S10), although more downstream
sampling is needed to support this proposition.

@ Springer

Axis 1

Axis 2

square, aqua-diamond, blue-circle, purple-triangle, and green-closed
square). The shaded vertical bars are the eigenvalue histogram (pro-
portion of conserved variance =0.466)

Recent pairwise gene flow

Analysis of pairwise rates of gene flow over the last two
generations (m) provided bidirectional estimates among geo-
graphic regions (Fig. 3; Table S11). All model runs indi-
cated convergence and varied little in model deviance. We
present the model with the lowest deviance as suggested by
Meirmans (2014). Pairwise gene flow estimates varied from
m=0-0.24 and was asymmetric within each major water-
shed (Fig. 3; Table S11). In the Sagavanirktok watershed,
gene flow was downstream-biased with the highest rates of
gene flow from headwater regions, Upper Sagavanirktok
(S1-S4) and Oksrukuyik (S5 and S6), to the downstream
region, Lower Sagavanirktok (S7). Similarly, within the
Kuparuk watershed, downstream-biased gene flow occurred
with high rates of gene flow from the headwater regions,
Upper Kuparuk (K1-K4) and Toolik (K5 and K6), to the
downstream region, Lower Kuparuk (K7). High gene flow
within the Kuparuk watershed also occurred between the
two sub-watershed regions (Upper Kuparuk (K1-K4) and
Toolik (K5 and K6), with bias favoring gene flow from the
Upper Kuparuk region to the Toolik region. The highest rate
of gene flow occurred within the Colville/Itkillik watershed
with upstream bias from the Ublutuoch region (C2) near the
coast to the Upper Itkillik region (C1) near the headwaters.

Landscape genetics

We found that river distance and river dry zone distance
significantly predicted 88% of the total genetic variation
(Table 3). River distance accounted for 70% of total vari-
ance, and dry zone distance accounted for 18% of the total
variance in genetic distance among locations. Elevation
and coastal distance were not significant predictors of
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Fig. 3 Effective population

size (NeESTIMATOR) and
pairwise gene flow (BAYES-
ASS3) (m>0.02 shown) among
geographic regions (abbrevia-
tions as in Fig. 1; Table S1). N,
is indicated by median and 95%
confidence intervals. Infinite

or large values for N, (99,999)
indicate a large population size
with a low signal of drift that
prevents definitive estimates.
Arrow direction and line-

Colville

Ublutuoch

C2
N, 99,099
1,097-99,999

Kuparuk Sagavanirktok

Lower Kuparuk

Lower Sag.

Zmp

thicknesses represent direction m=0.24 m=0.07/ m=0.13 m=0.18 m=0.07
and magnitude of gene flow (m),
respectively (see Table S11 for
standard deviations)
K1-4 S5&6
-— N, 551 N, 168
m=0.11 402-854 127-244
Upper Toolik Upper Kuparuk Oksrukuyik Upper Sag.
Itkillik O Downstream (O Headwaters
Table 3 Model results from forward selection RDA of genetic dis- Discussion

tance (standardized Fgy) versus significant MEM variable vectors (V1
and V2) for river distance, river dry zone distance, and coastal dis-
tance

MEM variable Df Variance F p value
River distance V1 1 0.643 51.041 0.001*
River distance V2 1 0.056 4.449 0.016*
Dry zone distance V1 1 0.127 10.075 0.001%*
Dry zone distance V2 1 0.049 3.897 0.013%*
Coastal distance V1 1 0.009 0.728 0.496
Coastal distance V2 1 0.003 0.244 0.816
residual 9 0.113 - -

Also listed are degrees of freedom (Df), proportion of the total vari-
ance (Variance), F statistic (F), and p-values with significance at the
0.05 level indicated with an asterisk

genetic distance among sampling locations. We obtained
similar results from models that used alternative variables,
including number of river dry zones rather than river dry
zone distance and watershed association (from the same
or a different watershed) rather than coastal distance,
which underscored the importance of river distance and
river dry zones for predicting genetic distance among
sampling locations (Table S6A). Furthermore, Mantel
and partial Mantel tests further indicated the significance
of distance and river dry zones as predictor variables for
explaining genetic differentiation among sampling loca-
tions (Table S6B; Fig. S7).

This study suggests that geography and river drying can
affect dispersal, gene flow, and genetic structure in a meta-
population of a key fish species in the Arctic. We found that
North Slope Arctic grayling genetic structure was associ-
ated with both isolation-by-river distance and isolation-by-
environment (river dry zones). Both factors were associated
with restricted gene flow among populations, thereby facili-
tating drift and contributing to genetic differentiation among
sampling locations. We also found asymmetric, downstream
biased gene flow in watersheds containing river dry zones.
Other genetic patterns, including lower allelic richness and
heterozygosity in headwater regions compared to down-
stream regions add support for historical dispersal from
glacial refugia or population isolation. In addition to being
a genetically diverse ancestral population, the downstream
flow of genetic variants that reach higher frequencies either
through drift or selection in the headwater regions could
also maintain genetic variation in these downstream regions.

Patterns of genetic diversity

We found significant isolation-by-river distance, which is
consistent with results from other studies on Arctic grayling
(Stamford and Taylor 2005; 2004; Reilly et al. 2014). Reden-
bach and Taylor (1999) suggested that North Slope Arctic
grayling were probably confined to glacial refugia located
North of the Brooks Range and extending along the Bering
Coast. Our finding of higher genetic variability within larger
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downstream/coastal regions along with isolation by river dis-
tance supports this assertion. Similarly, Reilly et al. (2014)
found that Arctic grayling heterozygosity and allelic richness
were highest on the coastal plain and lower for headwater
regions: a pattern that might indicate dispersal from ancient
refugia in the north and subsequent colonization of upstream
headwater locations to the south (Nei et al. 1975).

We also found low genetic differentiation and high gene
flow between the Ublutuoch region on the coastal plain and
our unimpeded headwater location within the Upper Itkil-
lik tributary of the Colville River, suggesting that either
the Arctic grayling’s ability to travel long distances might
aid dispersal in the absence of gene flow barriers or that
grayling might follow a stepping-stone model of dispersal
(Kimura and Weiss 1964). Our understanding of grayling
long-distance movement in unimpeded streams lends sup-
port to the former explanation (West et al. 1992). Adding to
the growing recognition for other salmonid species (Kanno
et al. 2011; Meeuwig et al. 2010; Poissant et al. 2005), we
found fine-scale genetic differentiation in impeded water-
sheds containing dry river zones.

Dry zones as barriers to gene flow

Physical barriers often play a role in determining fine-scale
genetic structure of freshwater fish species (Whiteley et al.
2006, 2010; Kanno et al. 2011; Junker et al. 2012; Junge
et al. 2014; Kelson et al. 2015), but often the degree to which
they disrupt gene flow depends largely on the dispersal abil-
ity of the species and the permeability of barriers (Bergerot
et al. 2015). Arctic grayling are capable of long-distance
movement both within and among watersheds (West et al.
1992), which could help explain genetic similarities between
individuals from the Upper Itkillik and Ublutuoch regions,
which were sampled 379 km apart. We have never observed
dry zones along the Itkillik or Colville Rivers, suggesting
that this system remains well-connected throughout the
open-water season, thereby allowing fish to move freely
from headwaters to coast without increased risk of becom-
ing trapped or dying due to river desiccation. Interestingly,
although dry zones are imperfect barriers and Arctic gray-
ling has high dispersal capability, we also detected micro-
geographic genetic differentiation in our system at scales of
less than 20 km.

Microgeographic genetic differentiation, like that
observed in our system, occurs when population divergence
exists within the dispersal range of the species and suggests
that factors, such as barriers to gene flow or strong natu-
ral selection, might shape population structure (Richardson
et al. 2014). River dry zones are unlikely to prevent move-
ment, restrict access to mates, or present physical barriers
to gene flow during the Arctic grayling mating season when
gametes are exchanged because river discharge is often
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at its maximum during the spring freshet (Lammers et al.
2001). Admixed individuals found throughout our study
system provide evidence that straying among regions and
successful mating occurs. Thus, the mechanism by which
dry zones influence genetic differentiation might not be as
straightforward as physical isolation by a barrier, but rather
might involve indirect restriction of gene flow, such as strong
natural selection against maladapted migrants or low fitness
(Gilk et al. 2004). Admixture can produce intermediate phe-
notypes maladapted to either parents’ native environment.
For grayling, traits such as overwintering site selection
might become maladapted for the admixed offspring of a
parent that overwinters upstream in headwater lakes and a
parent that overwinters downstream in coastal streams.
Drought-prone Arctic tundra streams might affect fish
population genetic structure similarly to drought-prone
desert aquatic systems, where stream distance and river
drying best predicted genetic divergence among sites for
desert fish (Fitzpatrick et al. 2014). In our study system,
river drying often occurs when low precipitation and high
evapotranspiration rates reduce stream flow (Betts and Kane
2015), conditions which most often occur during late sum-
mer when adult Arctic grayling must migrate to overwinter-
ing locations. During one such event, we witnessed Arctic
grayling trapped by a dry zone in the Kuparuk River and
found that trapped fish experienced overcrowding, decreased
body condition, and increased predation—all factors that
could promote strong selection. Further research is needed
to determine if river dry zones associated with isolation-
by-environment also influence Arctic grayling fitness and
if fitness differences promote locally adapted phenotypes.

Asymmetric gene flow and effective population size

We detected asymmetric gene flow from small, semi-isolated
headwater regions to larger, unobstructed coastal regions,
which might be due to high discharge events favoring
downstream movement or to higher environmental vari-
ability within headwater regions. Arctic grayling spawning
migration occurs during springtime when river discharge
is high, which might promote downstream dispersal from
the headwaters toward the coast. Downstream displace-
ment of juveniles and/or fertilized eggs might occur during
high discharge events, increasing the potential for gene flow
from headwaters to coast (Harvey 1999; Van Leeuwen et al.
2017). Another explanation involves increased emigration
from the headwaters due to high environmental variability
within those regions, such as fluctuating stream hydrology.
Altermatt and Ebert (2010) suggested that environmental
variability could promote dispersal from less to more sta-
ble conditions, as found for Daphnia magna in freshwater
ephemeral pools along the Baltic Sea. They found that small
populations in environmentally variable habitat patches
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produced proportionally more long-distance dispersers than
large, long-lived populations. Such dynamics might arise
when conditions affecting local survival, including habitat
size, quality, and stability, negatively correlate with disper-
sal (Altermatt and Ebert 2010). In Arctic tundra streams,
drought-prone headwater habitats might produce conditions
that negatively correlate with Arctic grayling survival (i.e.,
warm temperatures, deoxygenation, desiccation), possibly
promoting higher rates of gene flow from small headwater
regions to larger coastal regions.

Although the rate of gene flow from headwater regions to
coastal regions was higher than from the coast to the head-
waters, the potential number of effective dispersers from the
coast to the headwaters could be high due to potentially large
size of the downstream populations. N, estimates and con-
fidence interval bounds tend to be more accurate for small
populations and less accurate for large populations due to
the disproportionately low influence of drift in large popu-
lations (Waples and Do 2010). This inequity helps explain
the infinite results (i.e. N,=99,999) and large confidence
intervals found for our downstream populations because N,
is difficult to measure when population size is large and drift
is small. Interestingly, despite potentially high effective dis-
persal from the coast to the headwaters, finer scaled genetic
differentiation within headwater regions suggests the pos-
sibility that other isolating mechanisms, such as pre-zygotic
isolation (i.e. sexual selection) or post-zygotic isolation (i.e.
low hybrid fitness), could be operating in this system.

Asymmetric gene flow, connectivity,
and conservation

Our study indicates that semi-isolated upstream regions
likely contribute to higher levels of genetic variation
among headwater regions of the North Slope Arctic gray-
ling metapopulation. Similar to observations by Morrissey
and Kerekhove (2009) for other freshwater metapopula-
tions, restricted upstream gene flow to small semi-isolated
headwater populations can promote genetic drift along
with the creation and maintenance of distinctive geno-
types. The isolation of upstream habitats coincident with
differences in environmental conditions among upstream
locations (e.g., high predation levels in overwintering
lakes (Buzby and Deegan 2004)) might facilitate local
adaptation in these smaller populations (Funk et al. 2012).
Downstream-biased gene flow might transport higher fre-
quencies of these genetic variants downstream, although
we cannot distinguish this effect from the existing diver-
sity found in the larger downstream ancestral population.
Downstream gene flow combined with the higher genetic
diversity in the large, ancestral population might create
genetic reservoirs of adapted alleles which could, in turn,
promote species persistence through redistribution and

recolonization by downstream individuals into upstream
habitat patches following disturbances (Rieman and Dun-
ham 2000).

Although climate change might increase local extirpa-
tion risks, high overall genetic diversity across the metap-
opulation might enhance resilience, which could promote
population persistence as long as some level of connec-
tivity persists. However, maintaining aquatic connectiv-
ity might become challenging if Arctic summers continue
to warm and the frequency and duration of river drying
increase (Kane et al. 2004; Hinzman et al. 2005; Betts
and Kane 2015). Increased river drying could decrease
dispersal and further isolate populations. Without re-col-
onization, stochastic events might eradicate some of these
small headwater populations. Ideally, the management of
Arctic grayling populations in a warming climate should
include an understanding of the relative strengths of gene
flow, drift, and population demographic rates, which for
Arctic grayling all hinge upon aquatic connectivity.

Overall, we need to understand better how altered con-
nectivity influences genetic structure and either promotes
resilience or extirpation (Campbell Grant et al. 2007;
Fagan 2002; Labonne et al. 2008), especially in systems
with asymmetric gene flow. In aquatic systems, upstream
populations are likely to be isolated and act as cradles of
higher frequencies of potentially adaptive alleles, whereas
downstream populations tend to be larger and more geneti-
cally diverse. Downstream populations might act as res-
ervoirs of genetic diversity, facilitating their resistance to
future change. However, upstream populations are likely to
become increasingly isolated, threatening both the popula-
tion’s persistence and its store of adaptive alleles (Rieman
and Dunham 2000). Preserving the full breadth of genetic
diversity in a species thus likely requires maintaining some
level of upstream connectivity for downstream genetic res-
ervoirs to function as effective genetic and conservation
safety nets.
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