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Figure 9: DISTRUCT plots showing hierarchical population structure of round whitefish
in A) North America and Russi{& = 2), B) Russia, Alaska and YukdK = 2), C)
the Laurentian Great Lakes and Labra@or 2), D) Alaska and YukoiK = 3),
andE) the Lairentian Great Lakes (K = ®)r 8835 SNP loci. (a) RussiTaniorer
River, (b) North Alaska, (c) South Alaska (d) Bennett Lake, (e) Little Salmon Lake,
(f) Simpson Lake, (g) Lake Huron, (h) North GeargBay, (i) South Georgian Bay,
() Lake MichiganbMilwaukee, (k) Lake Superior, (I) Lake Ontario, (m) Lake

Nipigon, (n) Labrador.
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clustering more closely with western samples (Q=1.00; Fig. 9A). Subsequent
hierarchical runs returned K=2 separating Russia (Q=1.00) from all Alaska-Yukon sites
(Q>0.93; Fig. 9B), and K=3 within Alaska-Yukon corresponding to north Alaska
(Q=1.00), Simpson Lake (Q=1.00), and the other three western sites (Little Salmon
Lake, Bennett Lake, and south Alaska; Q>0.92; Fig. 9D). Within the east, STRUCTURE
indicated a most likely value of K=2 corresponding to the Great Lakes (Q> 0.94) and
Labrador (Q=1.00; Fig. 9C). Analysis within the Great Lakes indicated a most likely
value of K=2 within the Great Lakes with subdivision of Lake Ontario (Q=0.99) from

the other Great Lakes (Q>0.91; Fig 8E).

S. DISCUSSION

5.1 Phylogeography of Round Whitefish

Eastern and western round whitefish have distinct lineages based on several
genetic marker types. This is reflected in the mitochondrial haplotypes forming distinct
clades in phylogenetic analyses, as well as a shared haplotypes between the Great Lakes
and Labrador (the east-west extent of the eastern range). However, these clades were
resolved into five groups that did obviously represent east and west, indicating a need for
higher resolution analyses. NextRAD loci provided the requisite number of SNPs
required to observe glacial lineages, and separated the eastern and western groups with
high confidence (bootstrap =100) into separate clades. Analysis of SNP loci showed

much deeper phylogenetic differences between the Great Lakes and western sites than
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the Great Lakes and Labrador site, also supporting separate glacial lineages for fish from
the eastern vs. western portions of the range. These results for round whitefish are
consistent with other studies of mitochondrial loci in postglacial fishes, such as lake trout
(Wilson and Hebert 1998), pygmy whitefish (Blanchfield et al. 2014), rainbow trout
(Tamkee et al. 2010), arctic grayling (Stamford and Taylor 2004), lake sturgeon
(McDermid et al. 2011), and lake whitefish (Mee et al. 2015), which have led to
suggestions for separate DUs based on genetic distinctiveness. Further supporting the
disjunction in round whitefish, there is also some evidence of regional meristic
differences between eastern and western round whitefish (McPhail and Lindsey 1970;
Scott and Crossman 1973), although its relevance is uncertain (Lindsey et al. 1981). The
presence of separate glacial lineages for round whitefish will be important in considering
the appropriate scale for management across North America.

The occurrence of the W1, W2, W3, and W4 mtDNA haplotypes across the
western region is consistent with a common lineage for all seven sites. Tree building
analyses of mtDNA were unable to resolve a clear relationship between western
haplotypes; however, this lineage most likely originated from the Beringian refugium
(McPhail and Lindsey 1970; Ross 2013). This is supported by the distinct clade formed
for the five western sites in the tree analysis of nextRAD loci. The Beringian lineage of
round whitefish likely spread to the Mackenzie River Basin via proglacial lakes that
formed in northern and southern Yukon, similar to how other fish species migrated to the
Peel River and Liard River watersheds (Foote et al. 1992; Wilson and Hebert 1998;
Stamford and Taylor 2004). Interestingly, the W5 haplotype was only detected in fish

from Great Bear Lake. Aquatic systems around Great Bear Lake are a potential mixing
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zone for lake whitefish from the Nahanni, Beringian, and Mississippian glacial refugia
(Foote et al. 1992; Mee et al. 2015). Wider sampling of round whitefish from other
western watersheds is necessary to determine whether there are any previously
unidentified glacial lineages represented. Previous studies of postglacial fish have
identified Nahanni lineages within the lower Liard River system for other fish species
(Foote et al. 1992; Stamford and Taylor 2004); however, round whitefish from this
region have not been previously characterized. Post-glacial migration of round whitefish
from the Nahanni refugium may explain why the W5 haplotype was only observed in
Great Bear Lake, but further sampling from within the lower Liard system is necessary
to confirm this.

Key areas of the round whitefish range should be assessed to better characterize
post-glacial migration and the range disjunction between the east and west. Genetic
analysis of round whitefish from within the Churchill and Keewatin River Basins will
confirm the hypothesized migration routes from the Beringian refugium following
glacial retreat. The analyses of western round whitefish represent four of the most
western watersheds in North America, and only the most western reaches of the
Mackenzie River Basin. The recent discovery of populations of pygmy whitefish in
northern Ontario (Blanchfield et al. 2014), extending their range approximately 320 km,
highlights an example where apparent geographic range disjunctions in other species
have been mischaracterized. Genetic characterization of round whitefish at the extents of
the known western range will inform the glacial lineages of populations in this region.
Sequencing of additional mtDNA loci may also resolve western haplotypes that didn’t

strongly assign within clades (W4 and W5).
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The mtDNA haplotypes and the nextRAD tree analysis, for eastern sites indicated
a common lineage of round whitefish within all of the Great Lakes and Labrador. The E6
haplotype was found throughout the Great Lakes and was the only haplotype detected in
Labrador. The maternal-inheritance of mtDNA loci allows for the tracing of lineage that
may be obscured in other markers by secondary contact and recombination of nuclear
markers (Avise 2004). Past analyses of Great Lakes fishes have identified the region as a
likely ‘suture zone’ for glacial lineages from the Mississippian and Atlantic refugia
(Mandrak and Crossman 1992; April et al. 2013); two lineages were detected in the
mtDNA phylogenetic analysis, consistent with this theory. The E5 and E6 haplotypes
were strongly assigned to their own group, within a group with W1, W2 and W3;
whereas, E1, E2, E3, and E4 strongly assigned to their own separate group (Fig. 4).
Wider genetic characterization of populations east of the Great Lakes will determine the
eastern extent of the other haplotypes observed in the Great Lakes, and the likely refugial
origins of observed haplotypes. With the noted decline of round whitefish in the
northeastern United States (Steinhart 2007; Vermont Department of Fish and Wildlife
2015; Nugent and Carpenter 2015) and the Great Lakes (Ebener 2012), characterizing
genetic diversity and glacial lineages will be important to preserving long-term viability

for the species in this part of their range.

5.2 Regional Population Structure

Alaska and Yukon Region
Round whitefish in the western sites showed greater regional differentiation than

in the Great Lakes. Within the Alaska and Yukon sites, I detected a pattern of gene flow
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consistent with the more fragmented hydrologic connectivity of the sampled watersheds
using both microsatellites and nextRAD SNPs (Benke and Cushing 2005). Hydrologic
connectivity facilitates contemporary gene flow; proper understanding of gene flow
within and between watersheds is therefore integral to informed management (Pringle
2003; Waples and Gaggiotti 2006). The gene flow and subdivision of round whitefish
populations in Alaska-Yukon will allow for the determination of genetic stocks across
the US-Canada border, and allow informed management between jurisdictions (Poff et
al. 2003; Ban et al. 2013). The genetic analyses of western sites resolved the relationship
of round whitefish populations from within five sites from four watersheds. Evidence
from both microsatellite and nextRAD SNP analyses indicated a connection between
Nugashek River Basin populations and Yukon River Basin populations that is not
present for the site north of the Brooks Range, or the site in eastern Yukon, which are
both isolated from the Yukon River by mountain ranges. The subdivisions I have
identified support the notion that round whitefish should be considered multiple MUs in
western North America, that are not principally determined by geographic distance.
These MUs will have to be managed across the jurisdictions of both Canada and the US.
I detected strong differentiation of Simpson Lake round whitefish, in eastern
Yukon, and those north of the Brooks Range in north Alaska, in both the microsatellite
and nextRAD SNP analyses. Simpson Lake is separated from the Yukon River Basin by
the Cassiar and Selwyn Mountains. Following glaciation, fish species migrated from the
Beringian refugium east to the Mackenzie River Basin and other northern watersheds.
Migration was facilitated through the formation of proglacial lakes in northern and

southern Yukon that connected the Yukon River Basin and the Mackenzie River Basin
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(Lindsey et al. 1981; Pielou 1991). These routes of dispersal have been genetically
characterized in several other species such as lake whitefish (Foote et al. 1992), lake
trout (Wilson and Hebert 1998), and Arctic grayling (Stamford and Taylor 2004). The
Simpson Lake population of round whitefish is isolated from others further west in
Alaska and Yukon Territory, and should be managed in a separate MU. The assessment
of Simpson Lake round whitefish relative to other Liard River populations should be
prioritized to determine its regional status.

Further characterization of the Liard system round whitefish will determine the
degree of isolation of the Simpson Lake population relative to others in the Mackenzie
River Basin. Additionally, these populations should be investigated to assess whether
there is secondary contact with any lower-Liard glacial lineages of round whitefish,
because this is the predicted location of the Nahanni refugium (Foote 1992; Wilson and
Hebert 1998; Stamford and Taylor 2004). Similar to the results from Simpson Lake,
round whitefish north of the Brooks Range are distinct from the rest of the sites in
Alaska and Yukon. This differentiation is likely due to topographical barriers (mountain
range) limiting migration from more southern populations. These isolated populations of
round whitefish exist close to the northern and southern periphery of the western range,
and therefore should be thoroughly investigated for proper management. Isolation may
limit the possibility of dispersal, including potential rescue by migrants in the event of
major population decline.

Analysis of contemporary migration detected a greater isolation of western round
whitefish populations relative to sites in the Great Lakes. Little Salmon Lake in Yukon

contributed migrants to the south Alaska sites. This is consistent with the hydrological
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connectivity of these sites, and in line with the known limitations of BAYESASS in
detecting weak relationships (Meirmans 2014). The Bennett Lake site, though closely
associated to south Alaska and Little Salmon Lake through microsatellite STRUCTURE
analysis, was not detected to exchange contemporary migrants with these sites. This
relationship was also observed in the DAPC analysis of microsatellite data, which
showed a close but non-overlapping relationship, between Bennett Lake and south
Alaska/Little Salmon Lake ellipses. Because the sites and samples were obtained
opportunistically, these sites may not be suited to BAYESASS analysis, and may be
connected through migration with several intermediate populations. BAYESASS
analysis will require more thorough sampling of round whitefish populations to
characterize migration between the more stratified populations of round whitefish in

northwestern North America.

The Laurentian Great Lakes Region

The microsatellite and nextRAD SNP analyses identified levels of subdivision
and gene flow consistent with the hydrological connectivity of the Great Lakes. I
observed significant genetic differentiation of round whitefish between Lake Michigan,
Lake Superior, Lake Nipigon, Lake Ontario, Lake Huron, and Georgian Bay using both
microsatellites and nextRAD SNPs. This subdivision was weak to moderate between the
contiguous Great Lakes, with consistently higher levels of differentiation for southern
Georgian Bay, and Lake Ontario. The analyses indicate significant genetic differences on
the level of each lake, consistent with previous studies on species such as lake whitefish

(VanDeHey et al. 2009; Bernard et al. 2009; Stott et al. 2010), smallmouth bass
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